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1 Introduction

The reconstruction of charged particle trajectories is a crucial aspect of many high-energy physics
experiments, like the ATLAS experiment [1] at the Large Hadron Collider (LHC). These trajectories, or
tracks are used both as physics objects! for analysis in their own right [2] and are fundamental inputs
to the reconstruction of all other physics objects in ATLAS. Algorithms such as electron [3, 4] and
muon [5, 6] reconstruction; the reconstruction of hadronic objects such as jets [7, 8] and hadronically
decaying 7 leptons [9]; jet classification algorithms [10-12], including Flavour Tagging [13, 14]; and
pile-up suppression techniques [8, 15], are critically dependent on the performance of track reconstruction.

! Here, object refers to any item that can be selected for based on its reconstructed properties, e.g. electrons, muons, jets, etc, as
well as generic charged particles for which tracks can be used directly.



Therefore, track reconstruction performance directly or indirectly affects the ability to perform a wide
range of Standard Model (SM) measurements, including measurements of the W boson mass [16] and the
properties of the Higgs boson [17], as well as searches for physics beyond the Standard Model (BSM),
such as long-lived particles decaying within the Inner Detector [18-20], among others. Charged-particle
reconstruction is essential not only for offline analysis but also for online event selection, where tracking is
available in the High-Level Trigger System [21-23]. The efficient and precise reconstruction of tracks is
therefore vital for the overall performance of the ATLAS experiment.

Track reconstruction relies on relatively few discrete measurements and is therefore highly impacted by
material effects such as multiple scattering. Thus, the relevant detector systems, in this case the ATLAS
Inner Detector (ID), are typically located as close as possible to the interaction point where the particles
are produced. Consequently, the ID is exposed to a very high particle flux, which is further increased under
typical operating conditions by the presence of multiple proton—proton (pp) interactions within a single
bunch crossing, referred to as pile-up.

Pile-up is quantified by the parameter y, defined as the mean of the Poisson distribution of inelastic pp
interactions per bunch crossing for a given colliding bunch pair. In practice, y varies across bunch pairs
and over time, and the quantity (u) is therefore commonly used to represent the average over all colliding
bunch pairs, either at a given moment (to describe the instantaneous luminosity of the LHC) or over a
dataset. During Run 2 (2015-2018), typical values of {u) were around 34, while in Run 3 (2022-2026) the
most probable value exceeds 60.

The high particle multiplicity associated with {u) values over 60 poses a formidable challenge for ID track
reconstruction. The Inner Detector was designed for LHC design-luminosity conditions, corresponding
to an average pile-up of order (u) ~20-25 [24], while present-day operation reaches substantially higher
pile-up. The higher particle density in a single event leads to a substantially increased number of plausible
combinations of measurements, which in turn increases the CPU time required for pattern-recognition
algorithms and raises the probability of spurious track candidates. These effects necessitate robust
track-finding strategies in the reconstruction software.

The reconstruction of primary vertices, representing the estimated positions of the p p collisions from which
the associated charged particles originate, is a key application of tracking performance. Reconstructing
primary vertices and associating tracks to their most likely origin enables the identification of the vertex of
interest and its separation from pile-up collisions within the same recorded event.

This paper describes the algorithmic design and performance of the offline track and primary vertex
reconstruction in the most recent software configuration used for data taking with the ATLAS Inner
Detector. This configuration was optimised ahead of Run 3 operation and subsequently applied in a full
reprocessing of the Run 2 dataset.

Comparisons with the reconstruction configuration originally used during Run 2 data taking are discussed
separately in Ref. [25]. A particular focus of the latest reconstruction strategy was on reducing the number
of erroneous and low-quality tracks processed by rejecting them as early as possible. This strategy is crucial
for reducing CPU usage for processing events with high instantaneous luminosity within the available
resources, and for providing a pure collection of high-quality tracks to downstream algorithms. This must
be carefully balanced against maintaining as high an efficiency as possible for tracks in the key phase space
regions [25]. These developments also allowed for the inclusion of dedicated reconstruction strategies for
specific topologies, such as tracks from long-lived particles decaying within the Inner Detector, which
are reconstructed using a specialised chain running alongside the primary sequence (see Section 4) on
all events [26]. In addition, a specific treatment for tracks within high-transverse-momentum (high-pr)



jets, where the particle density is extremely high (usually referred to as Dense Environments) was refined.
These targeted optimisations are particularly beneficial in searches for new physics [18-20, 27-29].

The paper presents performance results on the ATLAS track and primary vertex reconstruction obtained
primarily with Run 2 data, complemented by dedicated simulation studies covering a wide range of pile-up
conditions. It does not supersede the developments discussed in Ref. [25] nor the performance results for
long-lived particle reconstruction presented in Ref. [26], but instead provides a consolidated performance
overview of the current ATLAS track and primary vertex reconstruction configuration.

The structure of the paper is as follows. In Section 2 the ATLAS detector, with particular focus on the Inner
Detector, is outlined. This is followed by a discussion of the various data and Monte Carlo simulation
samples used for the studies presented in Section 3. In Section 4 a comprehensive overview of the track
reconstruction is provided, including the developments targeted at long-lived particle tracks and dense
environments. The primary vertex reconstruction procedure is described in Section 5. The performance of
the track and primary vertex reconstruction is shown in Section 6 for a number of key quantities, such as
efficiencies and resolutions, both inclusively and for specific selections and phase space regions. These
are performed in Monte Carlo samples and where possible also using data. The CPU consumption of the
reconstruction is also discussed, before a summary and outlook are given in Section 7.

2 ATLAS detector

The ATLAS detector [1, 30] is a multipurpose particle physics apparatus with forward—backward symmetric
cylindrical geometry, covering nearly the entire solid angle around the interaction point (IP). ATLAS uses a
right-handed coordinate system with its origin at the nominal 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 (7, ¢) 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). Angular distance
is measured in units of AR = /(An)2 + (A¢)2.

The Inner Detector system provides charged-particle tracking capability with high efficiency over the
pseudorapidity range || < 2.5. It is located in the region of ATLAS closest to the interaction point and it
is contained within a cylindrical envelope covering the region up to |z| = 3512 mm and of radius 1150 mm.
Two cross section views of the ID barrel are shown in Figure 1. The entire ID is immersed in a 2 T magnetic
field generated by the superconducting central solenoid magnet. The ID comprises three subsystems based
on different detector technologies.

The innermost region uses high-granularity silicon pixel detectors, whose sensitive elements extend between
a radius of about 33 mm and 123 mm. It consists of sensor modules arranged in four concentric barrel
layers and three endcap disks on each side, for a total of about 86 million channels. The innermost barrel
layer, known as the Insertable B-layer (IBL) [31, 32], was inserted at a radius of 33.5 mm prior to the
beginning of the LHC Run 2. The previous innermost pixel barrel layer (at a radius of 50.5 mm) is referred
to as the B-layer, as in the zoomed view of the pixel region in Figure 1. The majority of the pixel detector
uses planar sensors with a pitch (in the ¢ and 7 directions respectively) of 50 x 400 pm?; the IBL uses
planar sensors with 50 x 250 pm? pixel pitch, with the exception of the highest |;7| region (largely outside
the nominal tracker acceptance region || < 2.5) which employs 3D silicon technology.

The pixel detector is surrounded by a silicon microstrip tracker (SemiConductor Tracker, SCT), which
uses pairs of sensors with a typical strip pitch of 80 pm mounted back-to-back on modules, with a 40 mrad



stereo rotation between the sides to provide additional constraint on the position along the direction of the
strips. The SCT detector is arranged in four concentric barrel layers and nine endcap disks per side; the
active elements span an average radius of about 299 mm to 514 mm.

The outermost subsystem of the ID, the Transition Radiation Tracker (TRT), contains up to 73 layers of
gas-filled straws interleaved with fibres (barrel) and 160 straw planes interleaved with foils (end-cap), which
provide transition radiation for electron identification [33]. Most of the TRT system uses a Xenon-based
gas mixture, which provides optimal particle identification capabilities. However, such a mixture has
been gradually substituted by an Argon-based gas mixture since the beginning of Run 2 (2015), due to
cost considerations. The differences between the gas-mixtures have no significant impact on the tracking
performance. The TRT provides typically 36 one-dimensional measurements per track within the || < 2.0
region.

Surrounding the ID, the calorimeter system covers the pseudorapidity range || < 4.9. Within the
region || < 3.2, electromagnetic (EM) calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering || < 1.8 to
correct for energy loss in material upstream of the calorimeters. Hadron calorimetry is provided by
the steel/scintillator-tile calorimeter, segmented into three barrel structures within || < 1.7, and two
copper/LAr hadron 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 EM calorimeter is used in ID track reconstruction to identify regions where specialized
settings for electron reconstruction can be applied, as discussed in Section 4.1.3.

The muon spectrometer (MS) comprises tracking chambers measuring the deflection of muons in a magnetic
field generated by the superconducting air-core toroidal magnets. The field integral of the toroids ranges
between 2.0 and 6.0 T m across most of the detector. Three stations of precision chambers, each consisting
of 3 or 4 layers of monitored drift tubes, cover the region |n| < 2.7. These were complemented in the
innermost layer of the endcap region by cathode-strip chambers in Run 2, which were replaced in Run 3 by
layers of small-strip thin-gap chambers and Micromegas chambers, both providing precision tracking in the
region 1.3 < |n| < 2.7.

An extensive software suite [34, 35] 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.

The reconstruction efficiency for charged hadrons is directly related to the amount of sensitive and passive
material in the detector, and the precision to which it is known. Figure 2 shows the material distribution in
the ID, as a function of the pseudorapidity, as estimated using simulation. These estimates are validated
with in-situ measurements, as detailed in Ref. [36]. Figure 3 shows the reconstructed position of hadronic
interactions that reveal the as-built geometry and structures of passive and active elements of the innermost
ID layers. Accurate reconstruction of charged particle trajectories also requires precise knowledge of the
detector geometry. In-situ techniques are used to determine and monitor the alignment of the ID’s sensitive
elements throughout data-taking, as described in detail in Ref. [37].

2.1 Measurement formation

Charged particles passing through the silicon detectors deposit energy via ionisation and radiative processes.
If the energy in a detector channel (i.e. the smallest possible unit of the sensor which can be individually read
out, corresponding to an individual pixel or strip) exceeds a predefined threshold, the signal is recorded as a
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Figure 1: Cross sections through the ATLAS Inner Detector comprising the Pixel, SCT and TRT subsystems. (a)
shows a 3D view of the detector [30], while (b) presents a quadrant in the  — z plane [32].
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Figure 2: (a) Amount of radiation lengths (Xp) [30] and (b) nuclear interaction lengths (1) a particle intersects when
originating from the nominal interaction point and traversing the entirety of the ID, as a function of || (averaged
over ¢).
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Figure 3: Positions of hadronic interaction vertex candidates within (a) the ATLAS Inner Detector barrel region
(I7] < 2.4 and |z| <400 mm) in the xy-plane with » >20 mm and (b) a zoomed-in view showing the beam pipe, Inner
Positioning Tube, IBL staves, and Inner Support Tube [36].



hit. Threshold values are chosen to provide high particle detection efficiency while suppressing electronic
noise and correlated instrumental effects such as electronic cross-talk. These values vary across detector
regions and have evolved over time due to accumulated radiation doses and increasing instantaneous
luminosity. Neighbouring channels with hits are grouped together into clusters [38, 39] using a connected
component analysis (CCA) approach. The CCA method combines channels based on their connectivity,
defined by shared edges, including diagonal connections in the implementation used here. Clusters form
the fundamental measurements used for track reconstruction. In this paper, the term hits refers to individual
activated channels, while clusters or measurements refer to groups of hits that represent an estimate of the
intersection of a charged particle with a sensor. Sensors with known performance issues can be excluded
from the readout chain through being marked as inactive. Such sensors cannot provide measurements, and
so are explicitly accounted for in the reconstruction as discussed in Sections 4.2 and 4.7. Lists of inactive
sensors are periodically updated and are also used in the production of Monte Carlo simulation samples to
allow them to resemble data more closely.

The Pixel detector achieves position resolution on the order of 10 pm in the most sensitive direction (the
direction along ¢) and about 60 pm in the orthogonal direction. Each pixel hit stores a Time-over-Threshold
(ToT) value, defined as the time the amplifier output signal remains above threshold, measured in units of the
LHC clock (25 ns) [32]. This value is proportional to the deposited charge and is used in the computation
of the cluster charge barycentre, which provides an estimate of the particle’s crossing position on the sensor
and enables advanced cluster treatment as described in Section 4.2. In contrast, the SCT hits contain only
binary information indicating whether a channel was activated. The typical SCT position resolution is
of the order of 20 nm in the sensitive direction, and 580 pm in the orthogonal direction when combining
measurements on both sides of a module, as done for space point formation discussed in Sec 4.1.1.

The sustained high particle flux integrated over the data-taking periods leads to significant radiation damage
over the detector lifetime [40, 41]. This damage manifests as increased leakage currents in the silicon
sensors and a gradual reduction of the collected charge, which can affect measurement reconstruction and,
at a modest level, the spatial resolution and tracking efficiency. To date, the innermost detector layer (closest
to the interaction point) has received a fluence of approximately 2.0 x 10'® 1 MeV neutron-equivalent
particles per cm?, resulting in a reduction of the charge-collection efficiency of nearly 60%; nevertheless,
the impact on measurement reconstruction efficiency remains minimal [40, 41].

