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Abstract Searches for long-lived particles (LLPs) are
among the most promising avenues for discovering physics
beyond the Standard Model at the Large Hadron Collider
(LHC). However, displaced signatures are notoriously diffi-
cult to identify due to their ability to evade standard object
reconstruction strategies. In particular, the ATLAS track
reconstruction applies strict pointing requirements which
limit sensitivity to charged particles originating far from the
primary interaction point. To recover efficiency for LLPs
decaying within the tracking detector volume, the ATLAS
Collaboration employs a dedicated large-radius tracking
(LRT) pass with loosened pointing requirements. During Run
2 of the LHC, the LRT implementation produced many incor-
rectly reconstructed tracks and was therefore only deployed
in small subsets of events. In preparation for LHC Run 3,
ATLAS has significantly improved both standard and large-
radius track reconstruction performance, allowing for LRT to
runin all events. This development greatly expands the poten-
tial phase-space of LLP searches and streamlines LLP anal-
ysis workflows. This paper will highlight the above achieve-
ment and report on the readiness of the ATLAS detector for
track-based LLP searches in Run 3.
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1 Introduction

One promising way to search for physics beyond the Stan-
dard Model (BSM) is at the energy frontier, probing energies
comparable to those present very shortly after the Big Bang.
Thus far, the overwhelming majority of searches for new
physics at CERN’s Large Hadron Collider (LHC) [1] have
been performed under the assumption that the BSM particles
decay promptly, i.e., very close to the proton—proton (pp)
interaction point (IP). However, BSM theories often predict
the existence of particles with relatively long proper life-
times (t) [2—4]. For particles moving close to the speed of
light (¢), this can lead to macroscopic displacements between
the production and decay points of a new long-lived particle
(LLP). When 7 is of O(0.1) — O(10) ns, the decay will pre-
dominantly take place within the ATLAS inner detector (ID).
Searches for LLPs have been performed by the ATLAS Col-
laboration in the past [5—12], reconstructing explicitly their
decay vertices within the ATLAS ID volume.

In order to reconstruct the trajectories of charged parti-
cles, ATLAS uses the ID tracking system to provide effi-
cient, robust and precise position measurements of charged
particles as they traverse the detector. The energy deposits
from charged particles (hits) recorded in individual detector
elements of the ID are used to reconstruct their trajectories
(tracks) and estimate the associated track parameters. The
standard track reconstruction pass (primary pass) in ATLAS
is optimised for particles that originate at the primary IP,
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which are referred to as primary particles. Here, a pass is
defined as a single track-finding iteration. In the primary pass,
candidate tracks are required to originate close to the IP thus
keeping the computation time reasonable while still being
highly efficient in reconstructing primary particles. Several
dedicated algorithms are then used to reconstruct a limited set
of specific topologies of displaced decays from well-known
Standard Model (SM) particles, such as from photon con-
versions and b-hadron decays. However, the primary pass
does not efficiently reconstruct charged particles from LLP
decays that are displaced by more than 5 mm from the IP in
the transverse plane, except for specific cases involving pho-
ton conversions. Consequently, an additional dedicated track
reconstruction pass, the so-called large-radius tracking pass
(LRT pass), is required to extend the ATLAS sensitivity to a
larger particle lifetime range.

For the LHC Run 2 data-taking period (2015-2018) the
LRT pass was solely optimised for high signal efficiency,
resulting in approximately twice the computational time per
event compared to the primary pass [13]. To accommodate
this increased processing time, the LRT pass was only applied
to approximately 10% of the events recorded by the ATLAS
detector in a dedicated data stream processed whenever com-
puting resources were available. For the LHC Run 3 (2022-
2025) data-taking, the average number of simultaneous pp
collisions per bunch crossing, (i), is expected to increase to
well over 50 from Run 2 values that ranged between 20 and
40. As (1) increases, so does the number of potential hit com-
binations and therefore the computational time of the LRT
pass. In preparation for these challenging Run 3 conditions,
the LRT pass was updated, significantly reducing the compu-
tation time for the track reconstruction of LLP signatures and
drastically reducing the number of so-called fake tracks due
to random hit combinations. In parallel, the computation time
of the primary pass was improved by a factor of two [14]. As
a consequence of these improvements, a full integration of
the LRT reconstruction for LLP signatures into the standard
ATLAS event reconstruction chain was achieved. This will
enable all ID-based LLP searches, including new searches
using Run 2 data,! to use common data streams, eliminat-
ing the need to use a dedicated processing workflow for this
application used in Run 2. A schematic diagram illustrating
both event reconstruction workflows is shown in Fig. 1.

This paper describes the “offline” reconstruction perfor-
mance of this dedicated LRT pass. The updated LRT track
reconstruction was also implemented in the “online”? recon-
struction chain leading to similar performance improvements

1" A full re-processing of all events recorded by ATLAS during the LHC
Run 2 was completed using the updated workflow allowing a seamless
combination of datasets in the future.

2 Here, “online” refers to services and reconstruction algorithms that
run during real-time data-taking at ATLAS.
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and consequently new LLP trigger algorithms for Run 3.
The “online” performance is out of the scope of this paper.
The paper is organised as follows: a brief description of the
ATLAS detector is given in Sect. 2. Section 3 lists the Monte
Carlo (MC) simulation and data samples used to determine
the performance. Section4 presents the formalism of the
ATLAS track reconstruction and the dedicated LRT pass.
Detailed performance results based both on simulation and
data are presented in Sects. 5 and 6, respectively. Concluding
remarks are made in Sect.7.

2 The ATLAS detector

The ATLAS detector [16] at the LHC is a multipurpose
particle detector with a forward-backward symmetric cylin-
drical geometry that covers nearly the entire solid angle
around the collision point.? It is composed of the ID, elec-
tromagnetic and hadronic calorimeters, and a muon spec-
trometer. Lead/liquid-argon sampling calorimeters provide
electromagnetic energy measurements with high granular-
ity and a hadronic (steel/scintillator-tile) calorimeter cov-
ers the central pseudorapidity range up to |n| < 1.7. The
end-cap and forward regions are instrumented with liquid-
argon calorimeters for both the electromagnetic and hadronic
energy measurements up to || = 4.9. The outer part of the
detector consists of a muon spectrometer with high-precision
tracking chambers for coverage up to |n| = 2.7, fast detec-
tors for triggering over || < 2.4, and three large supercon-
ducting toroid magnets with eight coils each. The ATLAS
detector has a two-level trigger system to select events for
offline analysis [17]. An extensive software suite [18] 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.

