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Many promising beyond the Standard Model theories predict invisible long-lived particles
that travel macroscopic distances before decaying into visible Standard Model particles with
a common spatial origin. Fast and accurate reconstruction of secondary vertices therefore
plays a central role in ATLAS long-lived particle searches. While significant advancements
have been made in efficiently reconstructing Inner Detector tracks originating far from the
primary interaction point, traditional secondary vertexing algorithms still remain limited
by the ID track reconstruction acceptance, significantly reducing sensitivity to phase space
where the bulk of expected decays lie beyond the Pixel detector. This note describes a novel
secondary vertexing technique that leverages standalone muon tracks reconstructed exclusively
in the ATLAS Muon Spectrometer, which demonstrates the ability to efficiently reconstruct
ultra-displaced dimuon vertices up to 8 meters from the IP. Its performance is characterized
on a range of simulated beyond-the-Standard Model signatures and in Run 3 data through a
tag-and-probe approach using J/yy — upu decays.
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1 Introduction

Searches for long-lived particles represent some of the most compelling opportunities to discover physics
beyond the Standard Model (SM) at the Large Hadron Collider (LHC). Many beyond the SM (BSM)
scenarios, such as heavy neutral lepton (HNL) and hidden sector models, predict new invisible states
with long proper lifetimes 7 that travel macroscopic distances before decaying into SM particles. If these
particles are charged, the trajectories can be reconstructed and used to find the decay position. The resulting
displaced vertices provide a distinctive experimental signature largely free of SM backgrounds. However,
traditional search strategies have historically been optimized under the assumption that new BSM particles
decay promptly, close to the primary proton-proton (p p) interaction point, and signals left by such displaced
decay products in the detectors have originally been left unexploited. Thus, dedicated reconstruction
techniques are required to target these unconventional topologies, introducing new challenges into the
conventional analysis paradigms.

Within the ATLAS experiment, charged particle trajectories are traditionally reconstructed through
measurements provided by the ATLAS Inner Detector (ID). Energy deposits (hits) recorded in individual
detector elements of the ID are used to construct a parameterized description of the trajectory (track) for an
individual particle as it travels outward from the central collision point. To efficiently process the ATLAS
dataset within computational resource constraints, candidate tracks in the primary reconstruction pass
(described in Section 4) are required to have a transverse impact parameter, dg, lower than 5 mm. Here, dy
quantifies the displacement perpendicular to the beam axis, while the longitudinal impact parameter, zo,
measures the displacement along it. Reconstruction of displaced decays is therefore handled by an addition
large-radius tracking (LRT) pass [1], which reprocesses hits left unassigned after the primary pass with
loosened pointing requirements, allowing track candidates displaced up to 300 mm in the transverse plane
and 500 mm along the beam direction. Event reconstruction proceeds through a sequence of dedicated
algorithms that together form the ATLAS reconstruction chain, with track reconstruction constituting its
first stage.

To prepare for the more challenging LHC Run 3 data-taking conditions, both the primary and LRT tracking
passes were significantly reoptimized, dramatically reducing the computational overhead by up to a factor
of two for the primary pass and up to ten for the LRT pass while also considerably improving overall
candidate purity [1, 2]. These parallel optimizations allowed LRT reconstruction to be fully integrated into
the standard Run 3 ATLAS event reconstruction chain, making the common data streams and central SM
background Monte-Carlo (MC) simulation productions fully available to track-based LLP searches for both
Run 3 and reprocessed Run 2 data.

The integration of LRT into the primary reconstruction chain represents a monumental achievement,
enabling a rich and successful expansion of the ATLAS LLP search program [3-5]. However, by
construction, LRT performance remains limited by the finite extent of the silicon detectors. Beyond the
outermost layers of the Pixel detector, LLP decay products fail to leave sufficient silicon hits to form
reconstructed tracks, and standard ATLAS secondary vertexing algorithms relying on ID track information
thus rapidly lose efficiency beyond 300 mm from the IP, limiting the ability to reconstruct decays from
particle T beyond around 10 ns. As a result, ATLAS displaced vertex searches have limited sensitivity to
the wide class of LLP scenarios predicting decays outside the ID volume, even if trackless searches for
displaced decays exist. There are several such searches like these for long-lived hidden sector particles
and axion-like particles resulting in displaced hadronic jets in the ATLAS calorimeter [6], and displaced
hadronic vertices in the muon spectrometer (MS) [7]. However the focus of these searches were hadronic
decays, and relied on clusters of energy deposits for reconstruction in the calorimeter or an abundance



of soft tracks in the chambers of the MS [8]. Similarly, a search for dark photons decaying to displaced
lepton jets in the MS [9] also relied upon identification of the jet-like structure instead of reconstructing a
muon vertex. There was also previously a search using the topology of non-collimated muons without
ID tracks [10], however no attempt was made to fully reconstruct a vertex from the two muons. To be
able to reconstruct a clean muonic MS-based vertex will open a new chapter for the ATLAS LLP search
program.

To tackle this challenge, a new secondary vertexing algorithm has been developed that leverages purely
information from the MS, which provides an alternative source of tracking information over a radial extent
of several meters, far exceeding the total ID acceptance for displaced dimuon signatures. Standard ATLAS
muon reconstruction algorithms first reconstruct MS track candidates through linking compatible segments
built from precision chamber hits, which are then systematically combined with a corresponding compatible
ID track to form a Combined muon (CB) candidate. Remaining high-quality MS tracks not ultimately
matched to an ID track are classified as StandAlone (SA) and remain available for downstream analysis
use. As ID track and CB muon reconstruction are both extremely efficient, SA muons within the || < 2.5
range of ID acceptance are very rare from SM processes while occurring naturally at a high rate from LLP
decays that take place beyond the ID volume. This observation motivates the development of a dedicated
secondary vertexing framework based on SA muons, enabling reconstruction of displaced dimuon vertices
in the MS independent of ID information.

