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Search for long-lived, massive particles in events with a displaced
vertex and a muon with large impact parameter in pp collisions

at
ffiffi
s

p
= 13 TeV with the ATLAS detector
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A search for long-lived particles decaying into hadrons and at least one muon is presented. The analysis
selects events that pass a muon or missing-transverse-momentum trigger and contain a displaced muon
track and a displaced vertex. The analyzed dataset of proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV was
collected with the ATLAS detector and corresponds to 136 fb−1. The search employs dedicated
reconstruction techniques that significantly increase the sensitivity to long-lived particle decays that
occur in the ATLAS inner detector. Background estimates for Standard Model processes and instrumental
effects are extracted from data. The observed event yields are compatible with those expected from
background processes. The results are presented as limits at 95% confidence level on model-independent
cross sections for processes beyond the Standard Model, and interpreted as exclusion limits in scenarios
with pair production of long-lived top squarks that decay via a small R-parity-violating coupling into a
quark and a muon. Top squarks with masses up to 1.7 TeVare excluded for a lifetime of 0.1 ns, and masses
below 1.3 TeV are excluded for lifetimes between 0.01 ns and 30 ns.

DOI: 10.1103/PhysRevD.102.032006

I. INTRODUCTION

The Standard Model (SM) of particle physics has
successfully predicted the results of decades of laboratory
experiments with impressive precision, but it suffers from
several notable inadequacies. For example, the SM lacks
explanations for the scale hierarchy of the interactions [1,2]
and dark matter [3], and it does not include a quantum
description of gravity. However, despite ambitious search
programs, the experiments at the Large Hadron Collider
(LHC) have not yet reported any evidence of physics
beyond the Standard Model (BSM).
A possible way for BSM signatures to evade the con-

straints from these searches is if the BSMparticles produced
in proton-proton (pp) collisions do not decay promptly but
have lifetimes sufficiently long to yield decay lengths of the
order of 1mmormore. Such long-lived particles (LLPs) can
generate a variety of unconventional detector signatures that
are often completely free of irreducible backgrounds from
SM processes. However, without dedicated reconstruction
algorithms and analysis techniques that consider this pos-
sibility, a discovery of LLPs may be missed [4]. While there

is a long history of searches for LLP signatures at colliders,
such searches have attracted increased interest since the
startup of the LHC [5]. This paper reports a search for decays
of LLPs including amuon, using the full Run-2 dataset of the
ATLAS experiment.
Extensions of the Standard Model involving supersym-

metry (SUSY) [6–11] are appealing from a theoretical
perspective, e.g., due to their potential to achieve gauge-
coupling unification, provide an explanation for dark
matter, and alleviate the naturalness problem [12–15].
Scenarios with a SUSY partner of the top quark, the top
squark t̃, with a mass close to the weak scale are of
particular interest. This is due to the large quantum
corrections to the Higgs boson mass from top-quark loops
that are at the center of the naturalness problem [16,17].
The vast majority of searches for the t̃ squark have

assumed that R parity is conserved. This quantity is defined
as Rp ≡ ð−1Þ3ðB−LÞþ2s where B, L, and s denote baryon
number, lepton number, and spin, respectively [18]. Apart
from small nonperturbative effects [19,20], B and L are
conserved in the SM. It is often assumed that their
conservation will translate to the SUSY sector to auto-
matically avoid low-energy constraints on B and L viola-
tion. However, these conserved quantities in the SM are due
to accidental symmetries, not fundamental symmetries. In
the minimal supersymmetric extension to the SM (MSSM)
[21,22], couplings that violate baryon-number and lepton-
number conservation naturally occur at tree level. The
couplings responsible for these violations are collectively
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called R-parity-violating (RPV) couplings. The RPV terms
of the MSSM superpotential are given by

WRPV ¼ μilihu þ λijkliljēk þ λ0ijkliqjd̄k þ λ00ijkūid̄jd̄k;

where μi, λijk, λ0ijk, and λ00ijk are the RPV couplings, l and e
represent the lepton and charged-lepton supermultiplets, hu
represents the up-type Higgs supermultiplets, and q, u, and
d represent the quark, up-type quark, and down-type quark
supermultiplets, respectively [18]. The symbols i, j, and k
are generation indices. Nonzero RPV couplings can, for
example, result in an unstable lightest SUSY particle (LSP)
rendering constraints from many SUSY searches invalid. In
such models, the LSP does not serve as a dark-matter
candidate as it often does in Rp-conserving models [23,24].
The search presented here targets nonzero values of the

λ0ijk coupling. All other RPV couplings are assumed to be
exactly zero. Various low- and intermediate-energy con-
straints set upper limits on the size of these λ0ijk couplings,
particularly for couplings involving light flavors. These
include measurements of the elements of the Cabibbo-
Kobayashi-Maskawa matrix, constraints on neutrinoless
double-beta decay, and B-physics measurements. Many of
these constraints suggest that the value of any nonzero RPV
coupling needs to be small. In turn, this naturally leads to
suppression of the decay processes and can give rise to
long-lived SUSY particles. A nonzero λ023k coupling would
allow a top squark to decay into a muon and a kth-
generation down-type quark, as shown in Fig. 1. The
strongest indirect constraints on this coupling come from
partial-width measurements of the Z boson at LEP and
exclude λ023k > 0.45, assuming the existence of a squark
with a mass of 100 GeV. A summary of experimental
constraints on RPV SUSY is given in Ref. [18].
In models with sufficiently small λ023k coupling values

and where the t̃ squark is the LSP, the suppression of the
decay causes it to occur at discernible distances from the

pp interaction point where the t̃ squark pair was produced.
This would give rise to muons and high-mass vertices that
are significantly displaced from the interaction point,
yielding a distinctive detector signature in a collider experi-
ment, with no irreducible backgrounds from SM processes.
The search presented here is designed to be sensitive to this
signature.
Other proposed BSM scenarios that could result in long-

lived particle decays into at least one muon include long-
lived lepto-quarks [25], long-lived BSM particles appearing
in decays of Higgs bosons [26,27], scenarios with right-
handed neutrinos with Majorana masses below the electro-
weak scale [28] and RPV scenarios with a long-lived
electroweakino LSP decaying through a virtual scalar muon
and a λ02jk coupling [29].
Searches for a t̃ squark decaying promptly via the λ0ijk

couplings have been performed by the ATLAS and CMS
Collaborations [30,31]. Exclusion limits on long-lived top
squarks decaying into a muon and a hadronic jet have also
been obtained by the CMS Collaboration, excluding t̃
squark masses below 1.4 TeV for a mean proper lifetime of
0.1 ns [32–34]. Related searches for displaced lepton
production in association with displaced hadronic activity
have been performed by the ATLAS Collaboration [35,36].
In the search presented in this paper, dedicated tracking

and vertexing algorithms are employed to retain selection
efficiency for such LLP signatures. Events are required to
contain a reconstructed displaced vertex and a reconstructed
muon with a large impact parameter. Unlike previous
searches from the ATLAS Collaboration [35,36], the muon
is not required to be associated with the vertex, in order to be
inclusive of various BSM decay topologies. Signal region
criteria are designed to select no more than roughly one
background event in the available dataset, whilemaximizing
the expected signal yield. The uncertainty in any back-
ground prediction is dominated by the statistical component.
The predictions of the backgroundyields are entirely derived
in data, with individual contributions estimated from dedi-
cated control regions.

II. ATLAS DETECTOR

The ATLAS detector [37] at the LHC is a multipurpose
particle detector with a forward-backward symmetric cylin-
drical geometry and a near 4π coverage in solid angle.1 It
consists of an inner detector (ID) surrounded by a thin

FIG. 1. Diagram showing production of a top squark-antisquark
pair (both denoted by t̃), in which the top (anti-)squark decays
into μþ (μ−) and a down-type (anti-)quark of generation k. With
sufficiently small values of the R-parity-violating coupling λ023k,
the lifetime of the t̃ becomes long enough to give rise to decays
which are significantly displaced from their production point.

1ATLAS 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. Cylindrical coordinates ðr;ϕÞ are used in the transverse
plane, ϕ being the azimuthal angle around the z axis. The
pseudorapidity is defined in terms of the polar angle θ as
η ¼ − ln tanðθ=2Þ. Angular distance is measured in units of
ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

.