2.1 ATLAS inner detector

The ATLAS ID [19,20] is composed of three subdetectors
utilising three technologies: silicon pixel detectors, silicon
strip detectors and straw drift tubes, all surrounded by a
thin superconducting solenoid providing a 2T axial magnetic
field. The ID is designed to efficiently reconstruct charged
particles within a pseudorapidity range of || < 2.5. Fig-

3 The ATLAS reference frame is a right-handed Cartesian coordinate
system, where the origin is at the nominal pp interaction point, cor-
responding to the centre of the detector. The positive x-axis points to
the centre of the LHC ring, the positive y-axis points upwards and the
z-axis points along the beam direction. Cylindrical coordinates (r, ¢)
are used in the transverse plane, ¢ being the azimuthal angle around
the beam pipe. The pseudorapidity is defined in terms of the polar
angle # as n = —Intan(f/2). Angular distance is measured in units
of AR = /(A2 + (A¢)2.
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Fig. 1 Schematic diagram illustrating the LHC Run 2 (top) and
improved Run 3 (bottom) event reconstruction workflows for the main
physics and LLP streams. ATLAS defines a hierarchical “Tier” structure
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Fig. 2 A 3D visualisation of the structure of the barrel of the ID. The
beam-pipe, the IBL, the Pixel layers, the four cylindrical layers of the
SCT and the 72 straw layers of the TRT are shown

ure 2 shows a schematic view of the ID barrel region and a
list of the main detector characteristics is provided in Table
1. The material distribution inside the ID has been studied in
data through use of hadronic interactions and photon conver-
sion vertices [21]. During the second LHC data taking run
with pp collisions at a centre-of-mass energy /s = 13 TeV,
the ID collected data with an efficiency greater than 99%
[15].

The innermost part of the ID consists of a high-granularity
silicon pixel detector that includes the insertable B-layer
(IBL) [22,23], atracking layer added for Run 2 which is clos-

* non-standard LLP objects
¢ 100% of events

for computing infrastructure, where the Tier O farm at CERN is used for
initial reconstruction of the recorded data and later data reprocessing
proceeds primarily on the eleven Tier 1 sites [15]

est to the beam line and designed to improve the precision
and robustness of track reconstruction. The IBL comprises
280 silicon pixel modules arranged on 14 azimuthal carbon
fibre staves surrounding the beam pipe at an average radius
of 33.25 mm. The remainder of the Pixel detector [19,20] is
made of 1744 silicon pixel modules arranged in three barrel
layers and two end caps with three disks each. In order to
simplify the notation throughout the remainder of this paper,
the term Pixel will be used to refer to the entire subdetector
utilising the silicon pixel detectors, including IBL.

The Semiconductor Tracker (SCT) [24] contains 4088 sil-
icon strip modules. They are arranged in four barrel layers
and two end caps with nine disks each. Each module consists
of two pairs of single sided strip sensors glued back-to-back
(axial and stereo sides) with a 40mrad angle.

The Transition Radiation Tracker (TRT) [25] is the out-
ermost subdetector of the ID and extends track reconstruc-
tion radially outwards to a radius of 1082 mm. It is made of
350848 gas-filled straw tubes of 4mm diameter. The tubes
are arranged in 96 barrel modules in 3 layers (32 modules
per layer) and 40 disks in each end-cap. Drift time mea-
surements from the straw tubes are translated into calibrated
drift circles. These allow the TRT to add an average of about
30 two-dimensional additional points to reconstructed tracks
that have |n| < 2.0.

The expected hit resolutions and layer positions for each
subdetector are summarised in Table 1. In order to efficiently
reconstruct tracks from LLP decays inside the ID, the radial
position of the respective detection layers is crucial. In this
context, LRT has good efficiency up to radius of approxi-
mately 300 mm, which corresponds to the radii of the first
SCT barrel layer. Particle decays beyond 300 mm generally
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Table 1 Summary of the main

characteristics of the ID Subdetector

Intrinsic resolution [um]

Barrel layer radii [mm]

subdetectors. The intrinsic

- . Pixel (IBL) 8 x 40 33.2
resolution of the Pixel sensors .
are reported along r—¢ and z, Pixel (non IBL) 10 x 115 50.5, 88.5, 122.5
while for SCT and TRT only the SCT 17 299, 371, 443, 514
resolution along r — ¢ is given TRT 130 from 554 to 1082

(a) Long-lived neutralino

(b) Higgs portal

(c) Heavy neutral lepton

Fig. 3 Representative Feynman diagrams of models used to characterise the performance of the LRT algorithm

do not create a sufficient number of silicon hits to be reliably
reconstructed.

3 Simulation and data samples

To analyze the performance of the LRT pass on BSM physics
of interest, three representative BSM scenarios are studied.
Each of these scenarios are characterised by the production
of long-lived neutral particles which subsequently decay into
charged SM particles. These signatures have a high probabil-
ity of producing charged particles in the ID, and therefore to
produce a high number of displaced tracks. The choice of the
three representative benchmark scenarios is driven by the dif-
ferent decay chains that characterise the event topology and
impact the kinematics.

The first signal is a Supersymmetric model where pair pro-
duction of gluinos subsequently cascade to a final state with
a large number of quarks. In the sample used, each gluino
(g) decays into two quarks and a neutralino ()N(?), which,
in turn, decays into three quarks via the R-parity violating
coupling A” [26-32]. Hence, from the gluino pair produc-
tion the final state at tree level consists of ten quarks (where
q = u,d,s,c). A sketch of the physics process is shown
in Fig.3a. The mass of the gluino and neutralino are set to
1.6 TeV and 50 GeV respectively and the neutralino cou-
pling is set such that the proper decay length ct = 300 mm.
This set of parameters allows to study the performance of the
track reconstruction algorithm on high-multiplicity hadronic
tracks with high momentum originated from the displaced
vertex. The signal samples are generated at leading-order
(LO) accuracy with up to two additional partons in the matrix

@ Springer

element using the MadGraph5_aMC@NLO v2.3.3 event
generator [33] interfaced with Pythia 8.212 [34], using
the 214 [35] tune for the underlying event. The parton lumi-
nosities are provided by the NNPDF2 . 3LO PDF set [36].