This note is organized as follows: a brief description of the ATLAS detector is given in Section 2. Section
3 describes the MC simulation and data samples used to evaluate the performance. Section 4 reviews the
formalism of ATLAS ID and MS track reconstruction alongside standard secondary vertex reconstruction
techniques. Section 5 describes the the SA muon vertexing algorithm. Performance results on simulation
and data are presented in Sections 6 and 7, respectively, and concluding remarks are made in Section 8.

2 The ATLAS detector

The ATLAS detector [11] at the Large Hadron Collider (LHC) covers nearly the entire solid angle around
the collision point." It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating three large
superconducting air-core toroidal magnets.

The ID is immersed in a 2T axial magnetic field and provides charged-particle tracking in the range
|n| < 2.5. The high-granularity silicon pixel detector comprises 4 concentric barrel layers and 3 endcap
disks on each side. It covers the collision region and typically provides four measurements per track, the
first hit normally being in the insertable B-layer (IBL), which was installed before Run 2 [12, 13]. It is
followed by the silicon microstrip SemiConductor Tracker (SCT), which is comprised of four barrel layers
and 9 planar endcap disks per side, with pairs of modules mounted at a small stereo angle allowing for
two measurements per traversed module layer. These silicon detectors are complemented by the transition
radiation tracker (TRT), which enables radially extended track reconstruction up to || = 2.0. The TRT

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

defined in terms of the polar angle 6 as n = —Intan(6/2) and is equal to the rapidity y = % In (%) in the relativistic limit.

E-p:
Angular distance is measured in units of AR = /(Ay)Z + (A¢)2.



also provides electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

The calorimeter system [14—16] covers the pseudorapidity range |77| < 4.9. Within the region |7| < 3.2,
electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)
calorimeters, with an additional thin LAr presampler covering |17| < 1.8 to correct for energy loss in material
upstream of the calorimeters. Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter,
segmented into three barrel structures within || < 1.7, and two copper/LAr hadronic endcap calorimeters.
The solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements respectively.

The muon spectrometer (MS) [17], as detailed in Figure 1, comprises separate trigger and high-precision
tracking chambers measuring the deflection of muons in a magnetic field generated by the superconducting
air-core toroidal magnets. The field integral of the toroids ranges between 2.0 and 6.0 T m across most
of the detector. Three layers of precision chambers, each consisting of layers of monitored drift tubes
(MDTs), cover the region || < 2.7, except in the innermost layer of the endcap region, where layers of
small-strip thin-gap chambers and Micromegas chambers both provide precision tracking in the region
1.3 < |n| < 2.7, making up the New Small Wheel (NSW). The muon trigger system covers the range
|n| < 2.4 with resistive-plate chambers in the barrel, thin-gap chambers in the endcap regions, and the
aforementioned small-strip thin-gap chambers and Micromegas chambers in the innermost layer of the
endcap.

The luminosity is measured mainly by the LUCID-2 [19] detector that records Cherenkov light produced
in the quartz windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system implemented in custom hardware, followed by selections
made by algorithms implemented in software in the high-level trigger [20]. The first-level trigger accepts
events from the 40 MHz bunch crossings at a rate below 100 kHz, which the high-level trigger further
reduces in order to record complete events to disk at about 1 kHz.

A software suite [21] is used in data simulation, in the reconstruction and analysis of real and simulated
data, in detector operations, and in the trigger and data acquisition systems of the experiment.

3 Data and simulated samples

To analyze the performance of the SA muon vertexing algorithm on BSM physics of interest, several
representative BSM scenarios are studied using Monte-Carlo (MC) simulations. These scenarios are
both characterized by the production of long-lived neutral particles which subsequently decay into a
dimuon pair, with proper lifetimes resulting in the majority of decays appearing outside of ID acceptance.
These benchmark scenarios are chosen to sample an inclusive range of event topologies that impact the
reconstructed vertex properties and kinematics.

The first class of signals considered is a displaced HNL, which allows the study of the performance in
boosted, highly collimated decay topologies common to the low mass regime. This signal is motivated by
theories which provide an explanation to the origin of the neutrino mass through introducing a theoretical
massive right-chiral counterpart to the SM left-chiral neutrino [22-24]. The small mixing between SM
neutrinos and the HNL (N) results in a long proper lifetime for the BSM particle. Here, the signal is
produced through a W boson decay into a muon and neutrino which mixes with the N, which subsequently
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Figure 1: Cross-section of the ATLAS detector specifying the positions of the different subsystems of the MS. A
potential muon track and potential fake muon are shown, as well as the direction of the magnetic field in the endcap
toroid. Taken from [18].

decays into a dimuon pair and a muon neutrino via and off-shell W or Z boson, as shown in Figure 2(a).
The mass of the N is 3 GeV, with mean proper decay lengths of 100 and 1000 mm. Samples are generated
at next-to-leading-order (NLO) accuracy in QCD using MADGRAPHS_AMC@NLO 3.3.1 [25] and the SM
HeavyN NLO model libraries [26]. The NNPDF3.0nLo [27] parton distribution functions (PDFs) are
used. Events are interfaced to PyTtuia 8.307[28] for parton showering, hadronization, and underlying event
modelling, using the A14 tune. The leptonic decays of the HNL are handled by MapSpIN [29].