Charged particle interactions in the TRT primarily produce ionisation in the Xe or Ar gas mixture, generating
one-dimensional drift-circle measurements. The position is inferred from the drift time within each straw,
with a resolution of approximately 130 pm perpendicular to the straws. Both the drift time, and the
relationship between the drift time and hit radius are calibrated using an in-situ track-based procedure [42].
Due to the symmetric structure of the straws and the technology used, a left—right ambiguity remains,
corresponding to the hit position being located on either side of the straw centre, and is resolved during
track fitting [33].

3 Data and simulation samples

The primary dataset used in this paper was collected with the ATLAS detector in pp collisions with a
centre-of-mass energy +/s of 13 TeV during Run 2 (2015-2018) of the LHC. Results particularly sensitive
to radiation damage in Section 6.4 also include a subset of Run 3 data (2022), collected with /s = 13.6 TeV.
Only events passing stringent data quality requirements [43] are used. No significant updates were made to
the ID during the data-taking period. Operational parameters such as the pixel sensor depletion voltage,



readout thresholds, and others were adjusted to compensate for radiation damage effects, ensuring high
operational efficiency [44]. As a result, the track reconstruction performance shows little variation as a
function of time. The increasing instantaneous luminosity delivered by the LHC to the ATLAS experiment
throughout this data-taking period results in 10 < u < 65, with an average of (u) = 34. An unbiased
sample of pp collisions is collected using zero bias data, where events are recorded one full LHC orbit
after a reference trigger is fired [45].

Monte Carlo (MC) simulated event samples are used to assess the performance of track and primary vertex
reconstruction across a range of final states, pile-up conditions, and track topologies. The production
of top quark pairs ¢ was modelled using the PowHEG Box v2 [46—49] generator at next-to-leading order
(NLO) in QCD [50-53] and PyTHi1a 8.186 for showering and hadronisation. The final state is selected
such that at least one of the W bosons from the top quark decays leptonically. This sample is used to
assess basic performance of track and primary vertex reconstruction in a final state containing both leptonic
and hadronic particles. The same generator setup was also used to produce samples of Z — uu and
Z*[y* — uu events for use in efficiency studies of ID tracks associated to muons reconstructed in the
MS. Dijet events were generated using Pytaia 8.230 [54] with leading-order matrix elements for dijet
production and interfaced to a pr-ordered parton shower [55]. This sample is primarily used to assess
performance within high-pr jets. A sample of SM Higgs boson events produced via vector-boson fusion
and decaying to four neutrinos (VBF H — 4v) was simulated using the PowHtG Box v2 generator at NLO
in QCD and PyTHia 8.186 for showering and hadronisation. This sample is primarily used to assess the
performance of primary vertex reconstruction for processes where a substantial fraction of the collision
energy is carried away by particles that are invisible to the tracker. To assess performance for non-prompt
particle reconstruction, a simplified model is used in which a Higgs boson produced in association with
a Z boson decays into a pair of BSM electrically neutral pseudoscalar and long-lived a bosons, each
subsequently decaying exclusively into a pair of b-quarks (H — aa — bbbb). The non-prompt decay
results in a displaced vertex signature. The a boson mass is 55 GeV and the proper lifetime c7 is 100 mm
for this sample. This sample was generated using Pownec Box v2 at NLO with up to one additional jet,
with the decays of particles simulated with PyThia 8.212.

All simulated particles from collisions were processed with the ATLAS detector simulation [56] based on
GeanTt4 [57]. In addition to the detailed model of the ID used in event simulation, a simplified geometry
representation, referred to as the Tracking Geometry [58], is created for use during reconstruction. The
tracking geometry consists of simple layers and volumes, onto which a projection of the simulated material
traversed prior to that layer (or contained within the volume) is mapped, with an appropriate binning. This
projection is obtained in a dedicated simulation step by recording, as a function of direction, the amount
of material traversed between successive tracking geometry layers, and storing it as a look-up table used
during reconstruction. Such layers are present for all measurement surfaces (i.e. the representations of
detector planes), as well as for other relevant material structures. The tracking geometry provides sufficient
information about the material distribution to allow track reconstruction to be performed without the high
computational cost of loading and navigating through the fully detailed simulation geometry.

The effect of multiple interactions in the same and neighbouring bunch crossings (pile-up) was modelled
by overlaying [59] the simulated hard-scattering event with inelastic pp events generated from a mix of
Epos 2.0.1.4 [60] and PyTHiA 8.308 [61]. The Epos events were generated with the Epos LHC tune [62]
and the PyTHia events with the A3 tune [63] and the NNPDF2.31.0 [64] set of parton distribution functions
(PDF).PyTH1A pileup events include either a high transverse momentum (pr) jet, a prompt photon, or
a lepton from a b-hadron decay, while Epos was filtered to simulate all remaining pileup events in the
overlay sample. The individual simulations were first reweighted to ensure a smooth connection across



jet pt then the combination reweighted to match the distribution of the actual number of interactions
per bunch crossing (1) measured in data. However, for several of the studies in this paper, a sample was
used comprising events with a wide range of u following a roughly uniform distribution (from u = 0 up
to 4 = 80), in order to assess the performance as a function of pile-up. Where such a sample is used it
is explicitly labelled as such, except in cases where the observable is displayed as a function of u thus
making the dependence explicit. While the time response of the ID means that it is primarily sensitive
to additional interactions within the same bunch crossing as the event of interest (referred to as in-time
pile-up), other subdetectors with different time responses can be sensitive to the presence of additional
interactions in earlier or later bunch crossings (referred to as out-of-time pile-up). Both the in-time and
out-of-time contributions are included in the simulated events.

3.1 Truth-matching in simulated samples

In order to establish the performance of the track reconstruction, a requirement is often applied that a
reconstructed track is matched to a particle produced during MC generation, referred to as truth particles.
This ensures correspondence between the simulated input particles and reconstructed output tracks, allowing
meaningful comparisons to be made.

In order to perform this matching, information is stored about the truth particles contributing to the
simulated energy deposits, thereby mapping the true trajectory of a given simulated particle through
the detector. From this information, the contribution of a given truth particle to the measurements on
a reconstructed track can be quantified, allowing a hit-purity-based truth association to be defined. A
reconstructed track is matched to a truth particle by comparing the number of measurements common
between the truth particle trajectory and the reconstructed track. This comparison is based on the quantity
Ruaten, defined as

pix SCT TRT
10 X Ncommon + 5 X Ncommon + Ncommon (1)

pix SCT TRT
10 X Nreco + 5 X Nreco + NI"CCO

Rmatch =

where Nfelf({ SCT/TRT i the number of measurements in the different subsystems which are present on the

reconstructed particle trajectory. The numbers of measurements in the different subsystems which are
present on both the truth particle trajectory and the reconstructed track are given by Nf:,frﬁgg /TRT The
different weights applied to the different subsystems reflect the different numbers of possible measurements
and the precision of the measurements which can be provided by each subsystem. These considerations

result in a relative downweighting of TRT measurements with respect to those from the Pixel and SCT.

Reconstructed tracks with high values of Ry, are considered well-matched to a truth particle, and can
therefore be used to evaluate reconstruction performance. Specifically, they contribute to the numerator in
efficiency calculations, and their parameters can be compared to truth for resolution measurements. Unless
otherwise stated, tracks with Ryaech > 0.5 are considered successfully matched to a truth particle. This
threshold is chosen based on an observed correlation between reconstructed and true track parameters.
Conversely, tracks with Rpach < 0.5 are considered poorly matched and are typically the result of incorrect
combinations of clusters from multiple particles and interactions. These are referred to as fake tracks or
just fakes. This definition does not exclude that a fake track can be the single best reconstructed match
to a given particle. The distribution of Ry, is strongly peaked at values close to 1.0 but is otherwise
relatively uniform for values > 0.5.
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When computing quantities such as efficiencies using truth particles, a selection is applied to identify the set
of truth particles against which performance is measured. Only particles produced during event generation
are considered. This definition includes decay products of long-lived neutral hadrons such as Kg and A,
despite originating from displaced vertices. Particles produced in material interactions during detector
simulation, such as from photon conversions, are excluded. In addition, selected truth particles must be
electrically charged, have a transverse momentum pt > 500 MeV, and lie within the pseudorapidity range
|n| < 2.5, unless otherwise stated. No such restriction is applied when classifying fake tracks: tracks
matched to particles produced during simulation are excluded from the fake category. This ensures that the
fake rate reflects only reconstructed tracks that are not associated with any truth particle originating from a
pp collision.

4 Track reconstruction

Track reconstruction, or tracking, refers to the reconstruction of charged-particle trajectories from clusters
of detector measurements. A charged particle propagating in a uniform magnetic field in vacuum follows
a helical trajectory. Accordingly, the most common track representation for ID-based tracking is a local
helicoidal (perigee) parameterisation [65], expressed by five parameters relative to a chosen reference
line and reference point: (dy, zo, o, 60, ¢/p). In this parameterisation, illustrated in Figure 4, ¢/p is the
ratio of charge (¢) and momentum (p), ¢o and 6 are the azimuthal and polar angles of the momentum
vector at the point of closest approach, d is the transverse impact parameter, and z the longitudinal impact
parameter. The point of closest approach of the trajectory to the reference line is commonly referred to as
the perigee. The transverse impact parameter dy is defined as the signed distance in the transverse plane
between the perigee and the chosen reference line. If ¢ denotes the azimuthal angle of the perigee and ¢g
the azimuthal angle of the momentum vector at that point (with 8y the corresponding polar angle), the sign
of dy is defined as sign(dp) = sign (sin(¢ — ¢)). This implies dy > 0 when 0 < ¢ — ¢ < 7 (mod 27).
This definition corresponds to the ATLAS software convention where ¢ — ¢¢ ~ 7/2 (mod 27) for positive
do. Further details are provided in Appendix 8.2 of Ref. [65]. The longitudinal impact parameter zg
represents the distance along the z-axis between the perigee and the reference point.

The default reference line is the beamline, defined as the line best representing the average position and
direction of pp collisions, commonly referred to as the luminous region [66]. The reference point is taken
as the centre of the luminous region. These quantities are determined using in-situ calibration techniques
with a typical time granularity of approximately 60 s [67].

The magnetic field also plays a critical role in track reconstruction. The charge-to-momentum ratio is
determined by the curvature of the particle’s trajectory, which is estimated using the sagitta, defined as
the perpendicular distance between the particle’s curved path and a straight line connecting two reference
points along the trajectory. In a uniform magnetic field B, the sagitta s of a charged particle’s trajectory is
related to its transverse momentum pt by: s o LSZ;ITB where L is the effective lever arm, determined by the
radial separation of the measurements contributing to the track fit (typically of the order of the tracking
volume radius) and g is the particle charge. Spatial variations in the magnetic field are accounted for using
a detailed map measured during the detector installation. The magnetic field value at any point within the
ID is interpolated with a relative precision of 7 x 1074, resulting in a negligible (0.02-0.12%) contribution
to the sagitta uncertainty [69].
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Figure 4: The parameters used to represent tracks showing the definitions of (a) the longitudinal and transverse impact
parameters (zo and d; respectively), and (b) the azimuthal and polar angular parameters. The vector p represents
the momentum. A vector from the reference point to the point of closest approach is denoted by I. Applying the
definitions in (b) to j yields the standard angular parameters ¢ and 8p, while applying them to I results in angles
denoted as ¢ and 6. Diagrams courtesy of the ACTS (A Common Tracking Software) project [68].

The tracking algorithms must account for several physical effects, which increase their complexity and
influence the resultant performance. Hadronic interactions with detector material can prevent a particle
from reaching outer layers, thus limiting the number of usable measurements. The probability of hadronic
interactions depends on the amount of nuclear interaction lengths traversed, shown in Figure 2(b). Multiple
scattering alters the particle trajectory, increasing the direction uncertainty and making cluster-to-track
assignment more challenging especially in the presence of multiple possible clusters. This effect depends on
the amount of radiation lengths traversed, shown in Figure 2(a), and is approximately inversely proportional
to the particle’s momentum. At low momentum (up to a few GeV), the resolution on track parameters
is dominated by multiple scattering, whereas at high momentum, it is limited by the intrinsic position
resolution of the detector. For electrons, and very high-momentum muons, radiative energy losses are a
limiting effect on reconstruction efficiencies, as described in Section 4.1.3.

The ATLAS track reconstruction strategy starts from the silicon detectors. The tracking strategy consists
of multiple dedicated passes, each optimised for different topologies or particle origins. The main track
reconstruction sequence, referred to as the primary sequence or inside-out sequence, is designed to
reconstruct primary charged particles with high efficiency, while keeping the number of mis-reconstructed
tracks extremely low. Mis-reconstructed tracks are reconstructed trajectories that include measurements
originating from more than one charged particle. In particular, fake tracks are those that cannot be matched
to any single generated particle with sufficient purity (see Section 3.1). Tracks that are mostly correct but
include a small number of measurements from other particles are not classified as fakes, but may still be
considered mis-reconstructed depending on the impact of the incorrect measurements on reconstructed
parameters.