The second signal explored is an exotic Higgs boson decay
inspired by hidden-sector models with a Higgs portal [37-
40]. In this model, a Higgs boson & produced in associ-
ation with a Z boson decays into two electrically neutral
pseudoscalar particles (a) which each decay into a pair of b
quarks, as shown in Fig. 3b. In the sample studied, the mean
proper decay length and mass of the a boson are set to 100 mm
and 55 GeV respectively, such that a sizeable fraction of dis-
placed vertices formed by the a decays are produced inside
the ID. The h — aa — bbbb decay forms displaced vertices
with fewer charged particles and lower track momenta than
the long-lived neutralino signal. The signal tests the track-
ing algorithms in an environment with lower track density.
Samples of simulated events with a Higgs boson produced in
association with a leptonically-decaying Z boson are gener-
ated using Powheg Box v2 [41] at next-to-leading order
(NLO) with up to one additional jet. The interface with the
GoSam package [42] provides one-loop amplitude correc-
tions. The PDF4LHC15n10 PDF set [43] is used. The decay
of the Higgs boson into pseudoscalars and their subsequent
decay into b-quarks are simulated with Pythia 8.212.
The latter is also used to simulate the parton showering and
hadronisation, as well as underlying event, with the AZNLO
CTEQ6LL1 set [44] of tuned parameters.

The last signal considered is a displaced heavy neutral lep-
ton (HNL) [45-48], since it can isolate the behaviour of LRT
for displaced muon tracks. This signal is motivated by theo-
ries in which SM left-chiral neutrinos mix with a theoretical
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massive right-chiral counterpart providing an explanation to
the origin of the neutrino mass. The small mixing between the
HNL (N) and the neutrinos result in a long proper lifetime of
the BSM particle. In this particular signal a W boson decays
into a muon and a neutrino, that mixes with the N. The latter
subsequently decays into two muons and a muon neutrino
via an off-shell W or Z boson. A representation of one of the
possible Feynman diagrams of the signal is shown in Fig. 3c.
The mean proper decay length and mass of the N are 10 mm
and 10 GeV respectively, such that the displaced leptons are
produced in the ID. Differing from the two aforementioned
signals, this signature allows to study the performance of
the tracking algorithms for displaced isolated muon tracks in
low-track multiplicity vertices. Pythia 8.212 is adopted
to generate the events with the A14 [35] set of tuned param-
eters and the NNPDF2 . 31.O PDF set [36].

The three signal models vary significantly in terms of the
charged particle multiplicity in displaced vertices, as illus-
trated in Fig. 3. In particular, the long-lived neutralino has the
highest track multiplicity and the HNL has the lowest. Truth
particles (particles generated in the MC simulation) are sub-

ject to fiducial selection criteria that require the particle to be
from a LLP decay within Rpoq4 < 400 mm, and be stable and
charged. Additional selections are imposed on the pt > 1.2
GeV and |n| < 2.5 of the truth particles. To further highlight
the different event topologies of the three new physics signa-
tures, a comparison of the kinematic distributions of charged
truth particles is shown in Fig.4 as a function the transverse

momentum (p""), the production radius* (Rgr‘ﬁ)t(}i‘ ), the trans-

verse impact parameter (dgu‘h), and the longitudinal impact
parameter times sin 6 (zo sin Gm“h). All truth quantities use
the simulated beam spot as reference.

A data sample recorded during 2018 is used to com-
pare the tracking performance between simulation and data.
These are selected from the “zero bias” data stream collected
using an unbiased random trigger which fires on the bunch
crossing occurring one LHC revolution after a low-threshold
calorimeter-based trigger [49]. This ensures that data are col-
lected with equivalent beam conditions to the rest of the

4 The production radius is defined as the radial distance in the trans-
verse plane where the particle is produced, measured with respect to the
detector origin.

@ Springer
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standard physics data. The total number of recorded events
is 25, 485, 193. Selected data are compared to a simulation
sample of inelastic pp collisions generated with EPOS [50]
to describe processes with leading jet pr < 35 GeV and
with Pythia 8.244 [34] for events with a leading jet
pt > 35 GeV, based on the NNPDF2 . 31,0 PDF [36], using
the A3 [51] tune.

Additional samples are simulated using modified detector
geometries to assess the impact of the modeling of the inner
detector material on the track reconstruction efficiency. These
samples include one with an overall 5% scaling of the passive
material in ID, one with a 10% scaling of the IBL, and one
with a 25% scaling to the pixel services. A fourth variation
is simulated using the QGSP_BIC physics list instead of the
nominal FTFP_BERT physics list [52] to quantify the impact
of the choice of parameters in the GEANT4 simulation.

All data and simulation samples were reprocessed using
the Run 3 reconstruction software [14]. Simulation samples
are generated with a flat (i) profile between 0 and 80. In the
case of the comparison with data events, they are reweighted
to match the distribution of (u) in data with a mean value of
34.

4 Track reconstruction

The primary pass in ATLAS is centred on one inside-out
track reconstruction sequence. This sequence is seeded in
the silicon detectors and additional measurements are added
throughout the ID along the seed trajectory. In order to
improve the reconstruction efficiency for photon conversion
events within the ID, an additional outside-in track recon-
struction sequence is performed within so-called regions of
interest (ROI). The LRT is performed as a third tracking
sequence, following the primary inside-out and outside-in
tracking.

4.1 Primary tracking

The primary track reconstruction algorithm first looks for
track seeds in the Pixel and SCT detectors. A seed is a col-
lection of three space points (SP)° each from a unique layer
of the Pixel or SCT detectors, requiring a minimum spatial
separation between all three points. Track seeds are labelled
by their middle SP and can only be built from three Pixel or
three SCT SPs, but not combinations of SPs from both detec-
tors. The compatibility of a fourth SP in a different layer is
used to further confirm that the seed is likely to originate from
a charged particle. In this step, a new seed is formed replac-
ing the outer-most SP of the initial seed and the curvature of

5 A SPis defined as a measurement in the Pixel detector or the combi-
nation of axial and stereo layers of the SCT detectors.
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the new seed is compared for compatibility to the original
one. A confirmed seed is given high priority as a promising
candidate in the ranked list of seeds. This list is composed
of all track seeds passing certain quality criteria, including a
PT and impact parameter selection (see Table 2 for details).
Here and throughout the rest of the paper, the beam spot [53]
is used as a reference for all impact parameter calculations.