G. AAD et al. PHYS. REV. D 102, 032006 (2020)

032006-2



superconducting solenoid, electromagnetic and hadronic
calorimeters, and a muon spectrometer (MS) incorporating
three large superconducting toroidal magnets.
The ID is immersed in a 2 T axial magnetic field and

provides charged-particle tracking in the range jηj < 2.5. The
high-granularity silicon pixel detector covers the vertex
region and typically provides four measurements per track,
the first hit being normally in the insertable B layer [38,39]
located just outside the beam pipe at a radius of 33 mm from
the proton beam line. Three more concentric pixel layers are
situated at radii of 50.5, 88.5 and 122.5 mm before the
first active layer of the semiconductor tracker (SCT) at
r ¼ 299 mm. Based on silicon microstrip technology, the
SCT typically provides eight separate measurements. These
silicon detectors are complemented by the transition radiation
tracker (TRT), a straw-tube drift chamber which enables
radially extended track reconstruction up to jηj ¼ 2.0.
In the central pseudorapidity range, energy measure-

ments are provided by a high-granularity lead/liquid-argon
(LAr) sampling calorimeter for electromagnetic deposits,
and a steel/scintillator-tile calorimeter for hadrons (jηj <
1.475 and jηj < 1.7, respectively). The end cap and forward
regions are instrumented with LAr calorimeters for both the
electromagnetic and hadronic energy measurements up to
jηj ¼ 4.9. Together, these systems provide full coverage in
the region jηj < 4.9.
The MS surrounds the calorimeters and features three

large air-core toroidal superconducting magnets with eight
coils each. The integral of the magnetic field from the
toroids ranges between 2 and 6 T m for particle trajectories
across most of the detector. The MS includes a system of
precision tracking chambers and fast detectors for trigger-
ing. Three layers of drift-tube chambers provide an accurate
measurement of the muon track curvature in the region
jηj < 2.0, while two layers of drift-tube chambers and one
layer of cathode-strip chambers extend this measurement to
jηj < 2.7. Resistive-plate chambers provide muon trigger-
ing capability for jηj < 1.05 while thin-gap chambers are
used in the region 1.05 < jηj < 2.4.
Interesting events are selected to be recorded by the first-

level trigger system implemented in custom hardware,
followed by selections made by algorithms implemented
in software in the high-level trigger [40]. The first-level
trigger makes decisions at the 40 MHz bunch crossing rate
to keep the event selection rate below 100 kHz, which the
high-level trigger further reduces in order to record events
to disk at about 1 kHz.

III. DATA SAMPLES AND SIMULATED EVENTS

The analysis is performed on a set of pp collision data atffiffiffi
s

p ¼ 13 TeV recorded during 2016–2018 which, after
requiring good quality of the data [41], corresponds to an
integrated luminosity of 136 fb−1. The uncertainty in the
combined 2015–2018 integrated luminosity is 1.7% [42],
obtained using the LUCID-2 detector [43] for the primary

luminosity measurements. The data analyzed for this result
were recorded using triggers requiring either a track in theMS
with transverse momentumpT > 60 GeV and jηj < 1.05, or
large missing transverse momentum Emiss

T as measured in the
calorimeters (Emiss

T > 100 GeV for a portionof the 2016data,
and Emiss

T > 110 GeV for the rest of the analyzed dataset). In
the recorded events, there are approximately 35pp collisions
in the same LHC bunch crossing, on average.
Samples of long-lived top squark-antisquarkpairs (denoted

by t̃ t̃) fromMonteCarlo (MC) simulations are used as bench-
marks to study expected signal efficiencies. Samples with
1 TeV ≤ mðt̃Þ ≤ 2 TeVwere generated in steps of 100GeV,
for mean proper lifetimes τðt̃Þ of 0.01, 0.1 and 1 ns for each
mass value. All other SUSY-particle contributions are
assumed to be decoupled. The matrix element calculation
for the t̃ squark pair production was performed to leading-
order precision with MadGraph5_aMC@NLO 2.6.1 [44] with up to
twoadditional outgoingpartons,while themodelingof parton
showers, hadronization and the underlying event was per-
formed by PYTHIA 8.230 [45] with the A14 set of tuned
parameters [46]. Parton distribution functions (PDF) from the
NNPDF23LO [47] set were used. In the signal models
considered in this paper, the t̃ squark lifetime is larger than
the hadronization timescale in quantum chromodynamics
(QCD). Since the t̃ squark carries color charge, it will undergo
a hadronization process in Pythia and form a composite color-
singlet statewithSMquarks, anR hadron. Dedicated routines
for hadronization of heavy colored particles [48]were used to
simulate the hadronization process. The top squarks primarily
form mesonlike states (t̃ q̄), but approximately 10% of them
form baryonlike states (t̃qq). Roughly half of the R hadrons
formed around the top squarks have nonzero electric charge,
and due to the t̃ t̃ production the two R hadrons cannot have
electric charges of the same sign.
The R hadrons from Pythia are then propagated through a

simulation of the ATLAS detector [49] implemented in
GEANT 4v10.1.3 [50] employing dedicatedmodels ofR-hadron
interactions with the detector material [51–53], which can
alter the content of the light-quark system in the R hadron,
possibly changing its electric charge as it traverses the
detector. At the position of the decay, the R hadron is passed
to an instance of Pythia which simulates the decay into final-
state particles using the parton shower model described
above. The resulting decay products are then further propa-
gated through the detector simulation, starting from the point
where the R hadron decays. Reference [54] contains more
complete technical details of the treatment ofR hadrons in the
simulations. The decay process t̃ → μq is simulated, where q
represents light-flavor, down-type quarks, given by nonzero
λ0231 and λ0232 couplings. While the simulated mean proper
lifetimes of the t̃ squark are 0.01, 0.1, and 1 ns, in the
interpretation of the results, additional lifetime values are
evaluated by reweighting events from these samples.
Signal production cross sections are calculated to

approximate next-to-next-to-leading order in the strong
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coupling constant, adding the resummation of soft gluon
emission at next-to-next-to-leading-logarithm accuracy
(approximate NNLOþ NNLL) [55–62]. The nominal
cross sections and their uncertainties are derived using
the PDF4LHC15_mc PDF set, following the recommen-
dations of Ref. [63], and range from 6.8� 0.8 fb at a t̃mass
of 1 TeV to 15� 4 ab at 2 TeV.
Samples of Z → μþμ− events generated using Powheg-

Box v1 r2856 [64–67] and PYTHIA 8.186 [68], and recon-
structed with the same configuration as the signal samples
(see Sec. IV), are used to determine scale factors account-
ing for small differences in muon identification efficiency
between the data and the MC simulation.
All simulated event samples include the effects of pileup,

i.e., multiple pp interactions per bunch crossing as well as
effects on the detector response due to activity from bunch
crossings before or after the one containing the selected
event. These effects are modeled by overlaying simulated
inelastic pp events generated with PYTHIA 8.186 [68] using
the NNPDF23LO set of PDFs [47] and the A3 tune [69]
over the original hard-scattering event.

IV. EVENT RECONSTRUCTION

The standardATLAS track reconstruction is optimized for
the trajectories of charged particles originating from the
interaction region, or from decays of short-lived particles
such as b hadrons. To reduce the computational complexity,
constraints are therefore placed on the transverse and
longitudinal impact parameters of track candidates relative
to the interaction region (jd0j < 10 mmand jz0j < 250 mm,
respectively), and their hit multiplicities, to select particles
emerging from the initial pp collision. The primary vertex
(PV) is defined as the collision vertex with the largest

P
p2
T

of its associated tracks [70].
In order to reconstruct tracks from the decays of long-

lived BSM particles, which typically have impact param-
eters that fall outside the standard constraints, a dedicated
track reconstruction is performed using large-radius
tracking (LRT) [71]. The LRT uses hits not already
associated with tracks reconstructed by the standard
tracking algorithm in order to improve the efficiency for
tracks not originating from the interaction region.
Requirements on the track impact parameters are relaxed
to jd0j < 300 mm and jz0j < 1500 mm. Requirements on
the number of hits which are allowed to be shared by
multiple tracks are also relaxed. Tracks from the standard
processing and the LRT processing are treated as a single
collection in all subsequent steps of reconstruction, such as
in the reconstruction of muons used in this search. Apart
from the expanded input ID track collection, muons are
reconstructed using the algorithms described in Ref. [72].
A dedicated secondary-vertex reconstruction algorithm

for LLP decays is employed to reconstruct displaced
vertices (DVs). As input to this vertex reconstruction,
only tracks with transverse momentum pT > 1 GeV and

jd0j > 2 mm are considered. The d0 requirement ensures
that most tracks from pp collisions and those produced in
decays of short-lived, lower-mass SM particles such as b
hadrons, are ignored in DV reconstruction. In order to avoid
contamination of the vertex reconstruction with fake tracks,
which are reconstructed from spurious combinations of hits,
the input-track selection includes several additional require-
ments. Tracks are required to have at least six SCT hits or at
least one pixel hit. A track is rejected if it has fewer than two
pixel hits and also completely lacks TRT hits. Due to a larger
relative contribution of fake tracks at lowmomentum, tracks
with pT < 25 GeV are subject to the additional require-
ments of having at least seven SCT hits, as well as having at
least 20 TRT hits if within jηj < 1.6. Since only tracks with
jd0j > 2 mm are considered, a track from a charged LLP
originating at the PV will not be included in the vertex
reconstructed from its decay products.
The DV reconstruction begins by finding all possible two-

track seed vertices from all possible pairs of selected tracks.
The seed vertices are required to have a fit with χ2 per degree
of freedom less than 5. Several additional requirements are
then applied to ensure the seed vertex tracks are compatible
with the decay of a particle originating from the PV. First,
both tracks of the seed vertex are required not to have hits in
pixel layers at radii smaller than the position of the seed
vertex, and are required to have a hit in the first pixel or SCT
layer at larger radius, if expected. If a seed vertex is inside or
within several millimeters of a tracker barrel layer, hits in that
particular layer are neither forbidden nor required. This
avoids penalizing cases where it is unclear which side of the
layer the vertex is on. Second, the inner product of the vector
sum of the track momenta and the vector pointing from the
PV to the seed vertex is required to be positive, ensuring that
the seed vertex is pointing away from the PV.
The collection of all possible two-track seed vertices is

then iteratively merged to form n-track vertices. Ambi-
guities due to tracks being compatible with more than one
vertex are resolved by comparing their χ2 values in the
vertex fits, or by merging the vertices if the distance
between their estimated positions is not significant enough.
To recover losses due to the tight requirements on the tracks
used in the seed-vertex finding, tracks compatible with the
reconstructed vertices are also attached even if they have
associated hits in lower-radius layers. Extra requirements
are made on the d0 of the tracks before they are attached
to the DV in order to suppress fake tracks from the
reconstruction. More details about the secondary-vertexing
algorithm can be found in Ref. [73].
In the following, the number of associated tracks for a

given DV is denoted by nDVTracks, and its visible invariant
mass calculated from the four-momenta of the associated
tracks, assuming each track was produced by a charged
pion, is denoted by mDV.
The missing transverse momentum of an event is usually

defined as the negative vector sum of the transverse
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momenta of all identified physics objects (electrons,
photons, muons, jets) calibrated individually. In this analy-
sis, an alternative definition using only topological clusters
of energy deposits in the calorimeters is used instead [74].
The clusters are locally calibrated to the hadronic scale, but
no object-level information is used to calibrate the clusters.
In the following, this is referred to as cluster-based Emiss