The first step involves forming three-dimensional space points from detector measurements. Groups of
three space points form track seeds, or simply seeds, which provide an initial trajectory estimate. Seeds
meeting quality requirements are passed on to the track finding stage, where additional clusters are added
using a Kalman filter [70]. These steps constitute the pattern recognition sequence. The resulting track
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candidates are passed through an ambiguity resolution algorithm that selects the most promising track
candidates and resolves cases where clusters are assigned to multiple track candidates. A global y? track
fitting algorithm is run on the resolved track candidates to determine the parameters of the tracks. Tracks
may be further extended into the TRT detector by adding compatible TRT measurements and refitting them
together with the silicon measurements for the final trajectory determination. These steps are illustrated
in terms of data flow in Figure 5 and diagrammatically within a simplified Inner Detector cross-section
in Figure 6. The general steps are described in Sections 4.1-4.4; however, the exact implementation and
behaviour depend on the specific tracking pass and the properties of the track candidates.

The primary sequence is complemented by a TRT-seeded pass, where TRT drift circles are first grouped
into track segments and extrapolated inward to search for compatible silicon clusters which were not used
previously. This sequence is discussed in Section 4.5. Specialised tracking passes are also employed to
target signatures that evade common assumptions. A specific example is reconstructing particles coming
from the decay of particles that travel macroscopic distances in the detector; this sequence is run after the
primary sequence and it is described in Section 4.6.

The output of the track reconstruction algorithms serves a large variety of higher-level object reconstructions
and is also used in physics analyses directly. Depending on the application, additional quality selections
are needed to restrict the track sample. Section 4.7 defines additional track quality selections provided to
allow different compromises between high efficiency and low rate of mis-reconstructed tracks.

Transformation to global coordinates,
combination of SCT module sides

Triplet formation compatible with luminous ATLAS Track Finding
region, initial parameter estimate Run2 &3

Combinatorial Kalman filter, collecting
compatible measurements along trajectory

W Recursive, ordered
ambiguity resolution of Tracks with
W cluster assignment and compatible TRT
precision track fit measurements are

extended and re-fit.

Bremsstrahlung recovery, and
dense environments signalled by
EM and HAD calorimeter deposits

Pass
quality
criteria

Figure 5: Flow diagram depicting the interaction of the different stages of the track reconstruction process. Blue boxes
represent various data collections constructed from Inner Detector information which are processed as described
in the order indicated by the arrows. The green boxes represent data collections created from information in the
calorimeter systems.
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Figure 6: Illustration of the stages of inside-out track pattern recognition in a simplified representation of the Inner
Detector transverse plane. The silicon space points are shown in yellow, and TRT drift circles in orange. The seeds
reconstructed from combinations of space points are indicated in blue. The dashed blue seed illustrates a case where
two seeds correspond to the trajectory of the same charged particle. The green seed is rejected by the requirement
that the seed be consistent with a particle from the nominal interaction point. The track candidates are shown with
lines. The green dashed track candidate is rejected because it is inconsistent with the nominal interaction point. The
black track candidate is reconstructed up to the CKF stage. The red track candidates are fully reconstructed silicon
tracks fit with the global y? where an extension into the TRT is possible.

4.1 Pattern recognition
4.1.1 Space point formation and seed finding

Space points provide three-dimensional positional information formed from clusters in the silicon detectors.
Pixel measurements correspond to two-dimensional positions on sensor surfaces, which are transformed
into three-dimensional information in the global frame using the known sensor alignment and orientation.
SCT sensors provide effectively only one-dimensional measurements due to the very different precision in
the two sensor directions. Clusters on both sides of the SCT modules, with each side being considered an
independent measurement surface, are combined into a single space point. This combination exploits the
40 mrad stereo angle between the sides to resolve the second coordinate?. This explicit combination of
measurements on the two sides of the module is only done for space points. Elsewhere, the information
from the stereo rotation is incorporated implicitly via the relative rotation of measurement surfaces and
thus included in the expression of track parameters and covariances.

2 The 40 mrad stereo angle balances improved spatial precision against the increased probability of ghost clusters when multiple
particles leave overlapping clusters.
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Seeds are formed by identifying triplets of compatible space points across three separate layers of the
silicon detectors, subject to geometrical constraints reflecting the detector layout and acceptance. The seeds
are either formed out of three pixel (PPP) or three SCT space points (SSS). Seeds formed by a combination
of pixel and strip space points are not used in the primary sequence due to their lower purity under nominal
pile-up conditions, a result of the relatively large distance and amount of material between the outermost
pixel and innermost SCT layers.

SSS seeds are considered first due to their higher purity. They are required to point back to a 250 mm
window along the beamline (|z(r = 0)| < 250 mm), ensuring consistency with an origin the luminous
region. The SSS seeds are processed through track finding, discussed in Section 4.1.2, and the resulting
track candidates are extrapolated to the beam line to estimate, on an event-by-event basis, the longitudinal
extent of the interaction region. This estimate is then used as a constraint in the subsequent processing of
PPP seeds, rejecting candidates pointing outside the observed z(r = 0) range before PPP track finding is
performed.

A quality score is assigned to seeds in order to prioritise those with small transverse impact parameter
and large transverse momentum for subsequent processing. Compatibility of a fourth space point in a
different layer further increases priority as such confirmed seeds are promising candidates. Seeds are
further required to pass |dg| < 5 mm, |zp| < 200 mm, and pt > 500 MeV. For further detail on the seeding
algorithm, see Ref. [71].

4.1.2 Track finding

Track finding is a combined measurement association and fitting stage. Seeds define the initial parameters
and form a basis for generating track candidates. Seeds are skipped if all their space-points are already
used in reconstructed track candidates. Additionally, a PPP seed is not considered if all its space points are
on other higher-quality seeds.

Remaining seeds are extrapolated along the initial trajectory estimate through the tracking volume to build
a region of compatible detector elements, or a road. Any detector elements within a road width, 12 mm for
the primary sequence, of the extrapolated trajectory at each layer is collected.

Space-points are used exclusively at the seeding stage. Once track finding proceeds beyond seed formation
and road building, the reconstruction operates on individual detector measurements (clusters), with SCT
clusters treated independently on each sensor side. Track candidates are then created using a combinatorial
Kalman filter (CKF) [70, 72], which incrementally associates individual cluster measurements to the
evolving trajectory. Track candidates are represented as a list of track states of the following types:

* Measurement states correspond to individual detector clusters and the associated track-parameter
estimate at the corresponding measurement surface,

* Hole states represent missing expected clusters on measurement surfaces between the innermost and
outermost radius elements,

* Scatterer or bremsstrahlung states represent significant changes in direction or momentum and are
treated during fitting (Section 4.3),
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* QOutlier states represent measurements with poor compatibility with the trajectory due to a large
contribution to the total track y2. They are only present after the precision track fitting discussed in
Section 4.3. They are excluded from the fit but retained for book-keeping and possible future refits
under different assumptions, e.g. a different particle hypothesis.

The CKF extends the seeds both towards and away from the interaction point, performing smoothing steps
incorporating measurements and subsequently refining the trajectory parameters. Track propagation uses
the Runge-Kutta-Nystroém method [73, 74] to transport the track parameters and covariances layer-by-layer
according to the equation of motion, using magnetic field maps and accounting for detector material via
contributions to the covariance matrix.

The propagation direction depends on seed type: SSS seeds are initially propagated inwards, PPP seeds
outwards. If a candidate shares most of its measurements with a better-quality candidate, or if empirical
metrics such as measurement multiplicity, hole count, or y? estimates deteriorate beyond tunable thresholds,
the extension is terminated early and the algorithm moves to the next available seed.

The remaining track candidates are required to pass quality criteria, the most important being a transverse
momentum of pt > 500 MeV, at least eight measurements, and no more than two holes on the track. In
addition, the overall track-fit quality is required to satisfy y?/DoF < 9, where the y? is accumulated from
the cluster-to-track residuals during the Kalman filter procedure and the number of degrees of freedom
(DoF) is defined by the number of measurements contributing to the candidate.

4.1.3 Bremsstrahlung recovery

Due to the typical particle composition of events, and in the absence of information from other detectors,
all particles are assumed to be charged pions. However, electrons have different energy loss properties
in material, in particular the production of bremsstrahlung photons, resulting in losses in reconstruction
efficiency when treated as pions. Electron inefficiencies could be recovered by allowing for larger energy
losses during track finding, but this would degrade reconstruction performance for other particle types.
Instead, bremsstrahlung recovery is performed only when electromagnetic calorimeter energy deposits
consistent with bremsstrahlung are detected. These deposits define a Region of Interest (Rol) in ann — ¢
cone, within which the ambiguity resolution described in the next section is relaxed, and the track search
road is expanded to accommodate electron-like energy losses (discussed in more detail in Section 4.3.2).

4.2 Ambiguity solving

The fine granularity of the ID means that the probability of multiple, independent charged particles
producing hits in the same sensor element is small across most kinematic regimes. This informs the
reconstruction strategy: a high-efficiency pattern recognition stage is designed to identify all plausible
combinations of measurements consistent with a charged-particle trajectory, ensuring genuine tracks are
not lost. As a result, ambiguities, such as individual measurements being shared across multiple candidates,
can arise. The next stage in track reconstruction is designed to resolve such conflicts and remove track
candidates inconsistent with sensor occupancies or kinematic expectations to suppress mis-reconstructed
tracks without losing efficiency.

The ambiguity solver is designed to determine the optimal set of tracks for downstream algorithms. It
processes track candidates ordered by a quality score, resolving measurement competition with previously
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accepted tracks, eliminating low-quality candidates, and initiating the global y? fit described in Section 4.3.
The flow of tracks through the solver is described below and summarised in Figure 7.

To be accepted, a track candidate must satisfy requirements on the number of total and unique clusters and
shared modules. For example, in the primary sequence, a candidate must have at least six unique silicon
clusters and no more than one shared module. A cluster is considered unique if it is used on a number
of tracks consistent with the cluster classification scheme described below; otherwise, it is marked as
shared. For Pixel clusters, a shared cluster corresponds to one shared module. In the SCT, shared clusters
are combined into an effective module-level quantity, such that two shared (single-sided) SCT clusters
correspond to one shared module. Inactive sensors along the trajectory are counted as clusters to ensure
robust performance under variable detector conditions.

Clusters appearing on multiple tracks are often the result of incorrect assignment. However, in dense
environments, such as the core of high-pt jets (pt 2 300 GeV), the charged particle separation can be
comparable to the sensor granularity, and multiple charged particles may contribute to a single merged
cluster. This effect is more pronounced closer to the beamline, where the charged particle density is
highest. An artificial neural network (NNnyp,) is trained to identify merged Pixel clusters and classify them
as compatible with one (P1), two (P2), or three or more (P3) particles, based on the charge distribution
pattern, candidate incident angle, and sensor location [39]. A configurable threshold is applied on the class
probabilities to define the cluster type. This approach exploits the analogue charge information available
in the Pixel detector and is therefore not applicable to the SCT, where the hit information is binary. The
network is re-trained for each data-taking and simulation campaign to account for variations in charge
collection due to radiation damage and other time-dependent detector effects [40, 41]. As the classification
relies on the total collected charge and the cluster shape, the progressive degradation of charge collection
in the Pixel sensors due to radiation damage leads to a corresponding reduction in the efficiency of the
re-trained model to identify merged clusters. Considering the fluence at the end of 2025 data taking relative
to the pre-irradiation performance, the NNy, performance degradation is on the order of 10%.

Pixel cluster assignment in track reconstruction is guided by the classification provided by the NNnym
neural network. P1 clusters should belong to only one track but can be shared with one additional track
(i.e., used on two tracks at most). P2 and P3 clusters can be used on up to two and four tracks, respectively,
without being considered shared. P2 and P3 clusters cannot be shared beyond these limits (i.e. used on a
third or fifth track, respectively). In cases where two tracks compete for clusters on consecutive Pixel layers,
the NNnum often predicts the clusters on both layers were created by multiple particles (P2 or P3). However,
to avoid unnecessarily rejecting a valid track, an inner layer cluster originally labelled P1 is re-classified to
P2 if the outer layer cluster is labelled P2 or P3. SCT clusters have the same sharing limits as P1 pixel
clusters, as without analogue charge information merged SCT clusters are difficult to identify [75].

Track candidates are prioritised by a score [76] constructed from basic track-quality and reconstruction
observables. The score increases with the number of clusters, with weights of 20, 10, and 1 for Pixel, SCT,
and TRT measurements. The score decreases with the number of holes, using a weight of 10 per Pixel
module, and weights of 5 or 15 for holes on one side or both sides of an SCT module, respectively. Poor fits
are penalised based on the y? of the track once a fit has been performed. Additionally, a term increases the
score based on the logarithm of the candidate pr since high p tracks are typically prioritised as physics
objects and are less susceptible to pattern recognition issues.