The second class of signals considered is a displaced dark photon (Z;) produced in the context of the
Hidden Abelian Higgs Model (HAHM) [30]. In this model, an additional U(1),; gauge symmetry is
introduced in the hidden sector, which kinematically mixes with the SM hypercharge field through a small
mixing parameter. The resulting Z; can be produced through exotic Higgs boson decays via H — ZZ,,
with subsequent decays into a dimuon pair as shown in Figure 2(b). The proper lifetime of the Z; depends
on the mixing strength, and can be sufficiently long for the decay to occur outside the ID volume. In contrast
to the HNL benchmark, this signature probes the performance in the high-mass, large opening-angle
regime, characteristic of more energetic decays with well-separated muon trajectories. Two LLP masses,
20 and 50 GeV, are considered, both with the mixing parameter set to enforce a proper lifetime of 10ns.
Samples are generated using MADGRAPHS_AMC@NLO 3.3.1 at leading-order (LO). The production is
simulated for gluon-gluon fusion at 13.6 TeV using the NNPDF2.3LO PDFs [31] and the A14 tune [32].

To evaluate the effectiveness of the algorithm on genuine data, simulated bb — J/i events are used
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Figure 2: Feynman diagrams for the benchmark LLP models considered in this note. Figure (a) shows the HNL
production and decay processes with muon-only couplings. The equivalent process with a virtual Z boson instead of
a virtual W boson current decays is also considered. Figure (b) shows the HAHM ZZ; production.

in a tag-and-probe approach where their yields are compared to data. These samples are generated
using PyTHia 8B, a PyTHia 8 based wrapper adapted to allow forced gluon decays to b-quarks, using the
CTEQG6LI1 set of parton distribution functions [33] and the A14 set of tuned parameters.

A data sample recorded during 2024 is used to compare the SA muon vertexing performance between
simulation and data. These are selected from the “B-physics delayed" stream, a specialized stream separate
from the main physics dataset where data is collected using dedicated low pr triggers tuned for b-physics
analyses. This stream is not reconstructed promptly at the Tier-0 facility during data-taking and is instead
saved in raw form for delayed processing when computational resources become available [34]. The total
number of recorded events is 39,502,447, during LHC fill number 10084.

For all MC samples, detector response is simulated with a full GEanT4-based model of the ATLAS detector,
including additional pp collisions in the same bunch crossing (pileup) that are overlaid with the signal
process. Samples are generated with a flat pileup range between 0 and 100. In the case of comparison with
data events, they are reweighted to match the pileup distribution with a mean value of 64.

4 Inner detector track and vertex reconstruction

Charged particle trajectories in ATLAS are parameterized by a five-component state vector (do, 2o, ¢, 6, ¢/ p),
defined relative to a reference axis aligned with the global z-direction of the detector and centered on the
beamspot. The beamspot denotes the luminous region, i.e. the time-averaged centroid and spatial profile
of pp interactions. This parameterization corresponds to the perigee representation, in which the track
parameters are expressed at the point of closest approach of the reconstructed helix to the beamline, the
nominal trajectory of the colliding proton beams through the detector. Here, dy and zy denote the transverse
and longitudinal impact parameters with respect to the beamline, ¢ and 6 represent the azimuthal and polar
angles, and ¢/p corresponds to the inverse momentum multiplied by the charge. The objective of track
reconstruction is to identify groups of detector measurements originating from a single charged particle and



to determine the optimal estimates of its trajectory parameters. Each such set of associated hits, together
with its fitted track parameters and covariance matrix, defines a reconstructed track object.

The ATLAS ID track reconstruction for both prompt and displaced tracks in Run 2 and Run 3 has been
extensively documented in other sources [1, 2, 35]. The following section provides a brief overview for the
reader.

4.1 Primary and secondary pass

Charged-particle reconstruction in the ATLAS ID [2] begins with a data preparation phase in which
neighboring readout channels from the Pixel and SCT subsystems are merged into clusters representing
individual particle crossings. Each pixel cluster or pair of one-dimensional SCT clusters from the two sides
of a module is then converted into a three-dimensional space point, with position uncertainties derived from
the detector geometry and the sensor pitch. For SCT space points, the missing coordinate is reconstructed
from the stereo angle between the two strip orientations. Tracks are reconstructed for charged particles
with pt > 500 MeV and |n| < 2.5; these limits are set respectively by the curvature of low-momentum
particles in the magnetic field and by the instrumented acceptance of the ID.

The primary reconstruction sequence, often referred to as the inside-out pass, is optimized for tracks
originating near the primary interaction point. It begins by forming triplets of compatible space points
(“seeds") in the silicon detectors that could originate from a common charged particle. Using the estimated
seed trajectory, “search roads" are defined through successive detector layers, identifying additional clusters
consistent with the expected path. Track candidates are assembled and refined with a combinatorial Kalman
filter [36], which updates the track parameters and covariance as compatible clusters are incorporated.

To resolve ambiguities among overlapping candidates and suppress fakes, a dedicated ambiguity solver
evaluates all candidates according to multiple quality metrics. Tracks sharing many hits with higher-scoring
candidates are rejected, while limited shared hits are allowed to preserve efficiency in dense environments
such as the cores of energetic jets. Clusters consistent with multiple crossings are shared amongst
tracks using a neural-network-based algorithm that estimates the most probable particle multiplicity and
positions [35].

Following ambiguity resolution, the surviving candidates are refitted with a global y? minimization to
obtain high-precision track parameters. Tracks failing convergence are discarded. An optional extension
into the TRT is then attempted by associating drift circles near the extrapolated trajectory and refitting the
full track including the TRT measurements, improving momentum resolution. To guard against spurious
extensions, only tracks with a sufficient fraction of “precision" TRT hits, where the fitted trajectory agrees
with the measured drift radius within 2.5 times the drift-radius uncertainty, are retained. For tracks with
at least 15 TRT hits, a precision hit fraction exceeding 30% is required for the extension to be accepted.
The probability of a successful extension depends on occupancy but typically exceeds 90% for muons
traversing the full ID.