T .
This definition is used because of its similarity to the Emiss

T
definition that is used in the trigger system, which is based
solely on energy deposits in the calorimeter. The bench-
mark signal considered in this analysis does not include any
genuine missing transverse momentum, but since high-pT
muons are expected to deposit only a small fraction of their
energy in the calorimeters through ionization, most of their
momentum is unaccounted for, making the Emiss

T trigger
efficient for this signature.

V. EVENT SELECTION

As the LRT processing is computationally expensive, it
cannot be run on all events recorded with the ATLAS
detector. Instead, during the prompt processing of the data,
a tight selection filters out a subset of the events into a
special raw-data stream. As the low-level hit information is
ordinarily not stored for analysis, this special raw-data
stream is later processed using the dedicated reconstruction
configuration described in Sec. IV. This filtering is there-
fore the first step in this analysis, defining the start of two
mutually exclusive trigger-based event selections:

(i) Emiss
T -triggered sample: Events recorded with the

Emiss
T trigger were required to have cluster-based

Emiss
T > 180 GeV, in order to ensure that events are

close to the plateau of the turn-on curve of the Emiss
T

trigger. The Emiss
T trigger threshold varied in the

range 100–110 GeV over the period in which the
data were recorded.

(ii) Muon-triggered sample: Events recorded with the
muon trigger, requiring a track in the MS with jηj <
1.05 and no explicit requirement of an ID track, are
required to have at least one reconstructed muon
with pT > 60 GeV. Reconstructed muons are not
required to be matched to a muon that fired the
trigger in the filtering step, although a trigger
matching requirement is made after events are
processed with special reconstruction. For events
recorded during 2016 data taking, MS tracks that
had a well-matched ID track (without LRT) were
required to have jd0j > 1.5 mm. To make this filter
more inclusive, for the events recorded during 2017–
2018 data taking, no requirement on the muon d0
was imposed. The cluster-based Emiss

T is required to
be less than 180 GeV in order to make the two
samples mutually exclusive.

Events that survive the filtering step detailed above are
reconstructed with the standard ATLAS reconstruction

algorithms and the special reconstruction described in
Sec. IV. Events are then subject to additional selection
criteria. Muon candidates are required to be reconstructed
in both the ID (including LRT tracks) and the MS with
pT > 25 GeV and jηj < 2.5. In order to reject muons that
originate from SM particles, the jd0j of the muon with
respect to the PV is required to be larger than 2 mm.
Additionally, muon jd0j and jz0j are required to be less than
300 and 500 mm, respectively. These requirements define
the muon preselection.
Additional selection criteria are applied to preselected

muons to reject major sources of background. The back-
ground sources identified for large-d0 muons are cosmic-
ray muons, reconstruction algorithm fakes, and muons
from in-flight decays of SM hadrons, especially those
containing heavy-flavor quarks.
To reduce the contribution from cosmic rays, events

which have activity in the MS on the side opposite to the
muon are rejected. The spatial positions of track segments
reconstructed in individualmuon stations are comparedwith
the expected positions given the momentum direction of the
reconstructed muon, assuming infinite momentum. Muons
with matching segments on the opposite side of the MS that
satisfy jηðmuonmomentumÞþηðsegmentpositionÞj<0.05
and jΔϕðmuon momentum; segment positionÞ−πj< 0.22
are rejected. The difference between the ϕ and η require-
ments is due to the MS detector geometry and its superior
resolution in segment η. Track segments are used for this
veto instead of fully reconstructed muon tracks, which are
more likely to fail to be reconstructed as muons not pointing
back to the interaction region. Angular corrections are
applied to account for the longitudinal displacement of
the muon. Muons are also rejected if they are opposite in η
and in ϕ to a region of the MS without detector coverage.
This requirement is designed to ensure that if the muonwere
to pass through the detector like a cosmic-raymuon, it would
pass through an instrumented region of the MS and can
produce a track segment on the opposite side of the muon
spectrometer. This requirement removes 94%of the residual
cosmic muon contribution and around 1% of the contribu-
tion from typical signal samples. Together, these require-
ments constitute the cosmic-muon veto.
Accidental reconstruction of fake displaced muons, from

spurious combinations of hits, can also occur. Such fake
muons, however, tend to have poor quality of fit and fewer
hits on the track. To reject these fake muon candidates, they
are required to be constructed from segments in at least
three MS stations and have a quality of fit χ2=NDoF < 8.
The latter requirement is kept loose to avoid MS alignment
mismodeling effects. These requirements constitute the
fake-muon veto.
Muons produced in semileptonic decays of short-lived

SM hadrons can also contribute to the background proc-
esses for this search. These are primarily decays of hadrons
containing heavy-flavor quarks. However, such muons are
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most often produced with nearby energy depositions from
hadronic activity. As a result, such processes can be
rejected by requiring that the muons are isolated from
nearby ID tracks and calorimeter energy deposits. The sum
of pT from tracks consistent with originating at the PV in a
cone of varying size around the muon is required to be no
more than 6% of the muon pT. The cone has a maximum
size of ΔR ¼ 0.3 for muons with pT < 33.3 GeV, and a
cone size of 10 GeV=pT is used for muons with higher pT.
Additionally, the sum of calorimeter cluster pT in a cone of
size ΔR ¼ 0.2 around the muon is required to be no more
than 6% of the muon pT. These two requirements define the
heavy-flavor veto.
Together, satisfying the cosmic-muon, fake-muon, and

heavy-flavor veto criteria constitutes passing the full muon
selection.
The DVs are required to be reconstructed in a cylindrical

volume with radius rDV < 300 mm and longitudinal extent
jzDVj < 300 mm, have a fit χ2=NDoF < 5, and have a
transverse distance from all reconstructed collision vertices
greater than 4 mm. To remain inclusive of other possible
signals, there is no explicit requirement that a reconstructed
muon be included in the vertex.
To reject vertices arising from interactions with dense

detector material, DVs are further required not to have a
position consistent with sensitive elements of the detector,
its support structures or its services. This veto is imposed
via a three-dimensional map of detector material that is

constructed from measured positions of low-mass vertices
in an inclusive sample and the known positions of detector
elements. This veto removes 42% of the fiducial volume.
The positions of reconstructed vertices in the dataset that
fail this material veto are shown in Fig. 2. These require-
ments define the DV preselection. DVs pass the full
DV selection if, in addition, they satisfy nDVTracks ≥ 3 and
mDV > 20 GeV, requirements designed to reduce the
expected number of background events to around one.
For the signal scenarios considered in this paper, roughly
half of the DVs satisfying the preselection criteria contain a
track from a reconstructed muon, while roughly 80%–90%
of DVs passing the full DV selection contain such a track.
Table I lists the preselection and full selection criteria for

muons and DVs.
Figure 3 shows the vertex acceptance and efficiency for

three benchmark signal scenarios with variousmass hypoth-
eses and τðt̃Þ ¼ 1 ns. The vertex acceptance is defined
by requiring a t̃ R-hadron decay inside the fiducial volume
considered by the analysis, rDV < 300 mm, jzDVj <
300 mm. R-hadron decays are further required to decay
with a transverse position of rDV > 4 mm, in order to
emulate the requirement that displaced vertices be at least
4 mm away from any pp collision vertex in the event, in the
transverse plane. Stable, electrically charged decay products
of theR hadronwithpT > 1 GeVand jd0j > 2 mmare used
to compute the visible invariant mass and number of visible
charged particles leaving the vertex. These requirements

FIG. 2. The positions in the x − y plane (left) and r − z plane (right) of reconstructed displaced vertices that fail the material veto in the
analyzed dataset. The latter figure is restricted to positive z values for presentation.

TABLE I. Selection requirements for muons and displaced vertices.