Candidates are processed in descending score order until all are accepted or removed. Once a track
candidate is accepted, its cluster content is fixed and is not modified by any subsequently processed
candidates. Only clusters associated with already accepted tracks are considered shared when evaluating a
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new candidate. Shared clusters are then subject to usage limits. If a candidate track has pt > 1 GeV, at
least nine clusters, and no more than one Pixel hole, the NNnum 18 evaluated on shared clusters. Clusters
are removed from a candidate if they exceed the usage limit. A candidate must also have a minimum of
four unique SCT clusters to retain any shared SCT clusters. Shared clusters are removed from a candidate
if the fit yields a y?/DoF > 3. Clusters are also removed from a candidate if accepting it would cause a
cluster that is currently unique on an accepted track to become shared and cause that accepted track to fall
below its minimum unique cluster requirement or exceed the shared module limit. This last constraint is
relaxed if the candidate has at least two Pixel clusters and the innermost cluster is not shared.

As part of the bremsstrahlung recovery procedure described in Section 4.1.3, dedicated ambiguity resolution
rules are applied to ensure efficient reconstruction of electrons and photon conversions. By default, shared
clusters are penalised throughout the detector; however, to maintain efficient reconstruction of electrons
and photon conversions, tracks are not penalised for the first shared Pixel cluster after the IBL or for shared
SCT clusters if they are compatible with an EM calorimeter cluster Rol and pass additional selection
criteria. Shared Pixel clusters on the IBL are not included in this relaxation of requirements, as sharing at
the innermost layer leads to significantly increased combinatorial ambiguity. Also, to target the core of
high-pr hadronic objects, the same relaxed requirements are applied to candidates within Rols defined
by high-energy calorimeter clusters. Within either type of Rol, a candidate must satisfy the following
additional criteria: it must have four unique SCT clusters to allow one shared cluster, no more than one hole
across the Pixel and SCT detectors, pt > 1 GeV, and must overlap significantly with only one accepted
track. Specifically, all shared clusters must be with the same accepted track, and there must be at least two
such shared clusters.

Clusters on a candidate track that are used too often according to the criteria described below are removed.
Otherwise, on satisfying all the requirements of the cluster-based ambiguity resolution, the track candidate
enters the precision track fit as described in Section 4.3. This fit refines the track parameters, may identify
outlier measurements that modify the cluster content, and produces a track y2/DoF. The fitted candidate is
then re-scored, including the y?/DoF, and returned to the ambiguity solver input list. On its next pass
through the solver, cluster counting and sharing limits are re-calculated following the removal of shared
outliers. If the candidate still satisfies all ambiguity resolution criteria without further modification, it is
added to the set of output tracks available for downstream algorithms.

4.3 Track fitting

Once a suitable set of track candidates has been selected, the next step in reconstruction is track fitting.
The goal is to provide the best estimate of the track parameters using the full set of measurements assigned
to a single charged-particle trajectory.

Each measurement on a candidate track can be refined using trajectory-dependent information such as the
incident angle on the sensor, allowing improved estimates of the measurement uncertainties and cluster
positions for the precision fit. In particular, pixel cluster positions and uncertainties are refined using
Mixture Density Networks (MDNs) [77] which provide more accurate measurement position estimates than
the centre-of-gravity method used during pattern recognition. The networks use the same input features
and are trained following the same schedule as the NNyyn, networks (Section 4.2), i.e. whenever a set of
simulated samples is produced that include changes affecting cluster properties. Training the MDN on
simulated samples that incorporate radiation-damage effects partially mitigates the degradation of the spatial
resolution, limiting the impact on the average local measurement resolution to 25% (Ao y/y /07y y) compared
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Figure 7: Flow diagram depicting the ambiguity solver. Blue boxes represent various data collections constructed from
Inner Detector information. The green boxes represent data collections created from information in the calorimeter
systems. The GXF is the Global y? Fitter, and MDN is a Mixture Density Network, both described in Section 4.3.

to a degradation of about 45% without corrections, when evaluated at the fluence corresponding to the end
of 2025 data taking relative to the pre-irradiation performance. For each cluster on a track, the MDNs
estimate one, two, or three possible crossing points, with associated uncertainties, for clusters classified as
P1, P2, or P3, respectively, as discussed in Section 4.2. These refined positions and uncertainties are then
used in the track fit.

While Kalman filter techniques (Section 4.1) are suitable for trajectory propagation and seed-based fitting,
the precision fit in ATLAS uses a least-squares regression method referred to as the Global x* Fitter
(GXF) [78, 79]. This choice offers two main advantages:

* The GXF provides a straightforward treatment of left-right ambiguities in straw tube detectors such
as the TRT. A Kalman-based approach would otherwise require multiple fit hypotheses or inflated
uncertainties.

* The GXF accounts for large material effects by incorporating explicit scattering angles into the fit
rather than relying on uncertainty inflation. Degrees of freedom are introduced for both measurement
states and dedicated scatterer track states at known material structures.

These features are also critical for combined track fits using measurements from both the ID and MS, where
large amounts of material and gaseous detectors must be handled consistently.

4.3.1 The Global x? Fitter

The GXEF fit is based on minimising the residuals between predicted trajectories and measured positions.
The residuals represent the differences between the intersection of the predicted trajectory for a given set
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of track parameters with the measurement surfaces and the measured positions on those surfaces. The
trajectory prediction used in the residual calculation is performed accounting for the full magnetic field
information and assumes Gaussian-distributed energy losses at each material surface.

Energy loss is estimated under a particle hypothesis. By default, tracks are assumed to be pions, but
alternative hypotheses can be utilised. Electron tracks can also be refit using a dedicated fitting algorithm
(Section 4.3.2) for improved performance. The y? expression to be minimised is calculated using the
residuals, the scattering angles on any material surfaces, and their respective covariance matrices. An
iterative solution using the Newton—Raphson method is applied to determine the best-fit track parameters
7. Further details can be found in Ref. [78]; its use within the Inner Detector alignment procedure is
explored in Ref. [37].

4.3.2 The Gaussian Sum Filter

Electrons frequently undergo bremsstrahlung in material, resulting in large and non-Gaussian energy
losses. The Bethe—Heitler formula [80] describes this process, with additional corrections such as the
Landau—Pomeranchuk—Migdal effect becoming relevant for energies above a few GeV [81]. A single-
Gaussian model cannot adequately describe significant energy loss from these non-linear bremsstrahlung
effects.

To address this, identified electron tracks [82] within the silicon detectors are refit using the Gaussian Sum
Filter (GSF) [83, 84]. The GSF is an extension of the Kalman filter that models the bremsstrahlung energy
loss probability density function as a weighted sum of Gaussian components. Each component is treated as
an independent Kalman filter process, and the weighted sum of these components provide an effective
description of the non-Gaussian energy-loss distribution.

The GSF operates on track states processed by the GXF which may include outlier states. During GSF
fitting, outliers that become compatible can be reintegrated, while previously compatible measurements
may be reclassified as outliers.

The use of the GSF leads to a significant improvement in the reconstruction of electron track parameters
in the bending plane. Compared to standard GXF fits, the GSF reduces biases in the reconstructed g/ p
by up to a factor of four and improves the resolution of the track ¢ and dy by approximately 10—70% for
electrons undergoing substantial bremsstrahlung, with the largest gains observed at high pseudorapidity
where the material budget is greatest. These improvements result in better track—calorimeter matching, a
narrower and more symmetric E/p distribution, and increases in electron reconstruction and identification
efficiencies of a few percent, particularly at low transverse momentum and in the endcap regions. A detailed
comparison of the GSF and GXF approaches is presented in Ref. [84].

4.4 TRT extensions

Following the silicon-only track finding and fitting, an attempt is made to extend tracks into the TRT. Adding
measurements from the outermost tracking detector improves momentum resolution by increasing the lever
arm. The track parameters at the entrance to the TRT detector are used to build an extension road, within
which drift tube measurements can be collected. If the road contains at least nine TRT measurements, the
track is refit using the Global y? Fitter. The extension is rejected if the fit quality degrades after including
the TRT measurements. To be accepted, the extended track must also satisfy: pt > 1 GeV (in order to
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reject tracks that could loop within the TRT), and if more than 15 TRT measurements are used, the fraction
of precision measurements must be greater than 0.3. A precision measurement is defined as a drift-circle
radius measurement that is consistent with the track hypothesis, requiring the measured radius to be within
1.750 of the distance of closest approach of the track to the corresponding wire®, where o represents
the width of the unbiased residual between the drift circle and the track trajectory. The values for o are
calibrated depending on the drift time and the detector layer. Non-precision measurements receive a lower
weight in the fit. Over three quarters of tracks from the primary sequence within TRT acceptance are
successfully extended into the TRT.

4.5 TRT-seeded track finding

In addition to the silicon-based tracking sequence, a TRT-seeded tracking pass is run to recover secondary
tracks. It is tuned primarily to recover tracks originating from y-conversions, which may otherwise have
a low reconstruction efficiency due to originating within the ID volume and traversing few or no silicon
detector layers. This sequence uses only measurements not previously used on any other successfully
reconstructed track. It proceeds from the outer radius of the tracking detectors inward and is referred to as
TRT-seeded track finding, or back-tracking.

Calorimeter clusters satisfying a transverse energy requirement of Et > 6 GeV are used to define Rols for
back-tracking. TRT segments are formed within each Rol using a Hough transformation of TRT hits to
identify compatible measurements. Since the TRT straw measurements lack z information in the barrel and
r information in the endcaps, the same measurements can be used in multiple Rols. TRT segments with at
least 15 measurements and pt > 1 GeV are extrapolated inward into the silicon detectors. If a suitable
TRT segment is found, a silicon seeding procedure is initiated using only SCT modules in the same Rol,
initiating the procedure by defining a region for an additional tracking pass. Seeds with two space points
are formed and used to search for compatible measurements on a road inwards toward the interaction
point. If no silicon seed is found, the track is retained as a TRT-only track. If the track candidate formed
during the inwards search contains at least four silicon clusters and at most one hole, it is extrapolated back
into the TRT and a TRT extension procedure as described in Section 4.4 is performed. In this case, the
resulting TRT extension can differ from the original TRT segment that seeded the inwards search. In all
other cases where compatible silicon clusters are found, a GXF fit is performed using the silicon clusters
and the original TRT segment.

4.6 Tracking for long-lived particles

The Large-Radius Tracking (LRT) sequence targets the reconstruction of charged particles produced in
the decays of long-lived particles (LLPs), which can have macroscopic displacements from the primary
interaction point. This reconstruction strategy is particularly important for searches involving unstable
LLPs, as predicted in various extensions of the Standard Model. The standard inside-out sequence is not
efficient in reconstructing charged particles from decays occurring beyond about 5 mm in the transverse
direction from the IP. For SM processes such as b-hadron decays, displacements are typically associated
with a corresponding boost which mitigates this problem, but for BSM LLP scenarios displaced particles
could be produced without significant boost. LRT addresses this as an additional tracking sequence using

3 Since the trajectory is updated during the fit, the estimated distance to the wire can change during the fit procedure, and so the
precision classification may need to be updated. However, this is only done after three minimisation iterations within the fitter.
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Table 1: Loose and Tight Primary selection definitions, where Ng; is the number of silicon measurements (i.e. Pixel +

SCT) including inactive sensors, Nﬂféed is the number of shared modules (N]S,li‘)‘(’Ied + N, ;léa{ed /2), Ngi"xle is the number

of Pixel holes, Ngi"le is the number of silicon (Pixel + SCT) holes, and Ny and Ny ; are the number of innermost and
next-to-innermost layer measurements, respectively.

Selection Criteria ‘ Loose Tight Primary
PT > 500 MeV > 500 MeV
7| <2.5 <25
Ns; >8 > 9if |p| < 1.65, > 11 elsewhere
Nshared <1 <1
mod - -
hol _
Npo £ <1 =0
NEole <2 <2
Nio + Npi - > 0 (if clusters are expected on both layers)

only the detector clusters not already assigned to primary tracks, ensuring an orthogonal track collection.
It uses the same logic and algorithms as the primary sequence but is specifically optimised for displaced
topologies. The large LRT tracking phase space dramatically increases the track combinatorics. Therefore
strict selection criteria are applied to maintain manageable event processing times.

LRT tracks are seeded from SCT space points only. Seeds are ranked using a quality score assignment, and
a maximum of one seed per middle space point (i.e. the central space point in the triplet) is allowed (this
requirement is not applied to seeds confirmed with a fourth space point, as described in Section 4.1.1). To
reflect the extended phase space of LRT tracks, the impact parameter selections are significantly relaxed
to |dp| < 300mm and |zg| < 500 mm. The same relaxed impact parameter selections are maintained
through the track finding and ambiguity resolution steps. Other criteria, however, are significantly stricter
to control the mis-reconstructed track rate. The minimum p threshold is increased to 1 GeV to suppress
the large number of soft charged pion tracks created in material interactions. The seed ordering is adapted
to reflect the correlated direction of the LLPs and their decay products. LRT tracks are required to satisfy
the same strict silicon cluster multiplicity and track y? requirements as primary tracks*. In addition, the
maximum number of allowed silicon holes is reduced to one, and the search road width during track finding
is narrowed. The resulting tracks (both with and without TRT extensions) form the LRT track collection.
More details can be found in Ref. [26].

