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Search for displaced leptons in \/s=13 TeV and 13.6 TeV pp collisions
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A search for leptons displaced from the primary vertex is performed with the ATLAS detector at the
Large Hadron Collider. The search includes the full proton-proton collision dataset collected during Run 2
at /s =13 TeV and a partial dataset collected during Run 3 in 2022-2023 at /s = 13.6 TeV,
corresponding to integrated luminosities of 140 fb~! and 56.3 fb~!, respectively. Final states with
displaced electrons or muons are considered, and novel triggers introduced in Run 3 are employed that
use large impact parameter tracking to reconstruct displaced tracks with low momentum. In addition,
photon reconstruction and multivariate techniques are employed to broaden the sensitivity to channels with
large background rates or highly displaced electrons, respectively. The results are consistent with the
Standard Model background expectations and are used to set model-independent limits on the production
of displaced electrons and muons. The analysis is also interpreted in the context of a gauge-mediated
supersymmetry breaking model with pair-produced long-lived sleptons and a dark sector model with pair-
produced chargino-like states. The results include 95% confidence level exclusions of selectrons with
lifetimes from 4 ps to 60 ns and a mass of 150 GeV, and exclusions of selectrons, smuons, and staus with a
lifetime of 0.3 ns for masses up to 740, 830, and 440 GeV, respectively. Dark charginos with masses up to
380 GeV are excluded for a mass difference with the neutral state of 40 GeV, and mass differences down to
17 GeV are excluded for dark charginos with a 100 GeV mass.

DOI: 10.1103/w8hh-xf24

I. INTRODUCTION

Long-lived particles (LLPs) occur in the Standard Model
(SM) and are predicted in a wide variety of beyond-the-SM
(BSM) scenarios, including both R-parity-conserving [1-7]
and R-parity-violating supersymmetry (SUSY) [8,9], split-
SUSY [10,11], gauge-mediated SUSY breaking (GMSB)
[12—-14], universal extra dimensions [15,16], and Hidden
Valley models [17]. Most searches for BSM physics at the
Large Hadron Collider (LHC) [18] experiments assume
that BSM particles decay promptly, producing final state
particles with trajectories consistent with an origin at the
primary proton-proton (p p) interaction point. By contrast,
LLPs with lifetimes longer than a few picoseconds travel at
least hundreds of microns before decaying. Their decay
products can thus be displaced from the primary vertex
(PV), the vertex with the largest sum of squared track
transverse momentum, or delayed with respect to the bunch
crossing. Reconstruction of the decay products can pose
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technical challenges that could have caused them to elude
detection in prior searches.

This paper presents a search for BSM physics-producing
events with two displaced light leptons (electrons or
muons). The search is performed with inclusive selection
criteria to enable broad sensitivity to BSM models pro-
ducing LLPs with lifetimes from a few ps up to the of order
100 ns that decay into electrons or muons. The sensitivity
of the search is illustrated using a GMSB SUSY model
[19-21] in which the lightest SUSY particle (LSP) is a
nearly massless gravitino (G) and the next-to-lightest

SUSY particle (NLSP) is a slepton (£), which can be
either a selectron (&), smuon (f), or stau (7). The slepton
can acquire a long lifetime due to its small gravitational
coupling to the gravitino LSP. As shown in Fig. 1, the
NLSP can be pair-produced, and then each decays into a
charged SM lepton (7) of the same flavor and a gravitino
LSP, yielding events containing two displaced leptons.
GMSB models often predict that staus are the NLSP [22].

Previous results setting limits on these processes include
an ATLAS search using the full Run 2 dataset, consisting of
140 fb=! of pp collisions collected at /s = 13 TeV,
which excluded selectrons, smuons, and staus with masses
of up to 720, 680, and 340 GeV, respectively, for a slepton
lifetime of 0.1 ns [23], dramatically enhancing the sensi-
tivity with respect to prior constraints from the LEP
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FIG. 1. Diagrams of (a) the GMSB slepton and (b) the dark

sector models.

experiments [24-28]. A CMS search based on
113-118 tb~! of \/s = 13 TeV pp collision data extended
the stau mass reach to 405 GeV for a similar lifetime [29].
A subsequent full Run 2 ATLAS search for muons with
intermediate displacements in between those of the dis-
placed and prompt lepton searches extended the sensitivity
to GMSB smuons with lifetimes below about 0.01 ns [30].
Additional searches for disappearing track signatures in
Run 2 data by ATLAS [31] and CMS [32], as well as a Run
2 ATLAS search for tracks with high ionization energy loss
dE/dx [33], could also be sensitive to this GMSB slepton
model for various lifetimes.