The seeds are used as a starting point to find track can-
didates using a combinatorial Kalman filter [54,55]. This
pattern recognition step combines both measurement asso-
ciation and track fitting in both directions of the initial
seed. Track candidates are then processed by the so-called
ambiguity-solving algorithm [56]. The ambiguity solver is
responsible for deciding the final hit assignments in the case
of multiple track candidates using the same hit. Track can-
didates are evaluated based on various requirements includ-
ing track prt, number of hits, number of shared hits, and
holes.® This step removes low-quality candidates resulting
in a collection of high-quality tracks from the track candi-
dates formed within the pattern recognition stage.

Within the ambiguity solver, track candidates are re-fit
using a global x2 method to obtain the final high-precision
track parameter estimate. This method is based on the
Newton—Raphson method and uses an iterative approach to
find the best fit to a set of measurements of a track left in
the detector by a charged particle traversing active detec-
tor elements. The quality of the fit is characterised by track
%2, determined from the distances between the hits in the
detector, which constitutes the track measurements, and the
fitted track. The track fit accounts for the effects of multiple
Coulomb scattering of the particle with the detector compo-
nents. A detailed description can be found in Ref. [57]. An
extension of the track into the TRT subdetector is attempted,
with a re-fit of the entire track being performed in case of a
successful extension to profit from the additional measure-
ments.

The outside-in sequence is performed using the detector
hits not already assigned to tracks from the inside-out recon-
struction. The ROIs are determined by deposits in the electro-
magnetic calorimeter with transverse energy ET > 6 GeV.
This second sequence uses segments of hits in the TRT that
are spatially compatible with the ROI to find 2-SP SCT track
seeds, that are extended inwards into track candidates using
the same procedure as for the primary pass but with reduced
hit criteria. A dedicated ambiguity resolution step is per-
formed among all track candidates in the second pass and

6 Hits are defined as measurements from the Pixel, SCT, or TRT detec-
tors; a hole is defined as a missing hit on an active module where one
was expected based on the particle trajectory; only silicon detectors
are considered in the calculation of holes. Shared hits are those which
are used in multiple reconstructed tracks (strong indicator of incorrect
assignments). Modules are the individual silicon sensors.
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a re-fit of the resulting tracks including their TRT extension
completes the outside-in sequence.

The resulting tracks, from both inside-out and outside-in
sequences, form the final collection of reconstructed primary
tracks. The trajectory of these tracks is parameterised by a
set of five parameters: dy, zo, ¢0, 6o, ¢/ p, where dy and zg
are the transverse and longitudinal impact parameters and
¢o and 6y the azimuthal and polar angles of the track, all
defined at the point of closest approach to the z-axis of the
reference frame [57]. The ratio g/p is the inverse of the
particle momentum (p) multiplied by its charge (q).

4.2 Large-radius tracking

The LRT sequence is executed after the primary tracking iter-
ation using exclusively the detector hits not already assigned
to primary tracks, ensuring a completely independent collec-
tion of tracks. It adopts the same logic as the primary inside-
out tracking iteration but it is specifically optimised for LLP
signatures. As mentioned previously, a legacy implementa-
tion of LRT was used during the LHC Run 2 data-taking
that was optimised for high LLP signal-track reconstruction
efficiency at the expense of a very large fake track rate (see
Sect.4.3 for a detailed definition). These choices resulted
in a computationally-expensive algorithm that could only
be operated on a small fraction of events recorded by the
ATLAS experiment in a dedicated stream. In preparation for
LHC Run 3 the LRT sequence was reoptimised to substan-
tially reduce the required computational resources per event,
and consequently integrate LRT as a third common tracking
sequence that is executed for each event within the updated
default ATLAS event reconstruction chain.

This section gives a detailed description of the reoptimised
LRT sequence and the implemented changes. Two guiding
principles were followed during the optimisation to substan-
tially speed up the processing time and reduce disk usage
per event: (1) identify and terminate the track reconstruc-
tion for fake candidate tracks as early as possible within
the reconstruction sequence, and (2) significantly reduce the
overall number of falsely reconstructed tracks while main-
taining high signal track reconstruction efficiency. Table 2
lists the most important configuration differences between
the primary tracking and LRT sequences.

LRT tracks are seeded from SCT SPs only and a maximum
of one seed per middle SP is allowed. This configuration is
motivated by the displaced topology of tracks originating
from LLP decays that often do not result in at least three
Pixel SPs. No limit on the number of seeds is applied for
confirmed seeds (only introduced for the updated LRT) and
all such seeds are kept. To reflect the extended phase space
of LRT tracks, criteria on the estimated impact parameters d
and z¢ are significantly relaxed. In contrast, the minimum pr
threshold is increased to 1 GeV to reduce the large number of

Table 2 Most important selection criteria that differ between the pri-
mary tracking (inside-out sequence only) and LRT setups. Common
selection criteria that were changed from the legacy implementation
are also shown

Selection criteria Primary LRT

max. |do| [mm] 5 300

max. |zo| [mm] 200 500

min. py [GeV] 0.5 1

max. |n| 2.7 3.0

max. silicon holes 2 1

max. double holes 1 0

max. holes gap 2 1

road width [mm] 12 5

seeding Pixels and SCT  SCT only

max. seeds per middle Pixel SP 1 -

max. seeds per middle SCT SP 5 1
Common selection criteria

min. silicon hits 8

min. unshared silicon hits 6

max. track y2/npor 9

keep all confirmed seeds true

soft charged pion tracks created in material interactions. The
seed ordering in the primary pass uses |dy| as the defining
criteria to order the relevance of seeds for the track finding
stage (the seed with the lowest |dp| is ranked highest). This
criteria is still relevant for tracks from LLP decays as the
most probable |dy| value of such seeds is still small, owing
to the exponential distribution of LLP lifetime. In addition,
the LRT seed ordering includes a An = |nseeq — 1’| Weight
factor, where n’ is the pseudorapidity of the vector connect-
ing the beam spot position with the point of closest approach
of the seed. Seeds from LLP decays tend toward small val-
ues of An, due to the correlated direction of the LLP and its
decay products, in contrast to seeds corresponding to fake
tracks. These optimisations significantly improve the execu-
tion time by reducing the number of combinatorial permu-
tations to process during the seed and track finding stages,
without significantly changing the number of signal tracks
being reconstructed.