Selection level Muon Selection Displaced Vertex Selection

Preselection pT > 25 GeV, jηj < 2.5, rDV < 300 mm, jzDVj < 300 mm,
2 mm < jd0j < 300 mm, minðjr⃗DV − r⃗PVjÞ > 4 mm, χ2=NDoF < 5,

jz0j < 500 mm Pass material map veto

Full selection Pass cosmic-muon, fake-muon, nDVTracks ≥ 3,
and heavy-flavor vetoes mDV > 20 GeV
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define the tracking acceptance. This visible invariantmass of
the vertex is required to be greater than 20 GeV, and the
vertex must comprise at least three charged particles in the
tracking acceptance. The vertexing efficiency is computed
with respect to the R-hadron acceptance. In order to satisfy
the efficiency requirement, R-hadron decays must be
matched to a reconstructed DV that satisfies the full
displaced vertex selection, as described in Table I. The
structure in the efficiency distribution as a function of rDV is
largely due to the application of the detector material veto.
For decays that occur inside the fiducial volume, the

acceptance varies between 95% and 55%. The only excep-
tion is for decays which occur within millimeters of the
primary pp vertex. These decays are either not sufficiently
displaced from the primary vertex, or do not produce a
sufficient number of charged particles with large transverse
impact parameters. Higher acceptance is observed for larger
t̃ masses. The vertex efficiency is highest for decays
occurring at radii smaller than the beam-pipe radius. For
decays which occur at larger radii, the efficiency is affected
by the tracking efficiency and material veto. Similar effi-
ciency is observed for different t̃ masses.
The event preselection is applied by requiring that events

have at least one preselected muon and a PV with at least
two tracks and jzPVj < 200 mm. Events in the signal
regions (SRs) are required to have at least one fully

selected muon and at least one fully selected DV, as
described above. Two orthogonal SRs are defined based
on the trigger used to record events. The muon trigger SR
uses the MS track trigger described above and requires
cluster-based Emiss

T below 180 GeV and a muon with pT >
62 GeV and jηj < 1.05 to ensure efficient triggering. This
muon is further required to spatially coincide with the
trigger-level muon. The Emiss

T trigger SR uses the Emiss
T -

based trigger described above and requires that the cluster-
based Emiss

T be larger than 180 GeV. The event selection
requirements are summarized in Table II.

VI. BACKGROUND ESTIMATION

The backgrounds for displacedmuons described in Sec. V
are largely removed by dedicated veto requirements. Sources
of background for DVs include detector material interactions
and randomly intersecting tracks, which are efficiently
suppressed by vetoing vertices in regions known to have
material and requiring nDVTracks ≥ 3 and mDV > 20 GeV.
The background estimation used in this analysis relies on

the fact that the variables used to reject displaced muons
from background sources are uncorrelated with the varia-
bles used to reject displaced vertices from background.
This is exploited in order to estimate backgrounds in the SR
from data. Any residual correlation is measured and treated
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FIG. 3. Vertex selection acceptance (left) and efficiency (right) are shown for the t̃ R-hadron benchmark model as a function of the true
transverse decay position rDV.

TABLE II. Event selection requirements.

Selection level Emiss
T Trigger SR Muon Trigger SR

Preselection Selected by Emiss
T trigger, Selected by muon trigger,

Cluster-based Emiss
T > 180 GeV, Cluster-based Emiss

T > 180 GeV,
Preselected muon Preselected muon,

Highest-pT muon matches a trigger muon
and has pT > 62 GeV and jηj < 1.05

Full selection ≥1 full-selection muon, ≥1 full-selection DV
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as a systematic uncertainty in the background prediction
as described in Sec. VII. The following subsections
describe how the residual backgrounds from cosmic rays,
algorithm fakes, and heavy-flavor decays in the SRs are
determined.
For each of the sources of background muons, a

dedicated control region (CR) is constructed as described
in Sec. VI A. Transfer factors for each of these muon
backgrounds are measured in regions with background-like
DVs and are used to extrapolate from CRs to the SR, as
discussed in Sec. VI B. These extrapolations are validated
in a set of validation regions (VRs) with an orthogonal set
of background-like DVs. The full estimation of the back-
ground yield is presented in Sec. VI C.

A. Region definitions

Preselected events are divided into three regions depend-
ing on the DV properties:
(1) DV Control Region (DV CR): no DVs passing the

preselection, comprising three subregions:
(a) No DVs with a good fit quality passing the

material map veto,
(b) Only two-track DVs failing the material

map veto,
(c) Only three-track DVs failing the material

map veto;
(2) DV Validation Region (DV VR): preselected DVs not

passing the full selection, comprising two sub-
regions:
(a) Preselected two-track DVs,

(b) Preselected DVs with mDV < 20 GeV and
nDVTracks > 2; and

(3) DV Signal Region (DV SR): DVs passing the full
selection.

For each muon background, a CR enriched with events
of this background is defined by inverting the dedicated
veto. A transfer factor is then determined as the ratio of the
number of events passing the veto to the number of events
rejected by it. As the probability of passing or failing the
muon veto does not depend on the DV properties of the
event, this transfer factor can be measured in the DV CR
and applied in the DV SR in order to estimate the back-
ground contribution.
The following muon selections are used to define an

orthogonal slicing of the dataset:
(i) Fake-muon CR: full muon selection with the fake-

muon veto inverted,
(ii) Heavy-flavor CR: full muon selection with the

heavy-flavor veto inverted,
(iii) Cosmic-muon CR: full muon selection with the

cosmic-muon veto inverted, and
(iv) Muon SR: full muon selection.
The final signal regions used in this search are the

intersections of the DV SR requirements and the Muon SR
requirements.

B. Transfer factor determination

The DV CR is used to determine the transfer factors for
each of the three muon backgrounds. The transfer factor fi
is measured as

fi ¼
NðPreselected events;DV ∈ DV CR; μpasses veto i and passesd0 selection iÞ
NðPreselected events;DV ∈ DV CR; μ fails veto i and passesd0 selection iÞ

;

where i represents the fake-muon, heavy-flavor, and
cosmic-muon backgrounds, and events in both the numer-
ator and denominator are required to pass the other two
vetoes that compose the full muon selection. Varying d0
selections are applied for each background estimation and
are described below.
The fake-muon and heavy-flavor transfer factors are

determined in the Emiss
T -triggered sample, but because a

larger number of eventswith cosmic-raymuons are expected
to be found in themuon-triggered sample, the corresponding
transfer factor is determined in those events. Additionally, to
minimize the impact of muons from heavy-flavor decays on
the determination of the transfer factors for fake-muon and
cosmic-muon backgrounds, those are determined using
preselected muons with 5 mm < jd0j < 300 mm. For sim-
ilar reasons, the heavy-flavor transfer factor is measured
using preselected muons with 1.5 mm < jd0j < 3.0 mm.
The transfer factor dependence on these requirements on

muon d0 are accounted for in a dedicated systematic
uncertainty as discussed in Section VII.
Given these selections, both the numerator and denom-

inator of the transfer factors are taken from regions pure in
their respective backgrounds, using the inversion of dedi-
cated vetos as well as event and muon properties character-
istic of each background source. Table III reports the
transfer factors extracted from the data in the DV CR,
along with their uncertainties (discussed in Sec. VII).
Although the fake-muon and heavy-flavor transfer fac-

tors are measured in the Emiss
T -triggered sample, they are

also applied in the muon-triggered sample. The cosmic-ray
transfer factor is similarly applied to the Emiss

T -triggered
sample. In order to ensure that the extrapolation between
trigger streams does not lead to a bias, a separate meas-
urement of the heavy-flavor transfer factor is made in the
muon-triggered sample and compared with the nominal
transfer factor. Agreement within uncertainties is observed.
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It is impossible to repeat this check with cosmic-ray and
fake-muon transfer factors, because they are negligible
backgrounds in the Emiss

T -triggered and muon-triggered
samples respectively. Furthermore, cosmic-ray muons are
expected to exhibit the same characteristics regardless of
the trigger used to collect the event.

C. Background predictions

Using the transfer factors determined from the data, the
background in the final SRs of the analysis can be predicted
for each source i by multiplying the event yield observed in
the corresponding muon CR, NCR

i , in events with at least
one DV passing the full selection (DV SR) by fi. The total
expected backgroundNSR

B in each SR of the analysis is then
given by

NSR
B ¼

X
i

NCR
i × fi:

Similarly, the transfer factors are validated by com-
paring their predictions with the observed data in the DV
VR to gain confidence that the method works. The VR is
divided into two separate regions, one with two-track DVs
and one with low-mass DVs with three tracks or more. The
observed results of this validation are discussed in
Sec. VIII.
Using the technique described above, the total predicted

background yields are 0.43� 0.16ðstatÞ � 0.16ðsystÞ for
the Emiss

T trigger SR and 1.88� 0.20ðstatÞ � 0.28ðsystÞ for
the muon trigger SR. CR yields used in the background
estimation are shown in Table IValong with predictions for
the SRs. For the Emiss

T trigger SR, no events are observed in

the cosmic-muon CR, so fewer than 0.01 cosmic-ray
muon events are expected in the SR at 68% confidence
level (CL). This background component is therefore con-
sidered negligible in the presence of the other background
contributions.