Because the inside-out configuration targets prompt tracks, an additional secondary pass—implemented
as a back-tracking procedure—is applied to recover slightly displaced tracks such as those from photon
conversions using hits left unassigned in the primary pass. Regions of interest are first identified by energy
deposits in the electromagnetic calorimeter. Within those regions, TRT segments are built from groups of
compatible drift circles and then used to seed short silicon tracks based on two space points in the Pixel



and SCT detectors. These are extended using the same combinatorial Kalman filter and subjected to an
independent ambiguity resolution and refit sequence, including possible TRT extensions.

4.2 Large radius pass

Since the primary and secondary tracking passes were designed to be efficient and highly pure for prompt
and slightly displaced decays, they are less than effective at reconstructing tracks from more displaced
decays. Thus another secondary Large Radius Tracking (LRT) pass was developed to be complementary
to the previous tracking passes [1]. LRT uses unassigned hits that have been left over from the previous
passes, and proceeds with dramatically loosened requirements on the transverse impact parameter, dg, from
5 mm to 300 mm, and on the longitudinal impact parameter, zg, from 200 mm to 500 mm. Additionally,
while the seeding for the primary tracking pass may be either from the pixel or SCT detectors, the LRT uses
SCT-only seeding, due to the displaced topology of the tracks from displaced decays which typically do not
result in three pixel hits. While the impact parameter requirements are extremely relaxed, the minimum pt
threshold for the tracks is increased from 0.5 to 1 GeV for the LRT pass to reduce the background from soft
particles such as those from interactions with the detector material. The search roads are also narrowed to
reduce the number of poor-quality tracks reconstructed. The LRT track collection provides a significant
sensitivity increase for displaced charged particle searches, but has significantly limited efficiency beyond
300 mm in the transverse plane due to the eight minimum silicon hits required to form a track candidate.
These requirements are nevertheless essential to maintain an acceptable level of purity and reconstruction
latency.

4.3 1D secondary vertex reconstruction

Traditional secondary vertexing algorithms in ATLAS, including those commonly used for LLPs [37],
primarily use the VKaALVRT[38] fitting algorithm, which provides a general framework for fitting the
common vertex position of a set of reconstructed charged particle tracks under arbitrary geometric and
kinematic constraints. VKALVRT implements a full three-dimensional least-squares minimization of the
track-to-vertex residuals using an adaptive iterative procedure that accounts for the helical track model,
material effects, and magnetic field inhomogeneities.

Input tracks are provided in the standard ATLAS perigee representation accompanied by their full 5 x 5
covariance matrices. The algorithm linearizes the track equations around an initial vertex seed, typically
derived from the fast intersection of two or more tracks assuming a perfect helix in a constant magnetic field,
and iteratively refines both the track and vertex parameters until convergence. The minimization employs
analytic derivatives of the track model with respect to the vertex coordinates and particle momentum
components, allowing fast evaluation of the residuals and covariance propagation. The fit is terminated
once all parameters converge within predefined tolerances or the maximum iteration count is reached.

Multiple constraints can be applied during the fit, including mass requirements for resonant decays,
enforcing consistency between the secondary vertex and the PV, or imposing common-vertex requirements
across multiple (“cascade") decay chains. During each iteration, tracks inconsistent with the current vertex
hypothesis can be excluded or down-weighted according to configurable thresholds, improving robustness
against outliers and fake tracks. The resulting covariance matrix of the fitted vertex is obtained from the
inverse of the final derivative matrix, providing accurate uncertainty estimates on the fitted vertex position
and reconstructed invariant mass.
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Figure 3: Simplified overview of the primary outside—in combined tracking chain and the secondary inside—out chain
used in ATLAS muon reconstruction. The primary chain begins in the MS, where track candidates are built and then
combined with ID tracks. The secondary chain starts from ID tracks and attempts to recover muons missed by the
primary chain by extending these tracks through the calorimeters and the MS. Recovered muons can be identified
using calorimeter- or segment-tagging, or promoted to inside—out combined candidates if sufficient compatible MS
measurements are found. [2]

In standard ATLAS reconstruction workflows, VKALVRT serves as the core vertex-fitting engine for
secondary vertex algorithms, not only in LLP searches but also for photon conversions, hadronic
interactions, and heavy-flavor decays. Its modular implementation allows downstream algorithms to adapt
their configuration to different reconstruction contexts, although it has not previously been applied to tracks
from the Muon Spectrometer.

5 Muon reconstruction

An overview of the muon reconstruction workflow [39] is shown in Figure 3. Two main track-finding
chains are employed. The primary one, referred to as the outside-in chain, starts from tracks reconstructed
in the MS and attempts to combine them with tracks in the ID. There is also a secondary chain aiming to
recover very low-momentum muons that starts from ID tracks and searches for hits and segments in the
MS; however, since this chain is not relevant here it will not be further described.

The first step in the primary chain is standalone muon reconstruction, which builds tracks using only MS
hits. The curvature of the reconstructed track in the toroidal magnetic field provides a measurement of the
muon momentum. Because the magnetic field also affects the drift of ionization electrons, Lorentz angle
corrections must be applied to the drift paths.

The MS experiences significant background radiation, particularly in the high-n region, leading to additional
hits in the millions of readout channels. To maintain a muon track reconstruction efficiency of > 99%
while keeping hit combinatorics manageable, advanced filtering techniques are applied early on in the
reconstruction to suppress background activity.

Standalone reconstruction proceeds through the following steps:

* Data preparation: The raw detector data are calibrated. For the Micromegas (MM) and small-strip
Thin Gap Chamber (sTGC) detectors, adjacent channels with signals above threshold are clustered.