The same relaxed impact parameter selections are imposed
in the track finding and ambiguity solving steps. Other track
selection criteria are significantly stricter for LRT tracks to
ensure that a sufficiently low fake track rate is achieved.
Tracks are required to pass the same strict silicon hit and
track x2/npor requirements as primary tracks. In addition,
the maximum number of silicon holes is reduced to one, no
double hole’ on a track is allowed, and the search roads (sets
of silicon detector modules that can be expected to contain

7" A double whole is defined as two consecutive missing hits on active
modules where both were expected based on the particle trajectory.
In this context, the holes gap refers to the largest gap of consecutive
missing hits on active modules (used in Table 2).
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Fig. 5 The (a) processing time taken per event to reconstruct the same
data events and (b) event size of the LRT reconstruction output, ver-
sus average pileup, comparing the legacy LRT and updated LRT recon-
struction software. The high average pileup regime (open markers) with
() > 80indicates data events taken from a 2018 machine development

hits compatible with the seed) used to extend the seeds within
the track finding stage are narrowed. These strict selections
reduce the acceptance of tracks from LLP decays by less than
5% but they significantly reduce the number of low-quality
tracks written to storage. Thus, they also lower the required
number of iterations of the ambiguity resolution and TRT
extension phases.

The resulting collection of tracks, whether they have a
valid TRT extension or not, form the LRT track collection.
The reduced total acceptance of LLP signal tracks compared
to the legacy implementation is between 5 and 10% inde-
pendent of the decay radius of the LLP. Detailed reconstruc-
tion efficiency studies of this new LRT pass are discussed in
Sects. 5 and 6. When performing measurements or searches
of new phenomena using the ATLAS data, the Poisson statis-
tics of a counting experiment often results in a sensitivity
related to Ny /+/Np, where N corresponds to the signal yield
and My refers to the number of background events. A sim-
ilar figure of merit, defined with the number of tracks orig-
inated from the LLP decays (NtI;]{“P) and from fake tracks

(Ntffl‘(ke), Nt];l%P \ /Ntfralg(e is used to quantify the impact of LRT
on physics analyses. This figure of merit has improved by
more than 400% for LHC Run 2 pileup conditions, mak-
ing this third tracking pass a highly efficient reconstruction
sequence. Nth(LP (Ntﬁke) is strongly correlated with Ng (Ny),
however, this figure of merit here describes the LRT improve-
ment and does not directly translate to equal sensitivity gains

for LLP searches. Figure5 shows the time to process® the

8 All benchmark studies described in this work were run as the only
active user on a dedicated machine equipped with an AMD EPYC™
7302 16-core processor, running the CERN CENTOS 7 operating sys-
tem. The processor was operated in ‘performance’ mode, with simulta-
neous multi-threading (SMT) and frequency boosting disabled.
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fill not passing the full ATLAS data quality requirements and therefore
these are not included in the so-called ‘Good Run List’, GRL (‘Not on
GRL). This range is included to provide an indication of the expected
performance in such extreme pileup regimes

LRT reconstruction and the output size of each event as a
function of the average interactions per bunch crossing in
2018 data sample (no trigger or event topology selections
applied). The processing time of the new implementation
has improved by more than 10 times compared to the legacy
implementation and the disk space usage per event for LRT
tracks has been reduced by more than a factor of 50.

4.3 Truth-matching in simulation and fake tracks

In order to match a generated particle in simulation to a
reconstructed track, a requirement (Rpyacch) is applied that is
defined by comparing the number of measurements in detec-
tor elements which are common between the truth particle
trajectory and the reconstructed track:

10 x NPixel 4+5x NSCT + NTRT

common common common ( 1 )

10 x NPixel +5x NSCT + NIRT ’

reco reco reco

Rmatch =

Pixel/SCT/TRT Pixel/SCT/TRT
where Nyeos /8CT/ and Ncéﬁfm/on / are the num-

bers of hits in the different detectors which are present on the
reconstructed particle trajectory, and present on both the truth
particle trajectory and the reconstructed track, respectively.
The different weights applied to the different sub-detector are
motivated by the different number of hits available in each
sub-detector for the track reconstruction and the resolution
of those hits. Sub-detectors with fewer hits are assigned with
larger weights to ensure the truth matching does not favor one
particular sub-detector. Reconstructed tracks with high val-
ues of Rpach are considered well-matched to a truth particle
and are used in efficiency calculations. Conversely, poorly-
matched tracks (low values of Rmach) are referred to as fake
tracks. These tracks are dominated by incorrect combinations
of hits from multiple particles in the pattern recognition. In
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Fig. 6 The primary, LRT, and combined track reconstruction efficien- of (a) |df"™| and (b) R;‘gg‘ The first bin of a includes tracks with

cies for displaced charged particles produced by the decay of the LLP
in the Higgs portal signal model. Efficiencies are shown as a function

the following, Riaich > 0.5 is used to identify well-matched
tracks, while all other tracks are labelled fake tracks.

4.4 Secondary vertex reconstruction

Many analyses which used LRT in Run 2 attempted to recon-
struct the decays of LLPs by performing an additional sec-
ondary vertex reconstruction using both primary and LRT
tracks. To study how the improved LRT reconstruction per-
forms in these downstream algorithms, two different sec-
ondary vertex reconstruction algorithms are used.

The first is a dedicated inclusive vertexing algorithm opti-
mised for identifying the decays of heavy LLPs [58]. Vertices
are formed from two-track seeds, which are required to con-
tain at least one track with |dy| > 2 mm. The compatibility of
each possible pair of preselected tracks is then computed, and
those deemed loosely-compatible are retained. These two-
track seed vertices are then combined to form multi-track
vertices using a pairwise compatibility graph. Nearby ver-
tices are then merged, and lower-quality tracks not initially
preselected for vertex seeding are attached to compatible ver-
tices.

The second is an algorithm optimised for identifying two-
body VO decays (i.e. K 0 and A9) [59]. Tracks are considered
for vertex reconstruction if they are not associated to any
primary pp interaction vertex (PV) [60], have pt > 1 GeV,
and satisfy |do/og,| > 2, where oy, is the uncertainty on
the reconstructed dy. All opposite-charge two-track pairs are
then considered. Vertices are kept if the x2/npor probability
of the two-track fit is greater than 0.0001. To reject vertices
from random track combinations, selections are placed on
the transverse (ao,ry) and longitudinal (ap ;) point of closest

|d(t,”“h| down to |d(‘)r”‘h| = 0 mm. Truth particles are required to fulfill
the fiducial selection criteria stated in the text

approach between the vertex flight direction’ and the PV
with the largest ) p% of associated tracks. Vertices are kept
if they satisfy |ag, ry| < 3 mm and |ag ;| < 15 mm. To reject
residual contributions from combinations of prompt tracks,
vertices are additionally required to have Lyy/or,, > 2,
where L, is the transverse displacement of the vertex with
respect to the primary vertex, and oy, is its uncertainty.