VII. UNCERTAINTIES

Uncertainties affecting the estimated SR event yields for
the various sources of background are assessed by using
transfer factors extracted in subregions of the CRs probing
different regions of DV properties, and taking the largest
deviation from the nominal transfer factor measurement.
The DV CR is divided into three subregions of events:
those with no reconstructed DV and those with two-track
DVs or three-track DVs that do not pass the material veto.
Given the differing DV properties, the span of these
transfer factors represents the overall uncertainty from
residual correlations between DV and muon properties.
Uncertainties are also assessed by measuring transfer
factors with varying requirements on the muon d0. For
the fake-muon and cosmic-ray transfer factors, separate
measurements are evaluated for muons with 5 < jd0j <
100 mm and 100 < jd0j < 300 mm. For the heavy-flavor
transfer factor, transfer factors are evaluated for muons
with 1.5 < jd0j < 1.7 mm and 1.7 < jd0j < 3 mm. These
impact parameter selections were designed to minimize
the statistical uncertainties of the alternative transfer factor
measurements. The spread of these transfer factors is
measured to account for residual dependence of the
transfer factor on the measured muon properties. The
uncertainties from these two variations are added in
quadrature. The uncertainties for the final SR background
predictions quoted in Sec. VI are determined in this way.
A number of factors affect the uncertainty of the event

yields predicted for signal scenarios, and this section
outlines how their impact on the final event selection
efficiencies ϵsel is determined.
The largest overall uncertainty is related to the dedicated

LRT and secondary-vertex reconstruction. The radial dis-
tributions of secondary vertices from K0

S decays are

TABLE III. Transfer factors used to calculate background
estimates, extracted from control regions.

Background source (i) Transfer factor (fi)

Cosmic-ray muons ð4.0� 0.2ðstatÞ � 0.5ðsystÞÞ × 10−3

Fake muons ð1.0� 0.3ðstatÞ � 0.5ðsystÞÞ × 10−2

Heavy-flavor muons ð9.1� 1.6ðstatÞ � 4.0ðsystÞÞ × 10−2

TABLE IV. Control region yields NCR
i are shown for each major background for the Emiss

T trigger region and the muon trigger region,
along with the result of scaling each background component by the appropriate transfer factor fi. The total background yields NSR

B
expected in each SR are also shown. The uncertainties shown are statistical and systematic, respectively. For the Emiss

T trigger region, the
contribution from cosmic-ray muons is found to be negligible as described in the text.

Selection Background Source NCR
i NCR

i × fi NSR
B

Cosmic-ray muons 0 � � �
Emiss
T trigger Fake muons 16 0.16� 0.04� 0.09

�
0.43� 0.16� 0.16

Heavy-flavor muons 3 0.27� 0.16� 0.13

Cosmic-ray muons 376 1.50� 0.08� 0.23
Muon trigger Fake muons 1 0.01� 0.01� 0.01

�
1.88� 0.20� 0.28

Heavy-flavor muons 4 0.36� 0.18� 0.17
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compared in data and Pythia multijet simulation, after
normalizing the two distributions by the number of vertices
at low radii, where tracking efficiencies are well under-
stood. The mismodeling of the reconstruction efficiency in
MC simulation at large track impact parameter and large
vertex radius is estimated in this comparison. The largest
observed difference is applied as a conservative per-track
efficiency uncertainty of�10%which is then applied to the
tracks associated with displaced vertices in the signal
samples. The effect on final event counts with a fully
selected DV is determined to be 15%.
Additional uncertainty due to imperfect trigger effi-

ciency is determined by comparing the Emiss
T trigger

efficiency turn-on as function of cluster-based Emiss
T in Z →

μþμ− events in data and MC simulation. An Emiss
T -

dependent correction (between 0 and 10%) is extracted
and applied to the MC samples for events which have
cluster-based Emiss

T between 180 and 220 GeV. The relative
difference between the final SR event yields with and
without this correction is taken as a systematic uncertainty,
found to be <0.2%. The uncertainties in the scale and
resolution for the cluster energies entering the Emiss

T
calculation are assessed by studying the size of these
uncertainties for fully reconstructed jets [75]. The same
variations are also observed to have a small effect on the
muon isolation efficiency. The combined effect is deter-
mined to be no more than 2.1%, which is applied to all
signal efficiencies.
For the efficiency of theMS-onlymuon trigger, the relative

efficiency degradation as a function of d0 with respect to
prompt muons as determined in MC signal samples is taken
as an uncertainty. The per-track reconstruction efficiency
uncertainty extracted above from K0

S decays is also applied
for the ID part of the muon track reconstruction. The muon
reconstruction and selection criteria efficiency are also
determined in MC, and the degradation as a function of
d0 with respect to prompt muons is taken as an uncertainty.
The effects of these uncertainties are assumed to be uncorre-
lated. Their combined impact on the signal event yields in the
SR is 10%–12%. The uncertainty due to residual inefficiency
in theMS-only muon trigger given prompt muon production
is found to be <0.2%. In addition, since custom muon
identification criteria are applied, differences between data
and MC events are corrected for by comparing efficiencies
for prompt muons in Z → μþμ− events in data and MC
samples processed with the special reconstruction used for
the analysis. The statistical uncertainties of these measured
scale factors are propagated to the final SR event yield
uncertainties for signal, resulting in an impact of 0.9%–4.0%
on the total selection efficiency. This uncertainty is added
in quadrature with standard prompt muon uncertainties due
to mismeasurement and result in additional uncertainties
below 1%.
To assess the sensitivity to effects due to imperfect

modeling of the pileup interactions in the signal samples, a

reweighting is applied to the MC signal samples to cover
the uncertainty in the number of pp interactions in the data.
The largest relative difference in ϵsel is determined to be
between 0.37% and 2.2%. Another uncertainty stems from
the modeling of initial-state QCD radiation (ISR), which
affects the kinematics of the t̃ t̃ system and thus the cluster-
based Emiss

T and the muon pT distribution. To assess the
sensitivity of ϵsel to this, a reweighting of the pT distribu-
tion of the t̃ t̃ system in the MadGraph5_aMC@NLO events is
applied to simulate that of PYTHIA 6.427. The resulting
impact on ϵsel is 3%. Finally, the uncertainty of 1.7% in the
integrated luminosity of the dataset is included as that
translates directly to an uncertainty in the expected yield of
signal events in the SRs.
The impact of the systematic uncertainties affecting the

signal yield in both signal regions is summarized in
Table V.

VIII. RESULTS

No events are observed in the Emiss
T trigger SR where

0.43� 0.16ðstatÞ � 0.16ðsystÞ events are expected in the
absence of signal, while a single event is observed in the
muon trigger SR where 1.88� 0.20ðstatÞ � 0.28ðsystÞ
events are expected. The observed event yields are in good
agreement with the background-only expectations. The
single event observed in the muon trigger SR contains a
selected muon with pT ¼ 103 GeV, and two selected DVs.
One DV has nDVTracks ¼ 3,mDV ¼ 23.5 GeV, and net electric
charge of þ1e, while the other has nDVTracks ¼ 3, mDV ¼
22.7 GeV, and a net electric charge of −1e.
Figure 4 shows the distributions of the variables used

for the final two DV-selection requirements in events with
a muon passing the full muon selection. The track multi-
plicity nDVTracks is shown for all preselected displaced
vertices. The invariant mass mDV is shown for the highest-
mass preselected displaced vertex with at least three

TABLE V. Summary of the impact of systematic uncertainties
on the predicted yield for the signal scenarios with pair-produced
long-lived top squarks. These uncertainties apply to both signal
region selections used in the search unless otherwise specified.

Source of Uncertainty
Relative Impact Signal

Yield [%]

Total 18–20
Tracking and vertex reconstruction 15
Displaced muon efficiency 10–12
Prompt muon efficiency (0.01–0.7Þ ⊕ ð0.9–4.0)
ISR modeling in MC simulation 3
Pileup modeling 0.37–2.2
Hadronic energy scale and resolution
(affecting Emiss

T )
2.1

Integrated luminosity of dataset 1.7
Trigger efficiency <0.2
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associated tracks. The individual background predictions
are derived from muon CR distributions scaled by the
transfer factors described in Sec. VI.
For all four distributions, there is good agreement

between the number of vertices observed in data and the
background prediction. The DV full selection require-
ments, nDVTracks ≥ 3 and mDV > 20 GeV are visualized with
a black arrow. For the mDV distributions, inverting the
requirement denoted by the black arrow gives the low-mass
DV VR, showing good agreement between the expected
background normalization and the observed number of
events.
Signal and data event yields are shown as a function of

progressively stricter requirements in Fig. 5 along with the
cumulative selection efficiencies, including acceptance
effects. For the signal model considered here, over 95%
of events have cluster-based Emiss

T > 180 GeV and con-
sequently the Emiss

T trigger SR has the larger cumulative

selection efficiency. For signals with τðt̃Þ ¼ 0.1 ns, the
cumulative selection efficiency of the Emiss

T trigger SR is
35%. Signals with τðt̃Þ ¼ 1 ns have a cumulative selection
efficiency of 15%, due to the reduced efficiency for
reconstructed displaced tracks and displaced vertices at
large radii. Signals with τðt̃Þ ¼ 0.01 ns have cumulative
selection efficiencies between 5%–6%, because many t̃
squark decays occur within millimeters of the primary pp
vertex. The efficiency loss for signals with τðt̃Þ ¼ 0.01 ns
is more pronounced due to the requirement of at least one
muon with jd0j > 2 mm, and a DV which is at least 4 mm
away from any pp collision vertex in the event.
The final yields in the control, validation and signal

regions are shown in Fig. 6. In the DV VRs, the data show
good agreement with the background predictions within
uncertainties, validating the assumptions made in the back-
ground estimation. In the SRs, the data show good agree-
ment with the background predictions within uncertainties.
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FIG. 4. Distributions of track multiplicity nDVTracks (top) for preselected DVs, and invariant mass mDV (bottom) for the highest-mass
preselected DV with at least three associated tracks. This is shown for events with at least one muon passing the full selection, in the
Emiss
T -triggered (left) and muon-triggered (right) samples. Along with the data, shown with black markers, the stacked filled histograms

represent the background estimates, and predictions for signal scenarios are overlaid with dashed lines. Signals with lifetimes of 0.01,
0.1, and 1 ns are shown in black, blue, and red, respectively. For the Emiss

T -triggered (muon-triggered) selection, signal samples are
shown with mðt̃Þ ¼ 1.7 TeV (mðt̃Þ ¼ 1.0 TeV). The errors include statistical and systematic uncertainties and are indicated by hatched
bands. The DV full selection requirements, nDVTracks ≥ 3 and mDV > 20 GeV are visualized with a black arrow.
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The HistFitter package [76] was used for the calculation
of the 95% CL exclusion limits using the CLs prescription
[77]. Figure 7 shows expected and observed 95% CL
exclusion limits on the mass of a long-lived t̃ squark as a
function of its mean proper lifetime τðt̃Þ. For each

configuration of model parameters, the limit from the
SR with the higher expected sensitivity is shown. The
sensitivity to the shown region of parameter space comes
entirely from the Emiss

T trigger SR. Additionally, in Figure 8,
95% CL upper limits on the production cross section of
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T . Signals with lifetimes of 0.01, 0.1, and 1 ns are shown in black, blue, and red, respectively. Samples are
shown for signals with mðt̃Þ ¼ 1.4 TeV.