 Pattern finding: A coarse pattern recognition based on a Hough transform is applied to retain high
signal efficiency while rejecting large amounts of background. A weak pointing constraint toward
the interaction point further improves background rejection.

* Segment fitting: For each muon station, the hits selected in the pattern-finding step are fitted with
straight lines to form segments. In the New Small Wheel (NSW), segments are built from both
sTGC and Micromegas hits, with an interaction-point constraint applied in both the bending and
non-bending directions. In the other stations, the precision coordinate is measured by the Monitored
Drift Tubes (MDTs), while the Resistive Plate Chambers (RPCs) and Thin Gap Chambers (TGCs)
provide the non-precision coordinate. In the inner barrel and outer endcap stations, only MDTs are
available, allowing the reconstruction of 2D segments only.

* Track finding and fitting: Compatible muon segments are combined to form track seeds. Different
strategies are used to accommodate the varying detector coverage. A global track fit is then performed,
accounting for energy loss, multiple scattering, magnetic field variations, and alignment effects.
Finally, an ambiguity resolution step is applied before building the final MS track collection.

The reconstructed MS track is then extrapolated toward the beam pipe using the beamspot as a constraint.
These tracks are referred to as Muon Spectrometer Only Extrapolated (MSOE) tracks. If an ID track is
found to be compatible with an MSOE track, the hits from both are refitted in a common fit to form a
combined muon track. The resulting muon objects are assigned an author attribute that indicates the type
of track used. Combined tracks are identified as Combined Muons (CB), while MSOE tracks without
matching ID tracks are labelled as Muon Standalone (MuSA), referred to here as SA muons.

6 Standalone muon vertexing

6.1 Seed muon selection

SA Muons are first preselected for the formation of seed pairs. As the overwhelming majority of events
from background SM processes contain one or fewer SA muons, the selection is designed to be as inclusive
as possible to allow for efficient reconstruction of dimuon vertices across a wide range of highly displaced
signatures without a significant increase in SM contamination.

As the MS is instrumented up to || = 2.7, SA muons outside of the ID acceptance range of || < 2.5
but before |r7| < 2.7 can result from promptly decaying processes. To focus on candidates that fall inside
the ID acceptance—and therefore could in principle acquire an ID track if one were reconstructed—seed
muon candidates are required to satisfy || < 2.5. To ensure high-quality tracks, two additional cleaning
requirements are also implemented. To effectively capture low-mass topologies, no additional minimum
pr selection is imposed beyond the nominal thresholds that arise naturally from the detector geometry
and magnetic field, which correspond to about 2.5 GeV once segment reconstruction and calorimeter
energy-loss effects are considered. However, candidates are required to have a pr below 13 TeV to remove
rare cases where the muon momentum determination fails. Similarly, candidates are also required to be
within regions of the detector where the expected magnitude of the magnetic field integral is above 0.1
T-m. Muons failing this requirement largely originate at high n behind the endcap toroid, and as such this
selection both suppresses contributions from beam-induced background and prevents rare instances of
undefined behavior in the vertex fit procedure.
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ATLAS muon reconstruction is performed separately for prompt track collections and those reconstructed
using LRT tracks, resulting in two distinct collections that are subsequently combined to produce an
inclusive muon collection. In some cases, high quality MS tracks not matched to an ID track during the
prompt pass and classified as SA muons are “recovered” as full CB muons in the secondary LRT muon
pass. As the BSM signatures of interest are characterized by the explicit lack of an ID track, a dedicated
overlap-removal step removes SA muons from the seeding pool if their MS tracks are also used in the LRT
muon collection. Any remaining SA muons passing the above criteria are included in the seeding pool.

6.2 Muon extrapolation

Widely-used secondary vertex fitting algorithms, such as VKALVRT [38], are designed and developed under
the implicit assumption that track parameters are expressed at the point of closest approach to the beamline,
which is the default representation of ID tracks in the ATLAS software frameworks. Conversely, SA muon
track parameters are defined at the inner surface of the Muon Spectrometer, i.e. the interface between
the calorimeters and the MS. These representations, on their own, are purely geometrical — they do not
retain information about individual measurements used in their creation and instead both parameterize
a description of their reconstructed trajectory in coordinates most generally useful for their respective
downstream applications. During the standard CB muon reconstruction sequence, the ID and MS tracks
are matched and refitted at this MS inner surface, where the extrapolation uncertainties are smallest. The
extrapolation of the MS track towards the beamline is performed using a common tool used throughout
ATLAS reconstruction [40], which provides a unified framework for the numerical propagation of charged
particle parameters and their full covariance through the magnetic field and the intervening detector and
support material volumes, used throughout the ATLAS reconstruction workflow. The tool combines field
integration, geometry navigation, and material-effects modeling — including energy loss, multiple scattering,
and bremsstrahlung — within a modular Runge-Kutta-Nystrom propagation scheme [41]. This approach
ensures consistent covariance transport between detector subsystems and allows precise determination of
the predicted track state and associated uncertainties at the perigee surface. The resulting parameterization
at the perigee surface is the MSOE track.

By default, this associated MSOE track remains available for downstream analysis use, but the extrapolation
assumes a priori that the charged particle producing the MS track originated close to the primary vertex
(PV) and incorporates a soft constraint including the PV location as an additional “pseudomeasurement”,
rendering it unsuitable for highly displaced signatures. However, without loss of generality, this procedure
can be simply repeated on demand without the constraint, yielding an “emulated" track object that is
parametrically equivalent to a real ID track reconstructed without pointing requirements or the geometric
constraints of the ID detector volume. These extrapolated tracks can then be used as inputs to a subsequent
secondary vertex fit, with an associated loss of precision and resolution following from the single-detector
information and material propagation contributions to the parameter covariances.