5 Performance study on simulation
5.1 Reconstruction efficiency

To assess the track reconstruction efficiency in simulation,
the hit-based matching scheme described in Sect. 4.3 is used
to associate reconstructed tracks to generated particles. The
track reconstruction efficiency is then defined as the ratio of
the number of signal truth particles matched to reconstructed
tracks divided by the number of signal truth particles. Truth
particles are subject to fiducial selection described in Sect. 3.
These requirements are chosen to be significantly far away
from the selection criteria imposed in the LRT reconstruc-
tion in order to avoid turn-on effects due to reconstruction
resolutions of track parameters.

The track reconstruction efficiencies for the Higgs portal
benchmark models are shown in Fig. 6 as a function of |dy|
and Rproq. The performance of the primary and LRT algo-
rithms are compared together with the combination of the
two. After |dg| > 5 mm, the primary track reconstruction
efficiency becomes significantly reduced, with LRT recov-
ering the loss in efficiency with appreciable efficiencies out

9 The vertex flight direction is defined as the direction of the vertex
momentum vector, computed from the vectorial sum of the individual
track momenta vectors.
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Fig. 7 Combined track reconstruction efficiency for displaced charged
particles produced by the decay of long-lived signal particles in the long-
lived neutralino, Higgs portal and heavy neutral lepton signal models.

The efficiency is shown as a function of (a) |d(‘)““h| and (b) Rl‘;;(‘)‘g The

to |do|] = 300 mm. This translates in a total efficiency of
about 40% up to production radii of Rpod = 300 mm. A
comparison of the combined track reconstruction efficien-
cies obtained for the three signal models considered is shown
in Fig.7. As expected, the combined efficiency degrades
for dense environments in a given |dy| bin. In the region
10 < |do| < 20 mm, the total track reconstruction efficiency
is approximately 85%, 60% and 40% for heavy neutral lep-
ton, the Higgs sector and long-lived neutralino benchmark
models, respectively.

5.2 Robustness against pileup

As the average number of interactions per bunch crossing
increases, so does the number of charged particles produced
in an event. This increase in combinatorics can degrade the
track reconstruction efficiency. The primary, LRT and com-
bined track reconstruction efficiencies for the Higgs portal
model are shown as a function of () in Fig.8. The com-
parison of the combined efficiencies of the three benchmark
signals is also provided showing more stable performance as
a function of the pileup for tracks originated from leptonic
decays. This effect is primarily due to the lack of hadronic
interactions for leptonic signatures.

5.3 Impact on searches for displaced vertices

To evaluate the impact of the improved LRT configura-
tion on searches for displaced vertices, it is useful to study
how the updated track reconstruction changes the LLP
vertex reconstruction efficiency. Additionally, it is impor-
tant to investigate the overall rate of vertices reconstructed
from fake tracks, which correspond to a dominant back-
ground in such searches. The study is performed using the
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first bin of a includes tracks with |d{"®| down to |d*™| = 0 mm. Truth
particles are required to fulfill the fiducial selection criteria stated in the
text

Higgs portal benchmark model. To compare the performance
between the two LRT configurations, the simulated events
are reconstructed using the legacy and updated ATLAS track
reconstruction configurations. Secondary vertices are recon-
structed using the inclusive vertexing algorithm described in
Sect.4.4. Identical vertex reconstruction configurations are
used for the two samples.

To assess the signal vertex reconstruction efficiency and
evaluate the impact of fake tracks, a truth-matching proce-
dure is performed. Reconstructed vertices are considered
matched to an LLP decay if the pr-weighted fraction of
tracks in the vertex that are matched to truth-level LLP
descendants (as described in Sect.4.3) is greater than 0.5.
Figure9 shows the transverse displacement (Lyy) of truth-
matched and non-truth-matched vertices for the legacy and
improved reconstruction. The improved reconstruction has a
modest increase in the number of LLP vertices and consid-
erably fewer vertices not matched to LLP decays, non-LLP,
due to the significant increase in purity of the LRT algorithm.

6 Data and simulation comparison

To further validate the improved LRT configuration, com-
parisons are performed between Run 2 data and simulated
inelastic pp collisions. As mentioned in Sect. 3, the simula-
tion is generated with a flat (i) profile and is thus reweighted
to agree with the (u) profile of the data. The transverse
momentum distributions of tracks are found to be consis-
tent between data and simulation therefore no additional
reweighting is performed. Track-level comparisons are per-
formed (Sect. 6.1), as well as comparisons of the rate of fake
reconstructed tracks (Sect. 6.2) and of the properties of sec-
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Fig. 9 A comparison of the radial distributions of reconstructed sec-
ondary vertices in a simulated LLP sample using the legacy and updated
track reconstruction configurations. The circular markers represent
reconstructed vertices that are matched to truth-level LLP decay ver-
tices (LLP). The dashed lines represent reconstructed vertices that are
not matched to truth-level LLP decay vertices (non-LLP). The radial
position of the pixel and SCT detector layers are indicated by verti-
cal lines. The lower panel shows the ratio of the number of vertices
reconstructed in the updated reconstruction to those reconstructed in
the legacy implementation for true LLP vertices (circular markers) and
non-LLP vertices (dashed lines). The uncertainties shown are statistical
only

ondary vertices consistent with the decays of K 2 mesons
(Sect.6.3).
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for the long-lived neutralino, Higgs portal and heavy neutral lepton sig-
nal models. Truth particles are required to fulfill the fiducial selection
criteria stated in the text

6.1 Track properties

The distributions of the number of hits in the pixel and SCT
ID subsystems per LRT track are shown in Fig. 10, along
with the distributions of |dy| and the radius of the first hit
associated to the track. The largest deviations from unity in
the ratio of data to simulation are at the 10% level. This is
consistent with the performance of the Run 2 LRT configu-
ration [13] and indicates good agreement between data and
simulation. The peaks in the distribution of |dp| at 50 mm,
88 mm, and 122 mm coincide with the radial positions of the
three pixel barrel layers, and correspond to low- p secondary
tracks with trajectories tangential to the detector modules.