Interpretations are also performed using a Higgs portal
model that introduces a dark sector consisting of a charged
state (7*) and neutral state (7°) with mass difference Am =
m(7*) —m(7°) [34], which can produce the observed dark
matter relic density for 10 < Am < 40 GeV [35]. For the
signal process 777~ — WHW~7°%° shown in Fig. 1, the
charged state can acquire a non-negligible lifetime due to the
weak coupling between the dark states and the W boson.
This results in events with two displaced leptons if the W
bosons decay leptonically, the same final state as with the
GMSB slepton model. However, with this model the leptons
tend to have lower pr since the lighter neutral state is
massive, highlighting the need for improved low-momen-
tum lepton acceptance. In SUSY models, as assumed here,
the chargino and neutralino play the roles of the new charged
and neutral states, respectively, and the chargino-pair
production cross section is used for the signal model.

This result enhances the discovery reach for displaced
leptons beyond that of prior searches through several novel
additions. It includes data collected by the ATLAS detector
at a center-of-mass energy of 13.6 TeV, new triggers
introduced in Run 3 that exploit improved tracking capa-
bilities of the high-level trigger (HLT) to enable lower
lepton transverse momentum (pr) thresholds, as well as
improved offline tracking performance that greatly lowers
the rate of incorrectly reconstructed displaced tracks [36].
Precision information from the ATLAS Liquid Argon
(LAr) electromagnetic (EM) calorimeter is introduced for
sensitivity to highly displaced electrons, which may fail to
include reconstructed tracks and be reconstructed as

photons. Finally, the analysis includes a first consideration
of single displaced electron channels, which were previ-
ously inaccessible due to high background rates and are
enabled using multivariate Boosted Decision Trees (BDTs).

The analysis combines two approaches with mutually
exclusive selections: the “ABCD” search and the “EM-
BDT” search. In both cases, backgrounds are determined
with entirely data-driven methods, and Monte Carlo (MC)
simulation is only used for signal models. The ABCD search
targets dilepton events, requiring at least two electrons, two
muons, or an electron and a muon, and uses similar
techniques as the prior Run 2 ATLAS displaced leptons
search [23] for the estimation of backgrounds from fake and
heavy-flavor (FHF) leptons and cosmic-ray muons. The
ABCD search is performed in two orthogonal sets of signal
regions (SRs) with different triggers and lepton pt thresh-
olds. The “high-pt” SRs use a similar selection as the prior
Run 2 search [23], and the new large-radius tracking (LRT)
SRs use novel Run 3 triggers that employ LRT [37] (see
Sec. II B) to extend the trigger tracking to large transverse
impact parameter (|d,|) values, thus enabling reduced lepton
thresholds with respect to Run 2. A separate EM-BDT
search also exploits the new LRT trigger for electrons and
leverages precision tracking and electromagnetic calorim-
eter information (see Sec. II C) to improve the displaced e/y
selection, building on previous ATLAS Run 2 searches for
displaced photons [38,39]. The LRT channel of the ABCD
search and the EM-BDT search both use 56.3 fb~! of Run 3
data collected at /s = 13.6 TeV in 2022-2023, while the
ABCD high-pt channel also uses the full Run 2 dataset of
140 fb~! collected at \/s = 13 TeV.

The paper is organized as follows: Section II describes
the ATLAS detector, with specific emphasis on the unique
LRT and LAr reconstruction techniques employed in the
analysis. Section III describes the data and simulated
samples used, and selections for objects and analysis events
are given in Sec. I'V. Descriptions of the ABCD (Sec. V)
and EM-BDT (Sec. VI) analyses follow, including detailed
event selections, background estimations, and systematic
uncertainties. Finally, results and interpretations are pre-
sented in Sec. VIII, followed by brief conclusions.

II. ATLAS DETECTOR

The ATLAS detector [40,41] at the LHC covers nearly
the entire solid angle around the collision point.1 It consists

'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  asy = — In tan(6/2) and is equal to the

rapidity y = %ln(gf—f)f) in the relativistic limit. Angular distance is

measured in units of AR = \/(Ay)? + (Ag)>.
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of an inner tracking detector surrounded by a thin super-
conducting solenoid, electromagnetic and hadronic calo-
rimeters, and a muon spectrometer incorporating three large
superconducting air-core toroidal magnet systems.

A. Detector subsystems

The inner-detector system (ID) is immersed in a 2 T axial
magnetic field and provides charged-particle tracking in the
range |n| < 2.5. The high-granularity silicon pixel detector
covers the interaction region and typically provides four
measurements per track, with the first hit generally being in
the insertable B-layer (IBL). It is followed by the
SemiConductor Tracker (SCT), which usually provides
eight measurements per track. These silicon detectors are
complemented by the transition radiation tracker (TRT),
which enables radially extended track reconstruction up to
|7| = 2.0. The TRT also provides electron identification
information based on the fraction of hits (typically 30 in
total) above a higher energy-deposit threshold correspond-
ing to transition radiation.

The calorimeter system covers the pseudorapidity range
|n| < 4.9. Within the region || < 3.2, EM calorimetry is
provided by barrel and endcap high-granularity lead/LAr
calorimeters, with an additional thin LAr presampler
covering || < 1.8 to correct for energy loss in material
upstream of the calorimeters. Hadronic calorimetry is
provided by the steel/scintillator-tile calorimeter, seg-
mented into three barrel structures within |5| < 1.7, and
two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and
tungsten/LAr calorimeter modules optimized for electro-
magnetic and hadronic energy measurements, respectively.