4.7 Quality requirements

Track quality Working Points (WPs) are defined to further refine the selection of reconstructed tracks,
targeting different trade-offs between efficiency and mis-reconstruction rate. Two WPs, called Loose and
Tight Primary, are defined and summarised in Table 1.

The Loose WP closely matches the track quality requirements applied during the primary reconstruction
sequence and prioritises high efficiency, accepting a moderate rate of mis-reconstructed tracks. It
was optimised based on studies of physics performance and computational cost under Run 3 pile-up

4 Typically, the number of available measurements for primary particles exceeds the required number of silicon clusters, allowing
the same criteria to be applied, even for particles that decay within the detector volume, at the cost of some efficiency.
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conditions [25]. The Tight Primary WP imposes stricter requirements aimed at reducing the mis-
reconstructed track rate with a corresponding reduction in efficiency. In particular, this working point
introduces a criterion on the total number of measurements on the two innermost Pixel layers, to target a
purer selection of tracks from particles produced in the primary interaction.

S Primary vertex reconstruction

Primary vertices represent the reconstructed position of pp interactions in the ATLAS detector. Accurate
and efficient primary vertex reconstruction is essential for determining the event kinematics. Usually only
a single pp interaction per recorded bunch crossing produces physics of interest. Typically, this interaction
is the one with the largest sum of transverse momenta of its final state objects and is referred to as the
hard-scatter vertex.

The primary vertex reconstruction algorithm proceeds through four stages: seed finding, association of
tracks with seeds, vertex fitting, and vertex acceptance or rejection. The first stage begins by selecting a
subset of tracks that pass quality criteria designed to remove poorly measured and mis-reconstructed tracks.
For the standard primary vertex configuration, the Tight Primary working point discussed in Section 4.7 is
used. The reconstruction algorithm follows a finding-through-fitting approach, in which new vertices are
seeded from tracks not yet compatible with an existing vertex. This strategy allows maximal exploitation
of the available tracks and is implemented via an iterative procedure known as the Adaptive Multi-Vertex
Finder (AMVF). Reflecting the small transverse extent of the luminous region, which has a width of order
7-15 pm, the transverse coordinates of reconstructed vertices are constrained using the beam-spot position
and width.

These steps are repeated until no further vertex seed can be found or until a maximum number of iterations is
reached. The latter condition, currently set to 100, acts as a fail-safe in case of unexpected event conditions.
The primary vertex reconstruction procedure in ATLAS is illustrated in Figure 8 and implemented
using the open-source, experiment-independent ACTS (A Common Tracking Software) toolkit [68], with
ATLAS-specific configuration and input handling. Further technical details are provided in Ref. [85].

Once vertex finding is finished, the hard-scatter vertex is selected as the one with the largest sum of the
squared transverse momenta, p%, of the tracks. Some analyses may employ a different choice later due
to the specific decay kinematics of interest.

5.1 Seed finding

A vertex seed is the initial estimate of a vertex position. ATLAS employs a Gaussian track density seed
finder [85] for this purpose. Each track is represented by a two-dimensional correlated Gaussian probability
distribution P(r, z) centred at its point of closest approach to the beamline (dg, zg). The Gaussian widths
are set by the track impact parameter uncertainties, derived from the covariance matrix of the track fit. The
local maxima of the sum of the track densities along the z-axis are then identified using the Gauss—Newton
method [86]. The identified maxima are used as the initial vertex seed positions.

A key feature of the vertex finding algorithm is that only tracks incompatible (according to the criteria
discussed in the following sections) with previously fitted vertices are used in the density calculation for
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Figure 8: Schematic view of the steps of the ATLAS algorithm used for primary vertex finding and fitting as it is
configured within the ACTS toolkit.

new seeds. In this way, high-multiplicity vertices are removed from the track density distribution which
allows lower-multiplicity vertices to be found in later iterations.

5.2 Track association

Once an initial estimate of the vertex position has been found, nearby tracks are associated with the seed
for fitting. The beamspot position and width are used to constrain the transverse coordinates of the vertex,
to avoid attempting to reconstruct vertices far from the nominal interaction region. This strong geometric
constraint significantly stabilises vertex finding and fitting in high pile-up environments. The longitudinal
coordinate is not constrained.

A weighted least-squares approach is used to fit the vertex positions based on a set of tracks. To improve
the quality of the fit, a pre-selection is applied to limit the number of incompatible tracks given to the vertex
fitter. While the fitting procedure down-weights mis-measured or unrelated tracks (as discussed in the
following section), its performance improves when the input tracks are already compatible with the seed.

Tracks are associated to a vertex seed for fitting if they satisfy \/ (z/o2)* + (d]ogq)* < 5, where z and d are
the longitudinal and radial distances from the vertex seed, and o, and o, are their respective uncertainties.
A loose longitudinal cut of z < 3 mm is applied to reject tracks that have both large distances and large
uncertainties. The vertex seed and associated tracks form a vertex candidate which is passed to the fitting
stage.

Unlike during vertex seed finding, tracks may be associated with previously fitted vertices. If a vertex
candidate shares tracks with other vertices, then these vertices are fit simultaneously to resolve all associated
positions consistently. In effect, the vertex fit acts as a global fit in vertex-dense regions. If a vertex
candidate does not share any tracks, then it is fit independently and other vertices are not refitted.
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5.3 Adaptive multi-vertex fitting

The goal of vertex fitting is to determine the vertex position and its associated covariance matrix by fitting
a set of input tracks. Primary vertex fitting is performed using the AMVF [85, 87, 88].

The AMVF uses a weighted least-squares minimisation, where the objective function is the weighted
sum of squared standardised Euclidean distances in three-dimensional space (y = d/oy4) between the
fitted vertex position and the point of closest approach of each input track. The weight of a given track is
calculated as:

1.2
e 12X

wilx}) = 2)

_1,2 1,27
Tie N+ e 2%

where y; is the normalised Euclidean distance between the vertex position and the track’s closest approach,
x; are the distances of that track to all associated vertices (including y;), and yj is a configurable cutoff
parameter, nominally set to a value corresponding to three standard deviations (307). This formulation
allows the weight of a track to a given vertex to depend not only on its compatibility with that vertex but
also on its compatibility with all other nearby vertices. The vertices are, in effect, competing for tracks.

Once a vertex has been fit, it is accepted if it satisfies the following criteria:

* The vertex must include at least two distinct tracks that are not assigned to any other vertex and are
mutually compatible with the fitted vertex position. This requirement ensures that at least two of the
original seed tracks remain consistent after the fit, confirming that the resulting vertex corresponds to
the seeded vertex. It also prevents the vertex from being composed solely of tracks that are already
associated with previously reconstructed vertices.

» The fitted vertex position cannot be within 30~ of any previously accepted vertex, where o is
calculated from the fit errors of both vertices.

* The weighted average of the track weights in the fit, defined as Yw? /Zw, must be greater than
two-thirds.

If a fitted vertex is accepted, all of its compatible tracks are removed from the seed pool. If the vertex is
rejected, the track most compatible with the rejected seed position is removed from the seed pool. This
guarantees that the number of available seed tracks is reduced on each iteration, ensuring that the algorithm
will reliably terminate.

5.4 Track-To-Vertex Association

The principal task of vertex reconstruction is to accurately locate vertex positions. While the primary
vertex finding and fitting algorithm assigns tracks to vertices during reconstruction, this association may
not always yield the optimal balance between efficiency and purity for downstream reconstruction tasks and
physics analyses. For this reason, a separate track-to-vertex association (TTVA) procedure can be applied
after vertex reconstruction, with the choice of working point optimised for the requirements of a given use
case.

Track association requirements rely primarily on the impact parameters of the tracks (dy and Az sin §) and
on the track weight (w) obtained from a given vertex fit, defined in Equation (2). These quantities are used
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to assess the compatibility of each track with candidate vertices under different selection strategies. Where
an explicit cut is applied on w, a threshold of w > 0.03 is employed, corresponding to a 40 deviation (i.e.
x? = 16 for one degree of freedom) from the null hypothesis that the track does not originate from the pp
interaction position represented by the reconstructed vertex in question.

Two families of TTVA WPs are defined to reflect different approaches to track—vertex association:

» The d0Sig WPs (Table 2) use criteria based primarily on the transverse impact-parameter significance
do/a,, supplemented by requirements on the absolute impact parameters.

* The MaxWeight WPs (Table 3) associate tracks to the vertex for which the track has the largest fit
weight w among all reconstructed vertices.

For the “d0Sig” WPs, a minimum requirement on the track weight is applied to ensure basic compatibility
with the vertex fit, while the association itself is driven primarily by impact-parameter-based criteria. In
the “MaxWeight” scheme, tracks that participate in one or more vertex fits are associated to the vertex
for which they have the highest fit weight. Tracks not used in any vertex fit are instead associated using
impact-parameter-based fallback criteria consistent with the corresponding “d0Sig” WP. Additional WPs
optimised for specific downstream algorithms are also used.

In both association schemes, an identical set of WP labels is defined for prompt and non-prompt track
selections. Within the Non-prompt WPs, the Non-prompt Hard, Non-prompt Medium, and Non-prompt All
WPs form a hierarchy with progressively looser impact-parameter requirements, corresponding to different
efficiency—purity trade-offs for tracks originating from displaced decays’. Tighter WPs are optimised for
high-purity selections of hard non-prompt signatures, while looser WPs maximise acceptance in analyses
requiring inclusive track selections. Examples of TTVA use cases for which the Non-prompt All WP
is intended include jet reconstruction [7, 8], pile-up jet identification [15, 89], and missing transverse
momentum reconstruction [90]. Hard non-prompt physics, targeted by the Non-prompt Hard WP, includes
jet flavour tagging [91] and hadronically decaying T leptons [92, 93].

In contrast, the Prompt WP targets tracks that are compatible with, and used in, the primary vertex fit. Since
only high-quality Tight Primary tracks contribute to vertex reconstruction, this WP provides a selective
choice optimised for prompt particles originating from a primary interaction. As a result, the Prompt WP
should not be interpreted as looser or tighter than the Non-prompt WPs, but rather as optimised for a
different class of physics signatures. Prompt physics applications, such as track-based lepton isolation,
typically employ these WPs [3, 5, 94].

> No attempted is made here to associate tracks to the secondary vertex occurring in such decays. The aim of the association is to
match tracks to the PV from which the decaying particle originated.
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Table 2: Track-To-Vertex Association working points using the “d0Sig” scheme, based primarily on the significance
of the track’s transverse impact parameter with respect to the vertex in question. In this scheme, the transition from
Non-prompt Hard to Non-prompt All corresponds to progressively relaxed absolute impact-parameter requirements,
while maintaining a minimum level of vertex compatibility.

Working Point ‘ Definition

Prompt ‘ w > 0.03

w > 0.03, if |do/oa,| <3
|Azsin8| < 1 mm, otherwise

w > 0.03, if |do/oa,| <3
|Azsin 8| < 2mm, otherwise

w > 0.03, if |do/ca,| <3
|Azsin 8] < Smm, otherwise

Non-prompt Hard |do| < 1 mm, and {
Non-prompt Medium | |dy| < 2 mm, and {

Non-prompt All |do| < 5 mm, and {

Table 3: Track-To-Vertex Association working points using the “MaxWeight” scheme, based on comparing the weight
of the track across different vertex fits (w). The parameter Ny represents the number of vertex fits in which the track
was used. Tracks not used in any vertex fit are instead associated using impact-parameter-based fallback criteria.

Working Point ‘ Definition

Prompt ‘ w > 0.03, and w is the highest weight among all vertex fits.

w is the highest weight among all vertex fits, if N > 0
Non-prompt Hard . ]
|dp| < 1 mm and |Azsin 6] < 1 mm, if Ngs =0

Non-prompt Medium ) ]
|dp| < 2mm and |Azsin 6] < 2 mm, if Ngs =0

w is the highest weight among all vertex fits, if N > 0
Non-prompt All

{w is the highest weight among all vertex fits, if Ngis > 0

|dp| < 5mm and |Azsin 0] < 5 mm, if Ngs =0

6 Performance

The performance of track and primary vertex reconstruction is assessed using a combination of Monte Carlo
simulations and data-driven methods. This section presents key metrics such as reconstruction efficiency,
resolution, and mis-reconstruction rates, covering both inclusive measurements and specific phase-space
regions of interest. The tracking performance is examined at different stages of the reconstruction chain,
from initial track seeds to final reconstructed tracks, highlighting effects such as material interactions, pile-
up, and tracking in dense environments. The impact of reconstruction choices on timing and computational
efficiency is also evaluated.

A fundamental quantity used throughout this section is the track reconstruction efficiency, which quantifies
the fraction of generated charged particles that are successfully reconstructed as tracks. Specifically, track
reconstruction efficiency is defined as the number of simulation-level particles which can be successfully

matched to a reconstructed track, Nmahed " divided by the total number of charged particles generated in
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simulation, Ngey:

N;Ieléitched ( T, 77)
N gen ( pPT, 77)

where pt and 7 are the truth particle parameters directly from the MC generator. The criteria for truth

matching are defined in Section 3.1.

exk(pT,1) = 3)

The reconstruction efficiency is one of the most critical parameters to monitor at each stage of the track
reconstruction sequence. While the subsequent stages in track reconstruction can tolerate a certain level of
wrong or duplicate seeds and track candidates, any true particle that does not have any good seeds will not
be reconstructed and is therefore permanently lost.