6.2 Fake rate

The number of tracks corresponding to real charged particle
trajectories is expected to scale linearly with (u), since it is
related to the number of charged particles produced in the
collisions. However, during reconstruction, it is possible for
the algorithm to reconstruct fake tracks not corresponding to
real charged particle trajectories. The number of these ran-
dom combinations is expected to scale with a higher power
as a function of (), since the increased combinatorics allow
for more track candidates to be formed. The average number
of primary tracks per event ({Nack, Prim.)) and the average
number of LRT tracks per event ({Nyack,LRT)) as a function
of (u) is shown in Fig. 11 for data and simulation. To account
for differences between the data and simulation in terms of
the overall number of charged particles per event, an overall
normalisation factor is used to adjust the number of tracks in
simulation to data. This scale factor is determined to be 0.94,
and is applied to simulation in both distributions.
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Fig. 10 The distribution of the number of hits in the (a) pixel and (b)
SCT detector, (¢) |dp|, and (d) the radius of the first hit on each track,
in 2018 zero bias data and simulated inelastic pp collisions. The sim-
ulation is normalised to the number of tracks in data. The statistical

Comparing the distributions of (Nyrack,Prim.) t0 ( Nirack,LRT)»
it is clear that the fraction of fake tracks (deviation from lin-
earity with (u)) for the LRT reconstruction is significantly
larger than for primary tracking. However, the overall num-
ber of tracks reconstructed by the LRT reconstruction is small
compared to the number of primary tracks, indicating that
the impact of the LRT fake rate is minimal to the overall
size of the final track collection. Additionally, the difference
between the measured value of (Nick,LrT) 1n simulation
and data grows with increasing (u), indicating that the rate
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uncertainty on the data and simulation are shown as vertical error bars
and shaded bands, respectively. Points in the ratio that do not lie within
the visible range are shown as arrows

of fake tracks is larger in simulation than in data. This dif-
ference is driven by the modeling of the detector material in
the simulation and will be discussed further in Sect.6.3.1.

6.3 Study of Kg vertices

To compare the track reconstruction efficiency between data
and simulation, a “standard candle” is needed to identify LRT
tracks originating from a true LLP decay. The K 2 meson is an
ideal candidate due to its proper decay length (ct = 27 mm)
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Fig. 11 The mean number of tracks per event as a function of (x¢) for (a) primary tracks and (b) LRT tracks. The simulation is scaled by extracting

a scale factor from the ratio of (Nyack prim.) of data to simulation

and a clean signature of a two-track vertex. To identify K (S)
vertices, secondary vertices are reconstructed from the com-
bined collection of primary and LRT tracks using the algo-
rithm designed for reconstructing V0 decays described in
Sect.4.4. K 2 candidates are identified by requiring that the
combined invariant mass of the two selected tracks is in the
range [472, 522] MeV. No vetoes or background subtrac-
tion is applied to the vertices beyond those applied during
reconstruction, as described in Sect.4.4. The pr distribu-
tions of the K (S) candidates were found to be well modeled in
the simulation and thus no pt re-weighting is applied. The
distributions of the invariant mass of the K (S) candidates are
shown for data and simulation in Fig. 12 for vertices with
two primary tracks and two large radius tracks. The yields
in simulation are normalised such that the number of K 2
candidates with two primary tracks agrees with the data. To
assess the purity of the K (S) selection, the signal peak is fitted
to a double-gaussian, and a third-order polynomial is used
to extract the combinatorial background. Both distributions
show very small combinatorial backgrounds with purities of
roughly 99%.

The radial distribution (L) of the reconstructed K 2 can-
didates are then compared between data and simulation, as
shown in Fig. 13a. Vertices in simulation are separated in
three categories, based on the number of LRT tracks included
in the vertex fit. After the first SCT layer, LRT begins to
have a diminishing contribution to the total yield. This is
due to the fact that particles produced in this region will tra-
verse an insufficient number of silicon layers to satisfy the
hit requirements of inside-out track reconstruction and the
primary outside-in tracking becomes dominant. Figure 13b

shows the fraction of Kg candidate vertices reconstructed
with either two primary tracks or with at least one LRT
track in data and simulation. The distributions are consistent
between the two samples, further indicating good modeling
of the LRT reconstruction in simulation. After L,, > 70 mm,
LRT tracks account for more than 75% of the total number of
K (S) candidate vertices, highlighting the importance of LRT
for the reconstruction of displaced vertices.

6.3.1 Systematic uncertainty on the LRT reconstruction
efficiency

In Fig. 12b, a small difference can be observed between the
number of K g candidates reconstructed with two LRT tracks
between data and simulation, despite normalising the simu-
lation such that a consistent number of candidates are recon-
structed with two primary tracks. This indicates that there
is a systematic difference between the LRT reconstruction
efficiency measured in data and simulation. To account for
this in physics analyses, a per-track uncertainty on the LRT
reconstruction efficiency is derived by comparing the yields
of LRT tracks associated to K 2 candidates as a function of ||
and the radius of the first measurement on the track (Rjst p;)-
A summary of the measured relative uncertainties is provided
in Table 3. To propagate these uncertainties to downstream
object reconstruction algorithms such as secondary vertex
reconstruction, a procedure is used in which tracks are ran-
domly removed from the track collection considered by the
vertex reconstruction with a probability corresponding to the
per-track uncertainty of each track. This results in a modified
vertex collection which can be used to assess the impact of
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Fig. 12 The invariant mass of K 2 candidates reconstructed from (a)
two primary tracks and (b) two LRT tracks, in 2018 zero bias data and
simulated inelastic pp collisions. The signal peak is fitted to a double-
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Fig. 13 (a) The radial distribution of reconstructed K 2 candidate ver-
tices in 2018 zero bias data and simulated inelastic pp collisions. The
yields in simulation are normalised such that the number of K 2 can-
didates with two primary tracks agrees with the data. The lower panel
displays the ratio between the total number of reconstructed K g candi-
date vertices in the data and the simulation. The statistical uncertainty
on the simulation is shown as a hatched band. (b) The fraction of K g

the per-track uncertainties on the final vertex reconstruction
performance.