If two or more SA muons remain in the seeding pool, such that a seed pair satisfying the above selection
criteria can be formed, this custom re-extrapolation is attempted for each, and any successful result saved for
further processing. To ensure physical quantities and convergence in the vertex fit procedure, extrapolated
SA muons resulting in |dg| > 8 m or |zg| > 10 m are removed from consideration.
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6.3 Vertex finding

The vertex finding begins by forming all possible combinatorial pairs of extrapolated SA muon tracks
remaining in the collection. For each pair, a dedicated vertex fit is considered using a modified
implementation of the VKALVRT algorithm with increased iteration count, relaxed tolerances for fit
convergence, and updated boundary volumes consistent with the MS dimensions. This algorithm minimizes
the y? of the vertex, penalizing large differences of the extrapolated track parameters with respect to
the regressed vertex position weighted by the respective parameter covariances. Both tracks in the fit
are assigned equal weights, and the minimization occurs via a Kalman filter with the incrementing step
corresponding to the addition of a track, after an initial fast fit approximation estimates a coarse vertex
position. After all pairs have been attempted, any successful vertex fit with a y? greater than 50 is
rejected.

The overall rarity of SA muons from background SM processes results in a very small number of total
events where more than one SA muon vertex candidate is successfully found. However, to ensure a unique
track-to-vertex assignment, events with more than one identified vertex candidate undergo an additional
overlap removal procedure. Vertex candidates are sorted by x?2, ., and beginning from the best fit (lowest
x?) vertex, contributing muons are subsequently removed from each other vertex in the collection, until
no vertices remain that share a single SA muon. This procedure improves correct vertex identification
and purity for LLP signatures expecting more than one displaced dimuon vertex while otherwise having
minimal impact.

Remaining SA muon vertices passing all requirements are saved along with the constituent extrapolated
tracks used in their formation. These tracks are then subsequently propagated to the associated secondary
vertex location and their perigee parameters re-expressed to obtain a more accurate estimate of the geometric
relationship between the dimuon pairs. A diagram of SA muon vertex reconstruction is shown in Figure
4.

7 Performance on LLP simulation

7.1 Truth-matching in simulation

To evaluate the performance of the vertexing algorithm, it is necessary to match a generated particle in
simulation to a reconstructed SA muon. The relatively low occupancy and high purity of reconstructed SA
muons permit the use of a simplified matching criterion, where muons are considered truth matched to a
decay if they are reconstructed from an MS segment associated with one of the LLP decay products. In
the context of this work, a vertex is only considered truth matched if both reconstructed muons are truth
matched to the target LLP decay, ensuring that combinatorial background vertices formed from unrelated
SA tracks are excluded from the efficiency and resolution studies. For the efficiency measurements below,
this matching is evaluated only for truth LLP decays that satisfy the reconstructible selection defined in this
subsection.
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Figure 4: Schematic diagram of SA muon vertex reconstruction.

7.2 Reconstruction efficiency

The total vertex reconstruction efficiency is defined as the probability for a truth LLP decay producing
two muons to yield a reconstructed SA muon vertex that is truth matched according to the criteria above,
evaluated for each model described in Section 3. The efficiency is factorized into independent terms
to isolate the effects of MS tracking and vertexing performance and provide a holistic evaluation of the
performance in the various stages. This treatment is adapted from the approach used in Ref. [37]. Unless
otherwise stated, all quantities below are evaluated after applying the reconstructible truth-decay selection
introduced in this subsection.

To correctly reconstruct a secondary vertex, both constituent tracks from the decay must be reconstructed
as SA muons. Thus, generated signal particles must first be reconstructible. A reconstructible truth decay
vertex in the context of SA muon reconstruction is defined as one satisfying the following set of fiducial
requirements:

* The transverse distance from the origin must be less than 8 m.
¢ The z position must satisfy |z| < 10 m.
* Both muons in the decay chain must satisfy pr > 1 GeV.

The first two requirements ensure that the LLP decays before the second MS station, while the final
requirement ensures that both muons have enough momentum to be reconstructed by the muon reconstruction
algorithms. The acceptance (A) is defined as the ratio of truth LLP decays with at least two reconstructed
SA muons to the number of reconstructible truth decays.
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The total efficiency (€'™) corresponds to the ratio of reconstructed vertices to the number of reconstructible
truth decays in a given fiducial volume. To decouple the vertexing efficiency from the SA muon
reconstruction efficiency, the algorithmic efficiency (€*€) is defined as the ratio of reconstructed vertices to
the number of truth LLP decays with at least two reconstructed SA muons, corresponding to the sample
counted in A. This quantity isolates the performance of the vertexing stage once suitable SA muon tracks
are available. The algorithmic efficiency can be further broken down into the seeding efficiency (€5°*%) and
core efficiency (€°°'°). The seeding efficiency is defined as the ratio of the number of truth LLP decays
with at least two seed-selected tracks passing the requirements in Section 6 to the number of truth LLP
decays contributing to the acceptance, and the core efficiency then follows as the ratio of reconstructed
vertices to the number of truth LLP decays with at least two seed-selected tracks. The total efficiency is
then given by

Etotal =A- 6alg =4A- eseed . geore (1)

Thus, the total efficiency is broken down into constituent components, with the acceptance term accounting
for the SA muon reconstruction efficiency, the seed term for the SA muon selection efficiency, and the core
term for the pure SA muon vertex reconstruction efficiency.