6.1 Performance of track reconstruction stages

The following section examines tracks at various stages of the primary sequence in the track reconstruction
chain, specifically track seeds from the seeding stage, track candidates from the track-finding stage,
and the final (resolved) tracks selected in the ambiguity resolution stage (see Figure 5). On average,
reconstructed tracks contain approximately four pixel clusters, eight SCT clusters, and between 18 and 27
TRT measurements, depending on 7. Figure 9 explicitly illustrates the 77 dependence of the average number
of measurements in each subdetector, in a simulated sample of 77 events with a uniform distribution of u as
described in Section 3.

Truth-matched seeds and track candidates are defined, analogously to the final tracks, as having a value of
Rmatch > 0.5 (see Section 3.1) to be considered correctly matched to a truth particle(’. Figure 10 shows the
reconstruction efficiency separately for track seeds, track candidates, and the output silicon tracks as a
function of pt and 7. Most of the efficiency loss occurs in the transition from seeds to track candidates,
primarily due to particles not crossing a sufficient number of measurement surfaces before undergoing a
hadronic interaction. This effect is more pronounced at high ||, where charged particles traverse a greater
amount of material (see also Figure 2). To separate this effect, which arises from detector material and
design choices, from the impact of the reconstruction procedure, Figure 11 presents the technical efficiency.
Here, the denominator is restricted to particles that leave at least eight measurements in the silicon tracker,
a threshold chosen to align with the reconstruction-level selection criteria (see Section 4.1.2). The technical
efficiency demonstrates that when sufficient measurements are available, the reconstruction algorithms
are highly efficient in reconstructing seeds, track candidates, and the final silicon tracks. After a silicon
track is reconstructed, Figure 12 shows the fraction of primary-sequence tracks that are assigned a TRT
extension. This fraction is approximately 85% in the barrel region and 70-80% in the endcaps up to the
TRT acceptance of || < 2. The same figure illustrates that as pile-up increases, the average TRT extension
rate’ decreases due to the increased detector occupancy.

As mentioned previously, multiple seeds can be created from measurements that were deposited by a single
particle. The number of track seeds and track candidates, normalised to the number of reconstructed tracks,
is shown as a function of 7 in Figure 13(a). If multiple seeds are truth-matched to the same truth particle,
they are considered duplicates. The duplicate rate is defined as the fraction of seeds truth-matched to
a truth particle that has already been matched to another seed. It provides insight into the behaviour of

6 For short objects such as seeds, especially in the PPP case where only three clusters are present, the Rpacn > 0.5 requirement
corresponds to just two matching clusters.

7 It should be noted that the TRT extension rate does not represent a true efficiency, since criteria for accepting an extension does
not aim to maximise the number of TRT extensions, but rather the overall quality of the track, as explained in Section 4.4
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Figure 9: Average number of measurements on track, separately for each sub-system.

the seed-finding algorithm, but given the loose requirements for seeding, a high rate of duplicate seeds
is expected. The challenge lies in efficiently identifying and eliminating redundant seeds early in the
reconstruction process. Figure 13(b) shows the seed duplicate rate as a function of 7. The separation of the
duplicate rate into Pixel and SCT is determined by which subdetector contributes the majority of seeds for
the particle. A significantly lower duplicate rate can be observed for SCT seeds, which are processed first
and used to reduce the z(r = 0) range of Pixel seeds considered as discussed in Section 4.1.1.

The seed efficiency remains stable within the pile-up range of interest, varying by less than 1% [71].
This stability is partly due to the presence of duplicate seeds, which enhance robustness. However, the
combinatorial nature of the tracking algorithm leads to a super-linear increase in the number of seeds
and track candidates as pile-up increases, as a higher number of available measurements results in more
incorrect combinations. Figure 14 shows the fake rate, defined as the ratio of fake tracks to all tracks,
as a function of n and u for track seeds, track candidates and final tracks. As expected, the rate of
non-truth-matched instances steeply decreases when going from seeds to track candidates and finally to the
output tracks. The strong 1 dependence is connected to the material distribution in the detector as well as
the average extrapolation distance between layers. The increase as a function of u has direct consequences
on the computing resources needed to execute the tracking algorithms, as shown later in Section 6.6.

The resolution on track parameters estimated at early stages of the track reconstruction sequence is expected
to be significantly worse than for the final tracks. In particular, track seeds contain only three measurements
and have not undergone a precision fit stage, resulting in significantly worse resolution, especially in the
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Figure 10: Efficiency to reconstruct a track seed, a track candidate and a final silicon track as a function of the true

particle (a) pt and (b) 7.

> 1 _27 T T T T ‘ T T i T T ‘ T . T T T ‘ T T T T T T T T ]
2 - ATLAS Simulation .
() L _ ]
S 1.1 t\({§-13 Tev -
= r tt,ne[0,80] ]
L L i
© 1 ]
o L ]
c I =
- :.__.__._—o—.—'—o—'—oﬁo— E
& 08 ]
r —— Final Tracks ]
0-8?_ —=— Track Candidates 7:
L Track Seeds ]
0.7 ]
0.6 =
C 1 L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L -
0.5 1 1.5 2 2.5 3
P, [GeV]

(@)

Figure 11: Technical efficiency to reconstruct a track seed, a track candidate and a final silicon track as a function of

the true particle (a) pt and (b) 7.

30

Technical Efficiency

1_2 TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT
" ATLAS Simulation ]
1 1; \(g=13 TeV 7
*b i, nel0,80] ]
0.9 =" RRal:
- —e— Final Tracks .
0-8; —=— Track Candidates 7:
L Track Seeds ]
0.7 ]
0.6 .
| ‘ 111l ‘ L1l ‘ L1l ‘ 111l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ 11117
-25-2-15-1-050 05 1 15 2 25
n

(b)



w 1""? T T T T T T T T N T T T T N T T T T ] w 1.1VT T T T T 1 T T T T T 7T T T T 7T N T 1 T T N T T T TA
S - ATLAS Slmulatlon 1S - ATLAS Slmulat|on i
® H - & H -
o [ Vs=13 TeV ] © [ Vs=13 TeV ]
Eoq T 1k e 1
© B ] © B ]
(O] C ] (] C ]
S 1 8 I ]
£ %% . 1 20t ;
L [ a* - ] L L ey ]
-0 oo | E 3
= o8 - 1 E st Saa 3
o 0.8 - . = = i o 08? g i
[ - .."'0 e o = - -y

“— [ = > o — }+¢¢+000 oo 'I-I-.::
c 07, " <t 0 Zo7t e, 5
S 1 S I hE T ]
& L —e— All tracks ] 3 L —e— All tracks ”’0 ]
I 0.6f - o 0.6 ".”;
[ —a—p_>1GeV,n[<2 ] L = p >1GeV, <2 "

k‘ \\\\\\\\\\\ Il ‘ Il Il ‘A Ek\ L 1l L 1l 1l 1l 1l 1l L L1 Il ‘ L1 L1 ‘ Il Il Il \A
0.575 m 0 1 2 0% 70 20 30 40 50 60

n n

(@) (b)

Figure 12: Fraction of TRT-extended tracks as a function of (a) 17 and (b) . The fraction is shown for all reconstructed
tracks, and for all tracks with pt > 1 GeV and || < 2, which corresponds approximately to the acceptance of the
TRT detector. The features in (a) at 7 = 0 and 57 = 1 correspond to the gap between the two halves of the TRT, and
the barrel-endcap transition respectively.

x 30 T T ‘ T T T T T T T T ‘ T T T T T T T T T \7 9 1-2 T T T T ‘ T T T T ‘ T T T T T T T T 1
8 - ATLAS Slmulatlon ] © F ATLAS Simulation 1
= [ Vs=13TeV 1 %:J [ (s=13 TeV 1
5 25, i, 1 [0, 80] 1 | 1 tiue0so o 5
o r 7 o oo -0 """ 0o oo o o o]
o C 1 a =
_%’_J‘ 20~ —=— Track Candidates ] A 0.8- . -—
2 1 o [ LT . - 1
o F Track Seeds 1 3 F - e el -
g 15 - w 0.6? + . ]
> - . _5 i Inclusive ]
? 10} { S 0'4; —=— Pixel Seeds B
<C L i i SCT Seeds ]
5F 1 0.2- .
7\ Il ‘ Il Il Il Il TT"\-T Il ‘ Il Il -T--.\-T-.\--T--.\--T ‘ Il \: : Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il :

A -1 0 1 2 0 -2 —1 0 1 2
n n

(a) (b)

Figure 13: (a) Number of track seeds and candidates, divided by the number of reconstructed tracks, as a function of
n. (b) Seed duplicate rate as a function of 7 for pixel seeds, SCT seeds and inclusively.

31



0.6

o
o

S | ATLASSimulaton | & | ATLASSimulaton = ]
QG:J [ Vs=13 TeV 1 % [ {s=13 TeV 1
< 0.5 f, u [0, 80] 1% 0.5 g E
™ N —— Final Tracks ] L [ —*— Final Tracks ]
0_4; —=— Track Candidates { 0_4; —=— Track Candidates {
r Track Seeds ] r Track Seeds ]
0.3 . 0.3 {
0.2F . 0.2F e
R e S o T ]
0:1"-"1"7 T e T e et pinanaRuRna e RERIRTDINIRE

-2 -1 0 1 2 2 34 36 38 40 42 44 46 48
n u

(a) (b)

Figure 14: Fake rate as a function of (a) n and (b) u for track seeds, track candidates, and final tracks.

endcap region. Furthermore, the resolution depends on the radial position of the seed and therefore differs
between PPP and SSS seeds [71].

As an example, Figure 15 shows the resolution for dy, zg, and the relative resolution on ¢/pt of all
truth-matched seeds, track candidates, and final silicon tracks as a function of n. In all cases, multiple
matches per truth particle are allowed, meaning that for seeds several entries per truth particle are included,
while for selected tracks there is typically a single entry. The limited number of measurements included in
a given track seed also implies that an estimate of the seed charge, extracted from the direction in which the
seed track “curves” in the transverse plane, has significant chance to be mis-reconstructed. A rate of about
~ 10% for assigning the wrong charge is found for track seeds, except in the SCT forward region, where a
charge mis-reconstruction rate of about 30% is observed.

For track candidates and final silicon tracks, the degradation of the dy, zo and ¢/pt resolutions with
increasing |n| follows directly from the detector geometry and material budget. At large polar angles the
bending power of the magnet in the r—¢ plane shrinks due to the reduced solenoid field in the forward region,
while tracks also traverse more silicon and support material in the forward pixel disks and SCT layers,
amplifying multiple-scattering and worsening the z-coordinate precision. Consequently, the curvature
(hence g/ pt) measurement is dominated by a reduced sagitta and an enhanced multiple-scattering term,
leading to a resolution that scales roughly as cosh? (7).

6.2 Track reconstruction efficiency and mis-reconstruction rates
As discussed previously, the efficiency with which tracks are provided for use in subsequent event

reconstruction steps and/or direct analysis is one of the key drivers of the overall performance of the
ATLAS experiment. Maximising the efficiency must be balanced against allowing for an acceptable level
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of mis-reconstructed tracks for the intended purpose, with the working points discussed in Section 4.7
providing different options when selecting tracks for a given purpose.

ATLAS track reconstruction has been developed and validated over many years, with extensive comparisons
of track-dependent observables between data and simulation. While these do not directly measure tracking
efficiency in data, they demonstrate consistent performance across a wide range of conditions. Early studies
with hadronic resonances [95-97] confirmed the ability to reconstruct these signatures and reproduce
mass distributions in data, though they lacked the statistical power and techniques, such as tag-and-probe,
needed to extract absolute efficiencies from collision data.

Several higher-level reconstruction algorithms, such as those for electrons [98] and muons [5], rely on tracks
as input and their multi-detector aspect makes them suitable for performing tag-and-probe measurements,
in which pairs of particles from specific decays (such as those of Z bosons) are selected. One of the pair
(the rag particle) is subject to strict identification criteria, and functions as a proxy for the identification of
both particles, allowing the other (the probe particle) to be used for measurements of the identification
efficiency. By using a muon-based tag-and-probe method [99, 100], the muon spectrometer can serve
as a reference for the reconstruction of muons in the ID; this measurement is presented in Section 6.2.2.
For hadrons, indirect probes of tracking performance include flavour tagging scale factors [101, 102]
and studies of tracking efficiency in dense environments [39], where detector granularity allows relative
efficiency to be assessed.

Although direct measurements for hadronic tracks in data are limited, this does not constrain the physics
programme. Physics-object-level comparisons are sensitive to possible mismodelling, and the dominant
uncertainties in tracking performance arise from the simulation of detector material and alignment, not from
reconstruction itself. Since charged particle interactions with material are well understood, uncertainties
primarily reflect how well the detector material is represented in simulation.