The average number of K (s) candidate vertices per event is
shown in Fig. 14 as a function of (u) for vertices with two
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gaussian, and a third-order polynomial is used to model the combinato-
rial background. The yields in simulation are normalised such that the
number of K 2 candidates with two primary tracks agrees with the data
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candidate vertices reconstructed with two primary tracks (labelled “Pri-
mary” in the legend) and at least one large radius track (labelled “LRT”
in the legend) in 2018 zero bias data and simulated inelastic pp colli-
sions. The four pixel layers and first SCT layer are shown in the figure
with gray vertical lines. The lower panel displays the ratio between the
fraction of reconstructed K 2 candidate vertices with at least one LRT
track in the data and the simulation

primary tracks and two LRT tracks. In both cases, the sim-
ulation is scaled such that the total number of reconstructed
K 2 candidates with two primary tracks agrees with the data.
Similar to the distributions of (N ), this is expected to scale
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Table 3 The relative per-track uncertainties on the LRT reconstruction efficiency in various bins of |n| and radius of the first measurement on the

track R]st hit
Rystp [mm] Inl < 0.4 (%) 04 < |n| < 1.2 (%) 1.2 < |n| <3.0 (%)
[33.0, 38.0] 16.8 11.3 7.2
[46.0, 56.0] 10.0 4.3 5.6
[84.0,94.0] 0.3 1.6 2.8
[118.0, 128.0] 0.8 3.9 6.6
[288.0, 320.0] 9.6 0.4 1.1
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Fig. 14 The average number of Kg candidate vertices per event in
2018 zero bias data and simulated inelastic pp collisions shown as a
function of the average number of interactions per bunch crossing (i)
for (a) vertices with two primary tracks and (b) vertices with two LRT
tracks. The simulation is scaled such that the total number of recon-

linearly if the track reconstruction efficiency and proportion
of background vertices stays constant as a function of (u).
However, as (u) increases, so does the overall number of
tracks in the event. This increases the probability for random
track crossings that can mimic a K 2 candidate, contributing
to the deviation from linearity seen in Fig. 14a. For vertices
with two LRT tracks however, Fig. 14b shows that the num-
ber of K (S) candidate vertices starts to deviate downward from
linearity. This indicates that even though the number of LRT
fake tracks is high, the rate of fake vertices is relatively low.
The main factor affecting the number of K 2 candidates at
high (u) values is the reduction in overall LRT reconstruc-
tion efficiency, as depicted in Fig. 8. The difference between
the number of Kg candidate vertices per event in data and
simulation shown in Fig. 14b is within the systematic uncer-
tainties on the final vertex yields derived by propagating the
per-track LRT uncertainties to the vertex reconstruction, as
described above.

<u>
(b)

structed K 2 candidates with two primary tracks agrees with the data.
The uncertainty on the simulation in (b) is derived by propagating the
per-track uncertainties through to the vertex reconstruction using the
method described in the text

The discrepancy in yields can be attributed to the mod-
eling of the Inner Detector material [21], and is explored
further through an analysis of the alternate simulated sam-
ples described in Sect. 3. Three samples with modified detec-
tor geometries are considered: an overall 5% increase of the
passive material in the ID, a 10% increase of the material in
the IBL, and a 25% increase of the material describing the
pixel services. A fourth sample is considered which uses the
QGSP_BIC physics list instead of the nominal FTFP_BERT
physics listin the GEANT4 simulation. Each simulated sam-
ple is first normalized such that the number of simulated
events is consistent with the data. An additional normalisa-
tion factor is then applied to each sample, which is defined
such that after normalisation the number of K 2 candidates
with two primary tracks in the nominal sample agrees with the
data. The differences in yields between the nominal sample
and the varied samples are then computed and used to derive
an uncertainty band corresponding to each variation. The
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Fig. 15 The radial distribution of reconstructed K (S) candidate vertices
with two LRT tracks in 2018 zero bias data and simulated inelastic
pp collisions. The yields in simulation are normalised such that the
number of K (s) candidates with two primary tracks agrees with the data.
Samples with varied detector geometries and simulation parameters are
used to derive uncertainties on the nominal simulation and are shown
as filled bands. The uncertainties derived from each geometry variation
are summed in quadrature to obtain a single uncertainty which is shown
as an orange band (labeled “Material” in the legend). The uncertainty
derived from comparing the nominal simulation to the sample with the
modified physics list is shown as a light blue band (labeled “Physics
Model” in the legend). The statistical uncertainty on the nominal sample
is shown as a dark blue band (labeled “Stat. Unc.” in the legend). The
three sources of uncertainty (material, physics model, and statistical
uncertainty) are then summed in quadrature to obtain a total uncertainty
on each bin which is drawn as a red band (labeled “Total” in the legend).
The systematic uncertainty derived following the method described in
the text is shown as a hatched band (labeled “Syst. Unc.” in the legend).
The lower panel displays the ratio between the data and the nominal
simulation and the relative values of each uncertainty

results of this analysis are shown in Fig. 15. The data yields
are observed to fall within the range of values obtained from
the set of varied simulated samples, indicating that the dif-
ference in LRT tracking efficiency between the data and the
simulation is well characterised by these variations. Addi-
tionally, the systematic uncertainty derived by propagating
the per-track LRT uncertainties to the vertex reconstruction
is shown, and is found to cover the observed differences
between the data and the simulation as well as the variations
between the alternate simulated samples.
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7 Conclusion

The ATLAS LRT algorithm has undergone significant
improvements in preparation for Run 3 data taking. As
a result of this reoptimisation, the processing time has
improved by more than a factor of 10 and the disk space
usage per event for LRT tracks has been reduced by more
than a factor of 50 as compared to the legacy implemen-
tation, while still maintaining comparable track reconstruc-
tion efficiency. These improvements have allowed for LRT
to be integrated in the standard ATLAS reconstruction chain.
This will significantly simplify the workflow for future LLP
analyses as well as allow for analyses not specifically tar-
geting LLP signatures to benefit from increased track recon-
struction efficiency at large |dg|. A study of secondary ver-
tex reconstruction for hadronic LLP signatures indicates that
the improved LRT configuration leads to a significant reduc-
tion in vertices reconstructed from fake tracks and an overall
improvement in the vertex reconstruction efficiency. This will
translate directly to an improved signal to background ratio
for displaced vertex searches in Run 3. To benefit from the
improved performance, Run 2 data events have been recon-
structed using these updated configurations. Additionally,
comparisons between data and simulation show good mod-
elling of both low-level track quantities as well as high-level
properties of reconstructed K 2 vertices using LRT tracks.
These developments are expected to increase the sensitiv-
ity of LLP searches in Run 3 and allow for a considerable
expansion of the ATLAS LLP search program.
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