1

10

210

310

E
ve

nt
s

ATLAS
-1=13 TeV, 136 fbs

 Trigger Selectionmiss
TE

Full Muon Selection

Data Heavy Flavor
Fakes Cosmics

)=(1.7 TeV, 0.01 ns)
t~

τ,
t~

(m
)=(1.7 TeV, 0.1 ns)

t~
τ,

t~
(m

CR 0 DVs
CR two-track

CR three-track

VR two-track

VR low-mass

SR0
0.5

1
1.5

2

D
at

a/
B

G

1

10

210

310

410

E
ve

nt
s

ATLAS
-1=13 TeV, 136 fbs

Muon Trigger Selection
Full Muon Selection

Data Heavy Flavor
Fakes Cosmics

)=(1.0 TeV, 0.01 ns)
t~

τ,
t~

(m
)=(1.0 TeV, 0.1 ns)

t~
τ,

t~
(m

CR 0 DVs
CR two-track

CR three-track

VR two-track

VR low-mass

SR0
0.5

1
1.5

2

D
at

a/
B

G

FIG. 6. The observed event yields in the control, validation and signal regions are shown for the Emiss
T trigger (left) and muon trigger

(right) selections, along with the predicted background yields. The bottom panel shows the ratio of observed events to the total
background yields. Signals with lifetimes of 0.01 ns and 0.1 ns are shown in blue and red, respectively. For the Emiss

T -triggered (muon-
triggered) selection, signal samples are shown with mðt̃Þ ¼ 1.7 TeV (mðt̃Þ ¼ 1.0 TeV). The errors represent the total uncertainty of the
background predictions, including the statistical and systematic uncertainties added in quadrature.

G. AAD et al. PHYS. REV. D 102, 032006 (2020)

032006-12



these signals are shown as a function of mðt̃Þ for various
values of τðt̃Þ. The limits show little variation as a function
of mðt̃Þ owing to the fact that the signal acceptance and
efficiency are relatively invariant in mðt̃Þ for the range
considered here.
Contours showing fixed values of λ023k cos θt are also

shown in Fig. 7 where θt is the mixing angle between the
left- and right-handed t̃ squarks. These contours are derived
using the expression provided in Ref. [78] for a t̃ squark
decay via a single λ0ijk coupling:

τðt̃Þ ¼ 16π

mðt̃Þ½λ023k cos θt�2
:

For a mean proper lifetime of τðt̃Þ ¼ 0.1 ns, masses
below roughly mðt̃Þ ¼ 1.7 TeV are excluded. For masses
on the order of the DV mass requirement of 20 GeV and
below, sensitivity is expected to drastically decrease. For
the wide range of mean proper lifetime values between 0.01
and 30 ns, masses below 1.3 TeV are excluded at 95% CL.
For τðt̃Þ ¼ 0.1 ns, cross-section upper limits are set below
100 ab. For mean proper lifetimes between 0.01 and 100 ns,
these limits are the strictest to date on models with a
metastable t̃ squark decaying via the λ0ijk RPV coupling. For
mðt̃Þ ¼ 1 TeV, values of λ023k cos θt between roughly 10−7

and 10−9 are excluded at 95% CL.
Model-independent upper limits at 95% CL on the

number of BSM events in the signal region are also
derived, assuming no significant contamination from alter-
nate signal models in the control regions. Normalizing
these limits by the integrated luminosity of the data sample,
these numbers can be interpreted as upper limits on the
visible BSM cross section, denoted by σvis. It is defined as
the product of signal acceptance, reconstruction efficiency,
and production cross section. The results are given in
Table VI.

IX. CONCLUSION

A search for physics beyond the Standard Model giving
rise to long-lived particle decays with muons is performed
with the ATLAS experiment at the LHC using 136 fb−1 of
pp collision data at

ffiffiffi
s

p ¼ 13 TeV. Event selections are
developed to efficiently reject backgrounds. The yields
expected from background in the two orthogonal signal
regions used in the analysis are extracted from control
regions in the data and amount to 0.43� 0.16ðstatÞ �
0.16ðsystÞ in the Emiss

T trigger SR, and 1.88� 0.20ðstatÞ �
0.28ðsystÞ in the muon trigger SR. The data agree with the
yields expected from the background-only hypothesis, with
zero and one event passing the Emiss

T and muon trigger SR
requirements, respectively.
The results are interpreted in a supersymmetric model

with pair-produced top squarks t̃ decaying via small values
of the R-parity-violating coupling λ023k into a muon and a
quark, giving the t̃ squark mean proper lifetimes τðt̃Þ in the
ps to ns range. At 95% confidence level, mðt̃Þ values up to
1.7 TeV for τðt̃Þ ¼ 0.1 ns are excluded, and the limit
surpasses 1.3 TeV for all lifetimes in the range from
0.01 to 30 ns. Upper limits on the visible cross section
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FIG. 7. Exclusion limits at 95% CL on mðt̃Þ as a function of
τðt̃Þ are shown along with contours showing fixed values of
λ023k cos θt. Experimental and theoretical uncertainties are shown.
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FIG. 8. Exclusion limits on the production cross section as a
function of mðt̃Þ are shown for several values of τðt̃Þ along with
the nominal signal production cross section and its theoretical
uncertainty.

TABLE VI. The observed 95% CL upper limits on the visible
cross section hσvisi95obs, and the observed (S95obs) and expected (S95exp)
limits on the number of signal events.

Signal Region S95obs S95exp hσvisi95obs [fb]
Emiss
T trigger SR 3.0 3.0þ1.1

−0.0 0.023
Muon trigger SR 3.6 4.2þ1.7

−1.1 0.027
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for processes with the sought signature are 0.023 fb and
0.027 fb for the Emiss

T and muon trigger SRs, respectively.

ACKNOWLEDGMENTS

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.
We acknowledge the support of ANPCyT, Argentina;
YerPhI, Armenia; ARC, Australia; BMWFW and FWF,
Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and
FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN;
CONICYT, Chile; CAS, MOST and NSFC, China;
COLCIENCIAS, Colombia; MSMT CR, MPO CR and
VSC CR, Czech Republic; DNRF and DNSRC, Denmark;
IN2P3-CNRS and CEA-DRF/IRFU, France; SRNSFG,
Georgia; BMBF, HGF and MPG, Germany; GSRT,
Greece; RGC and Hong Kong SAR, China; ISF and
Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS,
Japan; CNRST, Morocco; NWO, Netherlands; RCN,
Norway; MNiSW and NCN, Poland; FCT, Portugal;
MNE/IFA, Romania; MES of Russia and NRC KI,
Russia Federation; JINR; MESTD, Serbia; MSSR,
Slovakia; ARRS and MIZŠ, Slovenia; DST/NRF, South
Africa; MINECO, Spain; SRC andWallenberg Foundation,

Sweden; SERI, SNSF and Cantons of Bern and Geneva,
Switzerland; MOST, Taiwan; TAEK, Turkey; STFC,
United Kingdom; DOE and NSF, United States of
America. In addition, individual groups and members have
received support from BCKDF, CANARIE, Compute
Canada and CRC, Canada; ERC, ERDF, Horizon 2020,
Marie Skłodowska-Curie Actions and COST, European
Union; Investissements d’Avenir Labex, Investissements
d’Avenir Idex and ANR, France; DFG and AvH
Foundation, Germany; Herakleitos, Thales and Aristeia
programmes co-financed by EU-ESF and the Greek NSRF,
Greece; BSF-NSF and GIF, Israel; CERCA Programme
Generalitat de Catalunya and PROMETEO Programme
Generalitat Valenciana, Spain; Göran Gustafssons Stiftelse,
Sweden; The Royal Society and Leverhulme Trust, United
Kingdom. The crucial computing support from all WLCG
partners is acknowledged gratefully, in particular from
CERN, the ATLAS Tier-1 facilities at TRIUMF
(Canada), NDGF (Denmark, Norway, Sweden), CC-
IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF
(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC
(Taiwan), RAL (UK) and BNL (USA), the Tier-2 facilities
worldwide and large non-WLCG resource providers. Major
contributors of computing resources are listed in Ref. [79].