6.2.1 Working point efficiencies and efficiency uncertainties

The efficiency, €,k defined in Equation (3), is parametrised as a function of p and . While correlations
between the efficiency as a function of pt and 1 could exist due to detector effects, the observed variations
suggest they can be treated as largely independent. The distributions in pt and 7 are shown in Figure 16,
comparing the Loose quality working point to the Tight Primary quality working point.

The Tight Primary working point has 5-10% lower efficiency, with the difference increasing with |n| and
5% lower efficiency at low pt with respect to the Loose working point. The central region |7| < 1.5 has
less material than the forward region || > 1.5 which leads to a higher and relatively constant efficiency,
85% and 80% for Loose and Tight Primary respectively. The slight increase in efficiency around || = 2.0
is due to the geometry of the detector layout that increases the number of active layers traversed by the
particle. In p, both working points show the same trend, reaching plateau efficiency around 1.5 GeV. The
Loose working point is around 5% higher than Tight Primary, with percent level variations.

In addition to the baseline efficiency, the tracking efficiency is computed for variations in the amount of
material in the tracker, the largest source of systematic uncertainty for the tracking efficiency in simulation.
This uncertainty is characterised by three components: 5% overall material mismodelling estimated from
the upper limit of the Run 1 material budget [103]; 10% variation in IBL material based on studies of
hadronic interactions and photon conversions [36]; and 25% variation in the pixel service material in the
Patch Panel 0 (PPO) region to cover discrepancies at forward rapidities [36]. In addition to uncertainty
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Figure 16: Track reconstruction efficiency as a function of the truth particle (a)  and (b) pt for a minimum bias MC
sample. The total systematic uncertainty is shown by the error bands and corresponds to the sum in quadrature of the
difference between the nominal efficiency and the efficiency determined in simulated samples with material and
physics list variations.
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Figure 17: Track reconstruction efficiency difference for the Loose working point as a function of the truth particle n
and pt between a standard MC sample (minimum bias) and samples with systematic variations in the material and
GeanT4 QGSP physics model.

in the amount of material, another source of systematic uncertainty comes from the choice of GEanT4
physics list. These lists set which interaction processes are considered during simulation and at which
particle energies they are applied [57].

Figure 17 shows the effect on the efficiency of the Loose working point from the various systematic
variations. In general the 5% overall variation tends to dominate, with the exception of the very forward
region where the 5% overall and 25% PPO variations are comparable. The total systematic uncertainty
is shown by the error bands in Figure 16 and corresponds to the sum in quadrature of the difference
between the nominal efficiency and each of the material and physics list variations. Systematic uncertainties
concerning the misalignment of the physical detector are discussed in Ref. [37].
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Figure 18: Track reconstruction efficiencies in bins of n for muons with pr > 10GeV in data and Monte Carlo.
The panel at the bottom shows the ratio of the measured to predicted efficiencies, with statistical and systematic
uncertainties.

6.2.2 Determination of the track reconstruction efficiency with collision data

For muons, inefficiencies in reconstructing their trajectories in the ID primarily arise from algorithmic
limitations; effects such as radiative energy loss have a smaller impact within the momentum range of
interest. A clean sample of Z bosons decaying to muons therefore allows a measurement of the algorithmic
efficiency with a purely data-driven method.

The data set corresponds to an integrated luminosity of 140 fb~! collected in the years from 2015 to 2018.
The ID track efficiencies are measured using a tag-and-probe method applied to Z — pu candidate events.
To select Z — ppu decays, the invariant mass Mg —probe Of the tag-and-probe pair is required to be between
61 and 121 GeV. One leg of the decay, the tag, is required to satisfy stringent identification criteria and to
have triggered the online event selection. The second muon candidate in the pair, the probe, is a track
reconstructed in the muon spectrometer (MS) detectors. The use of the MS tracking information for event
selection allows for an unbiased measurement of the ID track reconstruction efficiency for muons within
the kinematic acceptance of the MS. To enhance the purity in the selection of Z — uu decays the probe
tracks have to satisfy pr > 10GeV and || < 2.5, and the impact parameters of the probe track must
satisfy |do/o (dp)| < 3 and |z9| < 10 mm. Both tag and probe tracks are subject to (different) isolation
requirements, to suppress misidentified candidates from jet activity. For the efficiency calculations, the
MS probe is required to be matched to an ID track by using a requirement of AR < 0.05. No additional
track-to-vertex association or track selection working point is applied to the ID tracks used in this matching.
More details on the methodology of the efficiency measurement are given in Ref. [5].

Figure 18 shows the ID track reconstruction efficiencies measured in Z — pu events in bins of . The
efficiency scale factors are defined as the ratios of the efficiencies measured in data to the efficiencies
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Figure 19: (a) Track reconstruction efficiencies for displaced charged particles produced by the decay of the LLP
in the Higgs portal signal model [104]. The truth particles are subject to a fiducial selection requiring the particle
to be from an LLP decay within a transverse distance of 400 mm from the interaction point, stable, charged, with
pr > 1.2 GeV, and within tracking acceptance || < 2.5. Efficiencies are shown as a function of |dp|. (b) The
distribution of the |dp| of reconstructed LRT tracks in 2018 zero bias data (black markers) and simulated inelastic pp
collisions (filled red histogram). The simulation is normalised to the number of tracks in data. The discontinuity at
125 mm reflects a drop in efliciency for tracks originating beyond the outermost pixel layer, where the number of
remaining silicon layers is insufficient to meet the cluster requirements. Figures are adapted in style from Ref. [26].

in simulation. The resulting efficiency is very close to unity, with nearly all measured values of above
99.7%, and the obtained scale factors are consistent with one. This high efficiency reflects the fact that the
measurement probes isolated muons, and therefore primarily tests algorithmic reconstruction performance
rather than effects related to material interactions. The systematic uncertainties in the measurement are
dominated by biases in the tag-and-probe method. The uncertainty is estimated in simulation by comparing
the efficiency measured via the tag-and-probe method with the fraction of truth-level muons that are
successfully reconstructed as ID tracks. Other sources of systematic uncertainties are estimated by studying
the modelling of the background parameterisation as well as the effect of the MC normalisation. Detailed
descriptions of different sources of systematic uncertainties are given in Ref. [5].

6.2.3 Large-Radius Tracking

The efficiency for LRT for a Higgs portal LLP benchmark model is shown in Figure 19(a) as a function
of |dy|. After |dg| > 5 mm, the standard reconstruction becomes inefficient. LRT recovers the loss in
efficiency, with significant efficiencies up to |dp| = 300 mm. The quality of the LRT sequence modelling
is demonstrated in Figure 19(b) which shows excellent agreement in a comparison between the |dp|
distribution of LRT tracks in 2018 zero bias data (Section 3) and simulated inelastic events. Further details
are found in Ref. [26].

6.2.4 Mis-reconstructed tracks

Mis-reconstructed tracks primarily arise from incorrect combinations of measurements from multiple
particles. Thus, tracks consistent with the MC-based definition of fakes are expected to be the dominant
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Figure 20: (a) Average number of total reconstructed Loose and Tight Primary tracks per event (Ny) as a function of
(1 in a 2018 zero bias data sample. The dashed lines illustrate the results of linear fits performed in the 10 < u < 20
region. (b) Relative excess of reconstructed tracks after subtracting the expectation from a linear fit to the low-u track
multiplicity, normalised to the total track multiplicity.

contribution to mis-reconstruction. Their occurrence is strongly dependent on the measurement density
and, consequently, on u. The dependence on u has been extensively studied throughout the entire lifetime
of the detector, from early data analyses [105] to ongoing preparations for the HL-LHC era [106]. Because
the efficiency for reconstructing good tracks remains largely stable as a function of u, the contribution
from mis-reconstructed tracks can be estimated by analysing the scaling behaviour of the average number
of reconstructed tracks per event as a function of u. A linear fit is performed to the average number of
reconstructed tracks per event at low u, where the contribution from mis-reconstructed tracks is assumed to
be negligible, and the additional super-linear contribution to the number of reconstructed tracks at higher
u is then assumed to represent the contribution from mis-reconstructed tracks. These assumptions were
tested in Monte Carlo simulations, where the method gave good agreement with truth-based calculations
(as is also demonstrated by Figure 14(b)). An estimation of the mis-reconstructed track fraction using this
method for both Loose and Tight Primary reconstructed tracks in a 2018 zero bias data [45] sample is shown
in Figure 20, with fractions of up to ~ 0.14 and ~ 0.04, respectively, observed for the two working points
at u = 80. For average Run 2 conditions, with u around 30, the mis-reconstructed track fraction is around
9 x 1073 and 7 x 10~ for the Loose and Tight Primary working points, respectively. For average Run 3
conditions, with u around 60, the mis-reconstructed track fraction is around 6.5 X 1072 and 1.6 x 1073,

6.3 Track Impact Parameter Resolution

The resolution of the measured impact parameters is a key performance quantity, directly influencing
vertexing and lifetime-based reconstruction. It is governed by two main effects: multiple scattering effects
and the intrinsic detector resolution. Multiple scattering effects depend on the detector material and are
proportional to 1/pt. They are the dominant effect on tracks with pt below approximately 5 GeV. Intrinsic
measurement resolution and alignment residuals dominate the impact parameter resolution at high pt. The
resolution also varies with pseudorapidity due to the detector geometry and the varying distance from the
first measurement layer to the beamline. Mis-reconstruction of tracks (in particular, incorrect choices of
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innermost measurements) are an additional source of resolution degradation.

For primary vertex reconstruction, precise do and zo values mitigate the effects of pile-up on vertex-based
observables. The enhanced spatial resolution reduces the probability that two nearby primary vertices are
reconstructed as a single merged vertex. It also allows a tighter track-to-vertex association, which improves
the reliability of downstream observables such as lepton isolation, jet-vertex fraction [15] used to distinguish
pile-up jets from hard-scatter jets, and the soft term of missing transverse energy E%niss. High-quality impact
parameters enhance the ET"* calculation by rejecting non-prompt tracks from secondary interactions,
thereby reducing the fake E{™* component and improving its scale and resolution.

Figure 21 shows the measured resolutions in data and MC. The resolution is measured using central tracks
(In] < 0.8) passing the Tight Primary selection in jets with pt > 300 GeV. Data from 2018 collisions are
compared to simulated multijet events reweighted to match the jet pt and track multiplicity. The beamspot
is used as the reference point, and its transverse width and the longitudinal size of the distribution of
primary vertices (~ 10 pm and ~ 35 pm respectively [67]) are subtracted in quadrature from the measured
impact parameters in the respective directions to obtain the intrinsic resolution.
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Figure 21: Tight primary track resolution for 2018 collision data and MC (a) in the transverse plane, dy, and (b)
along the longitudinal axis, zg. For dj, the uncertainties reflect variations of the fit window from 1.50 to 2.00, with
an additional beam-spot width variation included in quadrature for data. For z, the uncertainties are the quadrature
sum of the same fit-window variation and a 20% increase in the primary-vertex resolution.

Distributions of dy and zg are analysed in pr intervals. The core of each distribution, dominated by prompt
particles, is fit with a single Gaussian in a 1.50 window? to extract the resolution (o-) and bias (u). For dy,
the error bands represent the impact of varying the fit window from 1.50" to 2.0c". In data, an additional
uncertainty from varying the beamspot width according to the observed range within the data period is
added in quadrature. At low pt below 2 GeV the resolution in data is slightly broader than simulation,
potentially indicating differences in material description [36]. For zg, the error bands include the same
fit window variation as dp and add in quadrature the impact of a 20% increase in the primary vertex
resolution. The resolution degrades slightly above 20 GeV due to an increased fraction of lower-quality
tracks. This includes tracks missing IBL clusters or containing a higher proportion of P2/P3 clusters

8 The window is defined by an initial fit to the full distribution, with the subsequent fit performed in a reduced range to suppress
outliers.
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due to the longer pixel pitch along |n|. The differences between relative rate of lower-quality tracks is
potentially responsible for the increasing divergence between data and simulation, as well as residual issues
in beamspot modelling.

Biases in d( and z( remain below 1 pm in data, while MC is nearly unbiased. The resolution is also affected
by the angular separation (AR) between tracks. For AR < 0.02, dy resolution worsens by up to 20% due to
merged clusters and cluster confusion, but stabilises at larger separations. The effect of pile-up is small:
the resolution remains stable as a function of pile-up, with excellent agreement between data and MC.

6.4 Tracking in dense environments

The density of tracks in high-pr hadronic jets increases with momentum and as discussed above, the
charged particle separation in these environments is comparable to the ID sensor granularity. Therefore,
single clusters are often constructed from the energy deposited by multiple particles and must be shared
between tracks. As shared clusters are usually a sign of mis-reconstructed tracks, it is challenging to
maintain efficient track reconstruction in dense environments.

Jets used in the following studies are reconstructed from topological clusters calibrated at the electromagnetic
scale (EMTopo) [107]. The anti-k, algorithm [108] using a radius parameter of R = 0.4 is used to reconstruct
jets, followed by a calibration procedure [109] to determine their kinematic properties such as the transverse
momentum p. Unless otherwise stated, jets are required to have pt > 500 GeV and || < 2.5. Tracks are
matched to the jets using ghost association [110].