The total reconstruction efficiency and the component terms are shown in Figure 5 as a function of the truth
transverse decay length L, defined as the transverse displacement between the production and decay
points. The evolution of the efficiency with increasing decay length depends strongly on the overall decay
topology is driven by a number of complex factors, with up to 45% efficiency for the HNL signatures and
32% for the Z,. For all signatures, acceptance is minimal before 300 mm, where ID tracks are reconstructed
with high efficiency leaving few available opportunities for SA muon formation — these decays instead lie
within the acceptance of traditional vertexing algorithms. The small accepted population below 300 mm
mostly comprises decays more forward than || = 2.5, which lie outside of ID acceptance even before
300 mm, and decays where one product would be reconstructed with a dy beyond 300 mm, resulting in a
failure in LRT track formation. Both scenarios are more common for the high mass Z; decays, which have
more forward topologies and larger overall opening angles, contributing to higher average expected dj
values. Similarly, acceptance for the Z,; scenario rises sharply after 300 mm and then slowly decays at
higher L, due to implicit loose pointing requirements built into muon segment formation — extremely
large dy values from wide decays close to the MS entrance reduce the likelihood that an MS track will
be formed. In contrast, light and highly boosted HNL decays remain within the approximate pointing
acceptance for all lifetimes. The acceptance increases moderately with L, as decays occur closer to the
MS entrance and lose less energy in the calorimeter material, but then drops sharply around 7 m once
decays occur too deep inside the MS volume to form a track.

Seeding efficiency remains around 90% for all signatures beyond 300 mm — the small fraction passing
acceptance before 300 mm are further removed largely by the || < 2.5 selection requirement. The
core vertexing efficiency remains approximately flat around 85% for the HNL topologies, while the Z,4
has similar efficiency until 1000 mm and then drops to approximately 50%. While large opening-angle
topologies are generally easier for the vertex-fitting algorithm itself, the initial extrapolation to the perigee
surface is more likely to break down at large angles. This coincides with the region where the extrapolator
switches propagation strategy in the dense calorimeter material beyond the TRT outer radius. The 100 mm
HNL case seems slightly more efficient than the 1000 mm case, but this is simply due to differences in the
average z displacement.
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Figure 5: Shown are the (a) acceptance, (b) seed, (c) core and (d) total vertex reconstruction efficiency as a function
of truth LLP decay radius for the four benchmark models.

7.3 Position resolution

To evaluate the vertex position resolution, the residual of the reconstructed position versus the truth LLP
decay position is evaluated. Figure 6 shows the full distribution of residuals across all LLP decay radii. The
distributions are approximately symmetric — in the case of the 100 mm lifetime HNL, a slight asymmetry
is observed as there is a slightly higher population of events at the very positive residual tail. This is
largely due to slight accumulated biases in the extrapolation and fitting procedure — for the light collimated
signature it is more likely to overestimate distance from the IP, leading to a slight overestimation of opening
angle and subsequently higher masses.

The position resolution is dominated by the MDT measurement resolution and extrapolation uncertainties,
as well as the decay topology features such as the opening angle. For very collimated tracks, such as those
from HNL decays, the combination of correlated track-parameter uncertainties and reduced geometric
leverage from the small opening angle creates a challenging environment for the vertex fit, leading to weaker
position resolution. In contrast, while efficiency is reduced by the MS track reconstruction requirements,
the large opening angle of the higher mass Z; leads to much better resolution. Resolution for each LLP

15



L I e B B B

ATLAS Simulation Preliminary Vs =13.6 TeV

W = uN, N = pvp, m(N) =3 GeV, ct(N) =100 mm
W'~ N, N — pv g, m(N) =3 GeV, ct(N) =1000 mm
2257, - up, m(ZD) =20 GeV, t(ZD) =10ns

7z, ZD -~ MY, m(ZD) =50 GeV, r(ZD) =10ns

ATLAS Simulation Preliminary Vs=13.6 TeV
10 W = uN, N = pvp, m(N) =3 GeV, ct(N) =100 mm
W'~ N, N — pv g, m(N) =3 GeV, ct(N) =1000 mm
2257, - up, m(ZD) =20 GeV, r(ZD) =10ns
7z, ZD - U, m(ZD) =50 GeV, r(ZD) =10ns

Normalized entries
Normalized entries

-5
—4000 -3000 -2000 -1000 0 1000 2000 3000 4000 10—2000 -1500 -1000 -500 500 1000 1500 2000

107

L;;CD _ L;r;th [mm] z'eco _ ztruth [mm]
(@) (b)

Figure 6: Residuals between the reconstructed vertex position and the decay position of the simulated particle, shown
in the (a) transverse (Ly,) and (b) longitudinal (z) directions for the four benchmark models.

scenario per bin of Ly, is shown in Figure 7. The resolution is evaluated as the root-mean-square of the
transverse and longitudinal vertex position residuals in each L, bin, after removing the upper and lower
5% of values, in order to reduce the impact of extreme outliers and provide a more representative measure
of performance.
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Figure 7: The resolutions (a) o, and (b) o, as a function of the truth LLP decay length L;r;th for the four benchmark
models.

The transverse resolution remains roughly flat across L, between 200-500 mm for the HNL and 20-50 mm
for the Z,4, until approximately 5 m from the IP. For decay radii beyond 5 m, decays begin to occur within
the MS volume itself and thus the number and quality of MS measurements per track begins to degrade.
Resolution is more coarse along z, with increases at lowest truth L, for the boosted HNL signatures
due to the near-collinear dimuon topology. When both muons are nearly parallel to the beamline, the
resulting shallow angle of intersection leaves the vertex position more poorly constrained in the longitudinal
direction.
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8 Mass resolution

The mass resolution is evaluated through a direct examination of the reconstructed dimuon-vertex mass,
mpy, shown in Figure 8 for the four benchmark models. Performance is overwhelmingly dominated by
the opening angle of the decay topology, with weaker performance for the collimated HNL signature and
stronger performance for the high mass Z;. The mass distribution for the HNL is naturally smeared due to
the missing presence of the neutrino in the decay mode — however, the resolution for the 3 GeV benchmark
signals is approximately 500 MeV. The small shift between the 100 mm and 1000 mm distributions
reflects slight biases in the extrapolation routine for the different decay lengths. Resolution for the Z; is
proportionally finer compared to the simulated mass value, between 400 to 600 MeV for the 20 and 50 GeV
signals, respectively.
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Figure 8: Reconstructed dimuon-vertex mass (mpy) distributions for the (a) HNL and (b) Z; benchmark models.