[1] R. Barbieri and G. Giudice, Upper bounds on super-
symmetric particle masses, Nucl. Phys. B306, 63 (1988).

[2] B. de Carlos and J. Casas, One-loop analysis of the
electroweak breaking in supersymmetric models and the
fine-tuning problem, Phys. Lett. B 309, 320 (1993).

[3] G. Bertone, D. Hooper, and J. Silk, Particle dark matter:
Evidence, candidates and constraints, Phys. Rep. 405, 279
(2005).

[4] M. Fairbairn, A. C. Kraan, D. A. Milstead, T. Sjöstrand, P.
Skands, and T. Sloan, Stable massive particles at colliders,
Phys. Rep. 438, 1 (2007).

[5] L. Lee, C. Ohm, A. Soffer, and T.-T. Yu, Collider searches
for long-lived particles beyond the Standard Model, Prog.
Part. Nucl. Phys. 106, 210 (2019).

[6] Y. Golfand and E. Likhtman, Extension of the algebra of
Poincare group generators and violation of P invariance,
PismaZh. Eksp. Teor. Fiz. 13, 452 (1971) [JETP Lett. 13,
323 (1971)].

[7] D. Volkov and V. Akulov, Is the neutrino a goldstone
particle?, Phys. Lett. 46B, 109 (1973).

[8] J. Wess and B. Zumino, Supergauge transformations in four
dimensions, Nucl. Phys. B70, 39 (1974).

[9] J. Wess and B. Zumino, Supergauge invariant extension of
quantum electrodynamics, Nucl. Phys. B78, 1 (1974).

[10] S. Ferrara and B. Zumino, Supergauge invariant Yang-Mills
theories, Nucl. Phys. B79, 413 (1974).

[11] A. Salam and J. Strathdee, Super-symmetry and non-
Abelian gauges, Phys. Lett. 51B, 353 (1974).

[12] N. Sakai, Naturalness in supersymmetric GUTS, Z. Phys. C
11, 153 (1981).

[13] S. Dimopoulos, S. Raby, and F. Wilczek, Supersymmetry
and the scale of unification, Phys. Rev. D 24, 1681
(1981).

[14] L. E. Ibáñez and G. G. Ross, Low-energy predictions in
supersymmetric grand unified theories, Phys. Lett. B 105,
439 (1981).

[15] S. Dimopoulos and H. Georgi, Softly broken supersym-
metry and SU(5), Nucl. Phys. B193, 150 (1981).

[16] K. Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Aspects
of grand unified models with softly broken supersymmetry,
Prog. Theor. Phys. 68, 927 (1982); Erratum, Prog. Theor.
Phys. 70, 330 (1983).

[17] J. R. Ellis and S. Rudaz, Search for supersymmetry in
toponium decays, Phys. Lett. 128B, 248 (1983).

[18] R. Barbier et al., R-parity violating supersymmetry, Phys.
Rep. 420, 1 (2005).

[19] G. ’t Hooft, Computation of the quantum effects due to a
four-dimensional pseudoparticle, Phys. Rev. D 14, 3432
(1976).

[20] V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov, On
anomalous electroweak baryon-number non-conservation in
the early universe, Phys. Lett. 155B, 36 (1985).

G. AAD et al. PHYS. REV. D 102, 032006 (2020)

032006-14

https://doi.org/10.1016/0550-3213(88)90171-X
https://doi.org/10.1016/0370-2693(93)90940-J
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2006.10.002
https://doi.org/10.1016/j.ppnp.2019.02.006
https://doi.org/10.1016/j.ppnp.2019.02.006
https://doi.org/10.1016/0550-3213(74)90355-1
https://doi.org/10.1016/0550-3213(74)90112-6
https://doi.org/10.1016/0550-3213(74)90559-8
https://doi.org/10.1016/0370-2693(74)90226-3
https://doi.org/10.1007/BF01573998
https://doi.org/10.1007/BF01573998
https://doi.org/10.1103/PhysRevD.24.1681
https://doi.org/10.1103/PhysRevD.24.1681
https://doi.org/10.1016/0370-2693(81)91200-4
https://doi.org/10.1016/0370-2693(81)91200-4
https://doi.org/10.1016/0550-3213(81)90522-8
https://doi.org/10.1143/PTP.68.927
https://doi.org/10.1143/PTP.70.330
https://doi.org/10.1143/PTP.70.330
https://doi.org/10.1016/0370-2693(83)90402-1
https://doi.org/10.1016/j.physrep.2005.08.006
https://doi.org/10.1016/j.physrep.2005.08.006
https://doi.org/10.1103/PhysRevD.14.3432
https://doi.org/10.1103/PhysRevD.14.3432
https://doi.org/10.1016/0370-2693(85)91028-7


[21] P. Fayet, Supersymmetry and Weak, Electromagnetic and
strong interactions, Phys. Lett. 64B, 159 (1976).

[22] P. Fayet, Spontaneously broken supersymmetric theories of
weak, electromagnetic and strong interactions, Phys. Lett.
69B, 489 (1977).

[23] H. Goldberg, Constraint on the Photino Mass from Cos-
mology, Phys. Rev. Lett. 50, 1419 (1983); Erratum, Phys.
Rev. Lett. 103, 099905 (2009).

[24] J. Ellis, J. Hagelin, D. V. Nanopoulos, K. A. Olive, and M.
Srednicki, Supersymmetric relics from the big bang, Nucl.
Phys. B238, 453 (1984).

[25] C.Friberg, E.Norrbin, andT. Sjöstrand,QCDaspects of lepto-
quark production at HERA, Phys. Lett. B 403, 329 (1997).

[26] M. J. Strassler and K. M. Zurek, Discovering the Higgs
through highly-displaced vertices, Phys. Lett. B 661, 263
(2008).

[27] Y. Cui and B. Shuve, Probing baryogenesis with displaced
vertices at the LHC, J. High Energy Phys. 02 (2015) 049.

[28] T. Asaka and M. Shaposhnikov, The nuMSM, dark matter
and baryon asymmetry of the universe, Phys. Lett. B 620, 17
(2005).

[29] B. C. Allanach, M. A. Bernhardt, H. K. Dreiner, C. H. Kom,
and P. Richardson, Mass spectrum in R-parity violating
minimal supergravity and benchmark points, Phys. Rev. D
75, 035002 (2007).

[30] ATLAS Collaboration, Search for B-L R-parity-violating
top squarks in

ffiffiffi
s

p ¼ 13 TeV pp collisions with the ATLAS
experiment, Phys. Rev. D 97, 032003 (2018).

[31] CMS Collaboration, Search for pair production of second-
generation leptoquarks at

ffiffiffi
s

p ¼ 13 TeV, Phys. Rev. D 99,
032014 (2019).

[32] CMS Collaboration, Search for new long-lived particles atffiffiffi
s

p ¼ 13 TeV, Phys. Lett. B 780, 432 (2018).
[33] CMS Collaboration, Search for Displaced Supersymmetry

in Events with an Electron and a Muon with Large Impact
Parameters, Phys. Rev. Lett. 114, 061801 (2015).

[34] CMS Collaboration, Search for long-lived particles
decaying into displaced jets in proton-proton collisions atffiffiffi
s

p ¼ 13 TeV, Phys. Rev. D 99, 032011 (2019).
[35] ATLAS Collaboration, Search for displaced vertices arising

from decays of new heavy particles in 7 TeV pp collisions at
ATLAS, Phys. Lett. B 707, 478 (2012).

[36] ATLAS Collaboration, Search for long-lived, heavy par-
ticles in final states with a muon and multi-track displaced
vertex in proton-proton collisions at

ffiffiffi
s

p ¼ 7 TeV with the
ATLAS detector, Phys. Lett. B 719, 280 (2013).

[37] ATLAS Collaboration, The ATLAS experiment at the
CERN large hadron collider, J. Instrum. 3, S08003 (2008).

[38] ATLAS Collaboration, ATLAS insertable B-layer technical
design report, CERN Report No. ATLAS-TDR-19, 2010,
https://cds.cern.ch/record/1291633; CERN Report No. AT-
LAS-TDR-19-ADD-1, 2012, https://cds.cern.ch/record/
1451888.

[39] B. Abbott et al., Production and integration of the ATLAS
insertable B-layer, J. Instrum. 13, T05008 (2018).

[40] ATLAS Collaboration, Performance of the ATLAS trigger
system in 2015, Eur. Phys. J. C 77, 317 (2017).

[41] ATLAS Collaboration, ATLAS data quality operations and
performance for 2015-2018 data-taking, J. Instrum. 15,
P04003 (2020).

[42] ATLAS Collaboration, Luminosity determination in pp
collisions at

ffiffiffi
s

p ¼ 13 TeV using the ATLAS detector at
the LHC, 2019, http://cds.cern.ch/record/2677054.

[43] G. Avoni et al., The new LUCID-2 detector for luminosity
measurement and monitoring in ATLAS, J. Instrum. 13,
P07017 (2018).

[44] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H.-S. Shao, T. StelzerP. Torrielli, and M. Zaro,
The automated computation of tree-level and next-to-lead-
ing order differential cross sections, and their matching to
parton shower simulations, J. High Energy Phys. 07 (2014)
079.

[45] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA 8.2, Comput. Phys.
Commun. 191, 159 (2015).

[46] ATLAS Collaboration, ATLAS PYTHIA 8 tunes to 7 TeV
data, CERN Report No. ATL-PHYS-PUB-2014-021, 2014,
https://cds.cern.ch/record/1966419.