6.4.1 Track Reconstruction Efficiency and Fake Rate

Figure 22 demonstrates the loss of track reconstruction efficiency in these challenging environments [111].
The quantity ¢ is defined as | tan~! (A¢/An)|, where A¢ and An are the angular distances between pairs
of tracks. Since the two sensor axes of a pixel module point along the 1 and ¢ directions respectively,
this observable therefore encodes the relative orientation of pairs of close-by tracks with respect to the
local pixel sensor axes. In the absence of reconstruction effects, a uniform distribution between 0 and
n/2 is expected, as the relative orientation of track pairs is isotropic in the plane transverse to the jet axis.
The (innermost) pixel layer sensors have dimensions of 50 x 400 pm? (50 x 250 pm?) in the r—¢ and z
directions, respectively. Due to the larger pitch in the z direction, clusters from close-by tracks in the barrel
region are more likely to merge along z (track ;) than along r—¢. As reconstruction efficiency is reduced
in proportion to the rate of cluster merging, track pairs with small An separations are reconstructed with
lower efficiency compared to pairs with similar separation in A¢. This anisotropy manifests itself as a
slope in the ¢ distribution, which becomes more pronounced at high jet p, where cluster merging effects
are enhanced.

To probe the efficiency of track reconstruction in dense environments, a method based on the measurement
of the energy loss (dE /dx) in the pixel detector was employed, as originally described in Ref. [39]. This
data-driven technique estimates the fraction of lost tracks by fitting the dE /dx distribution in B-Layer pixel
clusters with templates corresponding to single-particle and multi-particle ionisation. The method has
been updated with an improved multi-track template constructed as a convolution of single-track templates,
producing a more realistic model of merged energy deposits. Systematic uncertainties on the mean dE /dx
of the single- and two-particle cluster templates used in the fit, as well as the effect of changing the range
of dE /dx to be fit over were considered, with the latter being the dominant contribution overall. Run 3 data
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Figure 22: Distribution of ¢ for several jet pr intervals calculated for pairs of tracks that are inside the jet core (within
AR < 0.02 to the jet axis) compared between collision data from 2018 and simulated events.

and simulation were utilised, in order to take advantage of the radiation damage modelling included in the
simulation [40, 41]. Jets with pt > 600 GeV and |5| < 2.5 were used, along with tracks passing the Tight
Primary selection. Figure 23 displays the fraction of lost tracks as a function of jet pt, showing increasing
inefficiency in denser jets, both for data and MC. The differences of up to 25% observed between data and
MC likely come from the accuracy with which the simulation models the dE'/dx distributions used in the fit.
In particular, the three-particle cluster dE /dx distributions in MC exhibit a higher level of secondary-peak
contamination at low dE/dx compared to those in data.

In addition to the fake tracks occurring due to incorrect combinations of measurements from multiple
pile-up tracks, covered in Sections 6.1 and 6.2.4, confusion can also happen between close-by tracks in dense
jet cores, leading to the production of fakes. As the combinatorial complexity of the pattern-recognition
problem increases rapidly with track density, the rate at which fakes occur is strongly dependent on the
number of tracks in the jet (and therefore also dependent on pr) as shown in Figure 24. Since these fakes
arise from a different source, this can be considered an additional contribution on top of the inclusive
rates discussed elsewhere. Figure 24 shows the fake rate due to tracks in jets for various definitions of the
core of a jet, which ranges from 0.1% to 1.25% depending on the track multiplicity. It can be observed
that there is a strong dependence on the jet core definition, with differences of up to 50% in the fake rate
between the widest and narrowest AR (jet, track) intervals. For a typical high-pr jet core, the additional
fake contribution will be 0.2% to 0.3% absolute. Pile-up has a second order impact on the rate of fake
tracks in a jet [111].

A template fit to variables in a fake-enhanced region (FER) of events containing high-pt (pt > 600 GeV
and |n| < 2.5) jets, following the method described in Ref. [111], allows for a comparison of the fake rate
in data and simulated events which can be extrapolated to the full phase space. The FER is enriched with
fake tracks by applying a selection of criteria designed to isolate tracks with characteristics typical of fakes,
such as large impact parameters, poor fit quality, and a low number of associated clusters.

To account for potential mismodelling in the FER, four variables are fit to extract the fake rate in data:
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the fit quality y?/DoF, the number of TRT measurements inclusively and within || < 2, and dy. The
variation in the results, indicating the degree of mismodelling, is less than 35%. Extrapolated to the full
phase space, the fake track fraction ranges from 0.19-0.29% in data depending on the variable used, which
can be compared to 0.25% in simulation.
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6.5 Primary vertex reconstruction

The performance of vertex reconstruction is primarily assessed using simulation. Previous studies of the
primary vertex reconstruction efficiency have been performed using data from minimum-bias events at
Vs = 8 TeV [112] and v/s = 13 TeV [2]. While these measurements validate the overall vertex reconstruction
efficiency in data, they do not allow the study of the dependence of the performance on the level of
pile-up.

Reconstructed primary vertices are classified into four types based on the truth-matching of reconstructed
tracks and the associated weight from vertex fitting [113]:

* Matched: At least 70% of the total track weight in the reconstructed vertex originates from a single
simulated pp interaction.

* Merged: Less than 70% of the total track weight in the reconstructed vertex originates from any
single simulated pp interaction.

» Split: If a single simulated pp interaction contributes the largest fraction of track weights to two
or more reconstructed vertices, the reconstructed vertex with the largest track )’ p% is classified as
either matched or merged, whilst the other(s) are labelled split.

* Fake: Fake tracks contribute more weight to the reconstructed vertex than any simulated pp
interaction.

Figure 25(a) shows the average number of reconstructed vertices per event in a sample of 77 interactions with
accompanying pile-up, as a function of the number of simulated p p interactions per event. The line labelled
reconstruction acceptance shows the number of interactions having at least two reconstructed tracks in the
detector, which is considered the minimum requirement for having a successful reconstructed primary
vertex. The fraction for the split and fake vertices is small compared to matched and merged vertices, which
indicates a robust primary vertex reconstruction. The main effect contributing to a non-linear behaviour
in the number of reconstructed vertices is the merging of two nearby interactions into a single vertex.
Figure 25(b) shows the distance between nearby vertices, where a clear dip around zero is observed caused
by two interactions merging into one reconstructed vertex. In the absence of merging, the distribution of
vertices along the z-axis would be expected to be Gaussian with a standard deviation equal to V2 times the
beamspot size’, i.e. about 60 mm for this simulated sample.

There are several algorithms that can be deployed to select the reconstructed vertex best associated with the
hard-scatter interaction, depending on the specific final state of interest (for example the neural network
based approach taken for H — y7y decays [114]). For inclusive events the best generic choice is to take
the reconstructed vertex with the highest sum of the squared transverse momenta of associated tracks,
which is the selection used here. The selection efficiency is defined as the fraction of the events in which
the selected hard-scatter vertex is matched to the truth hard-scatter interaction. This efficiency quantifies
effects from pile-up interactions. Figure 26(a) shows the distribution of hard-scatter selection efficiency for
tt and VBF H — 4v. This simple algorithm can achieve almost 100% efficiency for ¢7 events, while some
inefficiency can be noted in the case of VBF H — 4v. Figure 26(b) shows the position resolution for the
hard-scatter vertex in the longitudinal direction as a function of pile-up density; only minimal degradation
is found even for very large pile-up density values.

® The V2 arises from the convolution of two independent vertex position uncertainties.

43



60— T o
[ ATLAS Simulation A
C ff, {s=13TeV 1

50 O

7 ]
—4— All reconstructed - ol
40 —+— Matched -

0
[0]

2

5} r

> L

e C

2 C

(3] C

g [ —+ Merged //

2 L Split

8 30j Fake )

o C

5 T S

5 20 P

£ r

2 10 7 -
> F // ]
© > 0 " " v v .
E G/HH\HH (Eanada
>

<<

Number of interactions

(a)

Arbitrary units

x10°
E ATLASSimulation

0.9 i, (s =13 Tev
0.8
0.7]
0.6
0.5
0.4
0.3
0.2
0.1

o TR P RN B
-8 -6 4 -2 0 2 4 6

>

N
El

3
—

(b)

Figure 25: (a) Number of reconstructed primary vertices as a function of the number of simulated p p interactions per
bunch crossing and (b) longitudinal separation between reconstructed primary vertices, in simulated 7 events.
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Figure 26: (a) Hard-scatter vertex selection efficiency as a function of pile-up density and (b) longitudinal resolution
for the hard-scatter vertex as a function of pile-up density, for simulated ¢z and VBF H — 4v.
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6.6 Computation time

The initial reconstruction of ATLAS data is performed at the CERN Tier-0 computing centre [35, 115],
where events must be processed within the available bandwidth in order to avoid delays in delivering
outputs critical for ATLAS operations. Tier-1 and Tier-2 sites distributed worldwide are responsible for
large-scale data reprocessing and the reconstruction of simulated events. Across all computing tiers, it is
important to make efficient use of the available resources, both to maximise throughput and to ensure that
data processing is carried out in a sustainable manner by minimising the energy consumption associated
with computation.

Since ID track reconstruction is one of the dominant contributions to overall reconstruction time [25], it is
of critical importance to ensure that its CPU usage is kept at an acceptable level. Given the combinatorial
nature of track reconstruction, it is also critical to ensure that this performance scales well with increasing
4 and does not exhibit significant super-linear behaviour. Figure 27 demonstrates the average CPU time (in
ms) taken to process an event on a typical computing node used for offline reconstruction'® as a function
of . Up to a p of 60, the scaling behaviour remains stable, and the CPU usage has been well within the
available bandwidth for Tier-O processing. The higher range (shown in grey) demonstrates a significant
increase in the required time for processing events at higher ¢z. The LHC machine development run used
for producing this estimate was not part of the standard physics programme and does not meet criteria to be
part of the good-run list (GRL) [43]. While it therefore may not be completely representative of standard
ATLAS running, it nonetheless demonstrates the scale of challenge faced for future track reconstruction at
higher {u).
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Figure 27: Processing time taken per event as a function of the average number of pp interactions per bunch crossing,
i, for the full ID reconstruction chain.

10 A dedicated single-user node with a 16-core processor and a HS06 score of 22.6 [116] per core, run in single-thread mode with
multiple simultaneous jobs leading to the node running at 50% capacity.
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7 Conclusion

The ATLAS experiment has developed a highly robust procedure for the reconstruction of charged particle
trajectories and interaction vertices within the Inner Detector. The reconstruction algorithms demonstrate
excellent performance, both in simulation and real data, for the levels of pile-up experienced during Run 3
of the Large Hadron Collider. Using a set of reconstruction algorithms based around a combinatorial
Kalman filter, tracks are reconstructed with high efficiency and purity, achieving efficiencies of over 75%
on average for charged particles above 500 MeV within the detector acceptance when applying the most
stringent (Tight Primary) selection criteria, with the rate of spuriously-reconstructed tracks below 0.1%
(0.2%) for typical Run 2 (Run 3) u values. Following a precision fit using a global y? approach, precise
determinations of the track parameters, including the transverse and longitudinal impact parameters d
and zo, are achieved for high-p particles. Specially-tailored optimisations for electrons, particles within
high-pr jets, and long-lived particles allow the mitigation of performance losses for these challenging
objects. Thanks to the strong, early rejection of low-quality candidates during the pattern recognition stage,
there is sufficient CPU time available in the processing budget for the additional tracking chains targeting
converted photons and LLPs to run as standard on all events.

Vertex reconstruction using an adaptive method that simultaneously finds and fits multiple vertices allows
for clean and efficient reconstruction of the primary interaction locations within the detector. Very high
efficiencies are achieved in particular for reconstructing and selecting events which are of interest for
physics analyses.

Looking ahead, the decades of knowledge encapsulated in the reconstruction strategy used for the Run 3
Inner Detector forms the basis of the upgraded reconstruction pipeline for the all-silicon Inner Tracker (ITk)
that will replace the Inner Detector for Run 4 and the High-Luminosity (HL-LHC) era where {u) is expected
to reach values in the range of 140-200 [106]. The ITk, composed of a pixel and a strip subdetector [117,
118], has been designed to maintain or improve upon the track reconstruction performance of the ID.
The current ITk reconstruction implementation is described in Ref. [106]. For Run 4, ATLAS plans to
make extensive use of the ACTS toolkit [68], replacing its own implementations of the various tracking
algorithms with those from ACTS [119] as already done for the AMVF vertex reconstruction in the Run 3
software. This will allow the track reconstruction to benefit from the modernised implementations and
broader developer base of ACTS, ensuring the code remains maintainable throughout the lifetime of the
ITk. In parallel, machine learning techniques are actively under development [120, 121] in search of
more accurate and faster methods for tracking. Research and development efforts are ongoing to extend
tracking and vertexing performance under the challenging conditions of HL-LHC triggering, including
both conventional and ML-based approaches [122]. These developments, like those discussed in this
paper, are made possible by the high-level performance and operational stability of the current ATLAS
Inner Detector. Ongoing detector alignment [37], radiation damage monitoring [40, 41, 123, 124], and
optimisation of detector operating conditions [125] ensure the continued delivery of high-quality data and
provide a solid foundation for the success of the ITk upgrade.
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