9 Performance on data

The inherent strengths of the SA muon vertexing, by necessity, introduce unique challenges to charac-
terization of its performance on real data. There are no known SM signatures which produce highly
displaced dimuon vertices — while the algorithm would in principle be sensitive to average decay lengths
characteristic of Kg or K 2, there are no exclusive dimuon decay channels available.” A creative approach
is therefore required to design a suitable proxy.

This work adopts a tag-and-probe strategy based on prompt J /¥ — u*u~ decays, providing a high-purity
source of dimuons in data with well-understood kinematic properties. To identify tag candidate events,
the combined prompt and LRT muon collection is passed through an established secondary vertexing
algorithm also based on VKALVRT using the ID track information associated with each CB muon [42].

2 The MS is theoretically sensitive to very late appearing pions — however, their behavior and resulting detector response is not
well characterized. Existing muon reconstruction algorithms have relatively poor efficiency at reconstructing these tracks and
significantly reduced accuracy at determining their charge and momentum. Future work could continue to explore SA muon
vertexing under a pion hypothesis, but would likely require dedicated tuning at the “muon" reconstruction level.
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This algorithm attempts two track vertex fits between each possible opposite-sign muon pair and requires a
reconstructed vertex mass between 2.9 and 3.3 GeV alongside other basic quality criteria.

Once suitable tag vertex candidates have been identified, the individual MS tracks used in forming
each constituent CB muon are retrieved and passed directly as seeding input to the “probe” SA muon
vertexing algorithm. Because the initial MS track reconstruction is agnostic to whether a given candidate
is subsequently matched to an ID track (CB) or remains unmatched (SA), this procedure is effectively
identical in performance to running SA muon vertexing on genuine StandAlone muons. In this way, the
probe construction isolates the MS contribution to the vertexing without relying on any ID information,
providing a direct, data-driven validation of the SA muon vertex reconstruction chain under realistic
detector conditions within the ID acceptance.

This approach is inherently conservative — as a light resonance produced within b-hadron decays,
J/Yy — utu~ decays are both low pr and highly collimated, well-known challenging features for
secondary vertex reconstruction. The vertex position and mass resolutions naturally degrade as the
opening angle between decay products shrinks, due to increasingly correlated track parameter uncertainties
and reduced geometric leverage within the vertex fit. Additionally, as a prompt signature, the SA track
extrapolations used in the probe construction must extend all the way back to the interaction point.
These MS—IP extrapolations always traverse the entire calorimeter and magnetic field volume, sampling
substantially more material and path length than the shorter MS— vertex extrapolations relevant for the
displaced LLP decays, which typically originate a few hundred millimetres from the IP. This longer
extrapolation amplifies uncertainties from multiple scattering, energy loss, and magnetic-field modelling,
resulting in systematically larger spatial and momentum uncertainties than those expected for the LLP
topologies of interest.

The yields in simulation for both distributions are normalized such that the number of J/i candidates with
two ID tracks agrees with the data. To suppress non-signal and combinatorial background contributions,
tag vertices are required to have p3* > 5 GeV, X2, <2, and the opening angle AR between the track pair
between 0.3 and 0.6. Events where the tag does not pass this selection are removed from consideration.
Figure 9 shows the reconstructed mass distributions for both the tag ID track vertices and the probe SA
muon vertices. The agreement between data and simulation in the tag is approximately flat, with some
deviation in the tails due to increased combinatorial background contributions in data and differences
in modeling of final state radiation. In the probe, the ratio remains approximately flat across the mass
range, with a coarser resolution as expected. The flat ratio demonstrates that the efficiency and overall
performance is well modeled between data and simulation, agreeing within 20% in the central J /¢ mass
region. The slight shift towards higher masses in data versus simulation is due to small differences in
uncalibrated muon momentum.

10 Conclusion

The ATLAS experiment has a diverse and thriving long-lived particle search program, recently strengthened
by major improvements in large-radius tracking. Nevertheless, important gaps remain, in particular
the limitations of vertex reconstruction outside the Inner Detector volume. To address this, a novel
vertexing technique using Muon Spectrometer track information without an associated ID track has
been developed and demonstrated in this note. This approach shows the capacity to clearly reconstruct
well-known resonances such as J /¢y — u*u~, as well as the efficacy to reconstruct displaced decays of two
representative LLP signal models across different mass regimes, yielding distinct vertex topologies. These
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Figure 9: Reconstructed mpy of J/y candidate vertices using “tag" ID tracks (a) and “probe" SA muons (b).
Distributions are fit to a double Gaussian with a third-order polynomial to model the combinatorial background
contribution, overlaid.

results highlight the significant potential of this new vertexing method to open previously inaccessible
regions of phase space for the ATLAS LLP program. Looking ahead, several developments could further
enhance this strategy in future work. Integrating the standalone-muon vertexing with prompt and LRT-based
reconstructions in a combined workflow and extending the approach to multitrack topologies or muon
plus pion final states would strengthen its physics reach for a wider array of LLP scenarios. Additionally,
applications beyond LLP searches, such as studies of material interactions in calorimeter material or
cosmic ray muon analyses could also benefit from this technique with additional development. Finally, this
technique can also be explored for the Phase II upgrade of the ATLAS detector for the High-Luminosity
LHC, where improved muon system instrumentation and tracking capabilities may further enhance its
performance and physics potential.
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