[47] R. D. Ball et al., Parton distributions with LHC data, Nucl.
Phys. B867, 244 (2013).

[48] G. R. Farrar and P. Fayet, Phenomenology of the produc-
tion, decay, and detection of new hadronic states associated
with supersymmetry, Phys. Lett. 76B, 575 (1978).

[49] ATLAS Collaboration, The ATLAS simulation infrastruc-
ture, Eur. Phys. J. C 70, 823 (2010).

[50] S. Agostinelli et al., GEANT4—A simulation toolkit, Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).

[51] A. C. Kraan, Interactions of heavy stable hadronizing
particles, Eur. Phys. J. C 37, 91 (2004).

[52] R. Mackeprang and A. Rizzi, Interactions of coloured
heavy stable particles in matter, Eur. Phys. J. C 50, 353
(2007).

[53] R. Mackeprang and D. A. Milstead, An updated description
of heavy-hadron interactions in Geant-4, Eur. Phys. J. C 66,
493 (2010).

[54] ATLAS Collaboration, Generation and simulation of R-
hadrons in the ATLAS experiment, CERN Report No. ATL-
PHYS-PUB-2019-019, 2019, https://cds.cern.ch/record/
2676309.

[55] W. Beenakker, C. Borschensky, M. Krämer, A. Kulesza, and
E. Laenen, NNLL-fast: Predictions for coloured supersym-
metric particle production at the LHC with threshold and
Coulomb resummation, J. High Energy Phys. 12 (2016)
133.

[56] W. Beenakker, C. Borschensky, M. Krämer, A. Kulesza, E.
Laenen, V. Theeuwes, and S. Thewes, NNLL resummation
for Squark-Antisquark and Gluino-Pair production at the
LHC, J. High Energy Phys. 12 (2014) 023.

[57] W. Beenakker, T. Janssen, S. Lepoeter, M. Krämer, A.
Kulesza, E. Laenen, I. Niessen, S. Thewes, and T. Van Daal,
Towards NNLL resummation: Hard matching coefficients
for squark and gluino hadroproduction, J. High Energy
Phys. 10 (2013) 120.

[58] W. Beenakker, S. Brensing, M. Krämer, A. Kulesza, E.
Laenen, and I. Niessen, NNLL resummation for squark-
antisquark pair production at the LHC, J. High Energy Phys.
01 (2012) 076.

[59] W. Beenakker, S. Brensing, M. Krämer, A. Kulesza, E.
Laenen, and I. Niessen, Soft-gluon resummation for squark

SEARCH FOR LONG-LIVED, MASSIVE PARTICLES IN … PHYS. REV. D 102, 032006 (2020)

032006-15

https://doi.org/10.1016/0370-2693(77)90852-8
https://doi.org/10.1016/0370-2693(77)90852-8
https://doi.org/10.1103/PhysRevLett.50.1419
https://doi.org/10.1103/PhysRevLett.103.099905
https://doi.org/10.1103/PhysRevLett.103.099905
https://doi.org/10.1016/0550-3213(84)90461-9
https://doi.org/10.1016/0550-3213(84)90461-9
https://doi.org/10.1016/S0370-2693(97)00543-1
https://doi.org/10.1016/j.physletb.2008.02.008
https://doi.org/10.1016/j.physletb.2008.02.008
https://doi.org/10.1007/JHEP02(2015)049
https://doi.org/10.1016/j.physletb.2005.06.020
https://doi.org/10.1016/j.physletb.2005.06.020
https://doi.org/10.1103/PhysRevD.75.035002
https://doi.org/10.1103/PhysRevD.75.035002
https://doi.org/10.1103/PhysRevD.97.032003
https://doi.org/10.1103/PhysRevD.99.032014
https://doi.org/10.1103/PhysRevD.99.032014
https://doi.org/10.1016/j.physletb.2018.03.019
https://doi.org/10.1103/PhysRevLett.114.061801
https://doi.org/10.1103/PhysRevD.99.032011
https://doi.org/10.1016/j.physletb.2011.12.057
https://doi.org/10.1016/j.physletb.2013.01.042
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
https://cds.cern.ch/record/1451888
https://doi.org/10.1088/1748-0221/13/05/T05008
https://doi.org/10.1140/epjc/s10052-017-4852-3
https://doi.org/10.1088/1748-0221/15/04/P04003
https://doi.org/10.1088/1748-0221/15/04/P04003
http://cds.cern.ch/record/2677054
http://cds.cern.ch/record/2677054
http://cds.cern.ch/record/2677054
https://doi.org/10.1088/1748-0221/13/07/P07017
https://doi.org/10.1088/1748-0221/13/07/P07017
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1016/0370-2693(78)90858-4
https://doi.org/10.1140/epjc/s10052-010-1429-9
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1140/epjc/s2004-01946-6
https://doi.org/10.1140/epjc/s10052-007-0252-4
https://doi.org/10.1140/epjc/s10052-007-0252-4
https://doi.org/10.1140/epjc/s10052-010-1262-1
https://doi.org/10.1140/epjc/s10052-010-1262-1
https://cds.cern.ch/record/2676309
https://cds.cern.ch/record/2676309
https://cds.cern.ch/record/2676309
https://cds.cern.ch/record/2676309
https://doi.org/10.1007/JHEP12(2016)133
https://doi.org/10.1007/JHEP12(2016)133
https://doi.org/10.1007/JHEP12(2014)023
https://doi.org/10.1007/JHEP10(2013)120
https://doi.org/10.1007/JHEP10(2013)120
https://doi.org/10.1007/JHEP01(2012)076
https://doi.org/10.1007/JHEP01(2012)076


and gluino hadroproduction, J. High Energy Phys. 12
(2009) 041.

[60] A. Kulesza and L. Motyka, Soft gluon resummation for the
production of gluino-gluino and squark-antisquark pairs at
the LHC, Phys. Rev. D 80, 095004 (2009).

[61] A. Kulesza and L. Motyka, Threshold Resummation for
Squark-Antisquark and Gluino-Pair Production at the LHC,
Phys. Rev. Lett. 102, 111802 (2009).

[62] W. Beenakker, R. Höpker, M. Spira, and P. Zerwas, Squark
and gluino production at hadron colliders, Nucl. Phys.
B492, 51 (1997).

[63] J. Butterworth et al., PDF4LHC recommendations for LHC
Run II, J. Phys. G 43, 023001 (2016).

[64] P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms, J. High Energy Phys. 11
(2004) 040.

[65] S. Frixione, P. Nason, and C. Oleari, Matching NLO QCD
computations with parton shower simulations: The POW-
HEG method, J. High Energy Phys. 11 (2007) 070.

[66] S. Alioli, P. Nason, C. Oleari, and E. Re, A general
framework for implementing NLO calculations in shower
Monte Carlo programs: the POWHEG BOX, J. High Energy
Phys. 06 (2010) 043.

[67] S. Alioli, P. Nason, C. Oleari, and E. Re, NLO vector-boson
production matched with shower in POWHEG, J. High
Energy Phys. 07 (2008) 060.

[68] T. Sjöstrand, S. Mrenna, and P. Z. Skands, A brief intro-
duction to PYTHIA 8.1, Comput. Phys. Commun. 178, 852
(2008).

[69] ATLAS Collaboration, The PYTHIA 8 A3 tune description
of ATLAS minimum bias and inelastic measurements
incorporating the Donnachie–Landshoff diffractive model,
CERN Report No. ATL-PHYS-PUB-2016-017, 2016,
https://cds.cern.ch/record/2206965.

[70] ATLAS Collaboration, Vertex reconstruction performance
of the ATLAS detector at

ffiffiffi
s

p ¼ 13 TeV, CERN Report
No. ATL-PHYS-PUB-2015-026, 2015, https://cds.cern.ch/
record/2037717.

[71] ATLAS Collaboration, Performance of the reconstruction of
large impact parameter tracks in the inner detector of
ATLAS, CERN Report No. ATL-PHYS-PUB-2017-014,
2017, https://cds.cern.ch/record/2275635.

[72] ATLAS Collaboration, Muon reconstruction performance of
the ATLAS detector in proton–proton collision data atffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 76, 292 (2016).
[73] ATLAS Collaboration, Performance of vertex

reconstruction algorithms for detection of new long-lived
particle decays within the ATLAS inner detector, CERN
Report No. ATL-PHYS-PUB-2019-013, 2019, https://cds
.cern.ch/record/2669425.

[74] ATLAS Collaboration, Topological cell clustering in the
ATLAS calorimeters and its performance in LHC Run 1,
Eur. Phys. J. C 77, 490 (2017).

[75] ATLAS Collaboration, Jet energy scale measurements and
their systematic uncertainties in proton–proton collisions atffiffiffi
s

p ¼ 13 TeV with the ATLAS detector, Phys. Rev. D 96,
072002 (2017).

[76] M. Baak, G. J. Besjes, D. Côté, A. Koutsman, J. Lorenz, and
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38LPC, Université Clermont Auvergne, CNRS/IN2P3, Clermont-Ferrand, France
39Nevis Laboratory, Columbia University, Irvington NY, United States of America

40Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark
41aDipartimento di Fisica, Università della Calabria, Rende, Italy
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71aINFN Sezione di Pavia, Italy
71bDipartimento di Fisica, Università di Pavia, Pavia, Italy
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