The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the
deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets. The field inte-
gral of the toroids ranges between 2.0 and 6.0 T m across
most of the detector. Three layers of precision chambers,
each consisting of layers of monitored drift tubes, cover the
region || < 2.7, except in the innermost layer of the
endcap region, where layers of small-strip thin-gap cham-
bers and Micromegas chambers both provide precision
tracking in the region 1.3 < || < 2.7. The muon trigger
system covers the range || < 2.4 with resistive-plate
chambers in the barrel, thin-gap chambers in the endcap
regions, and the aforementioned small-strip thin-gap cham-
bers and Micromegas chambers in the innermost layer of
the endcap. These replaced cathode-strip chambers that
were used through Run 2.

The luminosity is measured mainly by the LUCID-2
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 HLT
[37,42]. 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.

The Run 3 detector configuration benefits from several
upgrades compared with that of Run 2 to maintain high
detector performance at the higher pileup levels of Run 3.
The improvements include a new innermost layer of the
muon spectrometer in the endcap region, which provides
higher redundancy and a large reduction in fake muon
triggers. The trigger system also benefits from new LAr
digital electronics with significantly increased granularity.
Other updates and further details are provided in Ref. [41].
A software suite [43] is used in the data simulation, in the
reconstruction and analysis of the real and simulated data,
in the detector operations, and in the trigger and data
acquisition systems of the experiment.

As described in more detail below, this analysis exploits
some specialized capabilities of the ATLAS detector and its
Trigger and Data Acquisition system. These include LRT
(see Sec. I B), which is the ability to reconstruct tracks
with a large impact parameter with respect to the PV, and
the ability of the EM calorimeter to measure the flight
direction and time-of-arrival of particles causing EM
showers (see Sec. I1C).

B. Large radius tracking

The standard ATLAS tracking algorithm is designed to
reconstruct the trajectory of promptly produced charged
particles. It is efficient out to a |dy| of 5 mm, limiting its
usefulness for LLPs that decay into charged particles after
traversing part of the detector. The LRT [44] is a configuration
of the tracking algorithm designed to increase the tracking
efficiency for decay products of LLPs. Figure 2(a) shows an
example |dy| distribution, extending well past 5 mm, for
several models in the EM-BDT search, which combines both
standard and LRT tracking. For the offline reconstruction of
data, it is implemented as a second pass, running on the
remaining hits that were not used by the standard tracking,
with a looser restriction on the impact parameters and other
optimizations, e.g. in the seeding step. Large radius tracks are
reconstructed out to a |dy| of 300 mm, the first layer of the
SCT. Compared to previous searches during Run 2, the LRT
configuration in the reconstruction software was improved to
greatly reduce the number of incorrectly reconstructed tracks
as well as to reduce the computation time, allowing LRT
tracks to be reconstructed in all events. This improved
reconstruction is used consistently for both the Run 2 and
Run 3 data where the performance is similar since the inner
detector geometry is the same for both runs. For the
reconstruction of offline electrons and muons, described in
Sec. IV, both standard and LRT tracks are used.

In Run 3, LRT is run in the HLT for the first time [37].
For signal-like electrons and muons, the LRT used in the
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FIG. 2. Distributions of (a) the |d,| and (b) the LAr timing using the EM-BDT search regions with Run 3 data and selected signal
samples with slepton masses of 100, 200, and 300 GeV. The LAr timing measurement was calibrated to zero for promptly produced
particles traveling near the speed of light. The data events with negative times (gray squares) represent the signal-depleted control region
(CR) used to determine the background estimate, while the data events with positive times (black circles) represent the signal region
(SR) events on which the final search is performed. The SR data were blinded until the analysis strategy was finalized, and the data were

unblinded to determine the results.

HLT is expected to be more than 80% efficient with
respect to offline reconstruction for |dy| < 125 mm. This
is possible due to improvements in the LRT computation
time, the HLT tracking algorithms, and the HLT comput-
ing resources. LRT for leptons in the trigger is imple-
mented as a single pass, running on all hits in small
regions around lepton candidates from the first-level
trigger, with the same looser restrictions on impact
parameters and similar optimizations as the offline
reconstruction. This means the LRT-based lepton triggers
do not use standard tracking. The same first-level hard-
ware triggers for the primary prompt electron and muon
triggers are used. The total trigger efficiency depends on
the lepton flavor and kinematics [37]. For example, for
mouns it drops from 90% at a small production radius to
60% at 300 mm.

C. Electromagnetic calorimeter timing
and pointing measurements

Electrons from the decays of massive LLPs could reach
the LAr calorimeter with a slight delay compared to prompt
electrons. This delay arises mostly from the LLP time-of-
flight, which corresponds to a relativistic speed (f = v/c)
that can be substantially less than one.

In addition, the opening angle in the LLP decay
causes the electron to be “non-pointing,” arriving at the
calorimeter from a direction that does not point directly
back to the PV. This effect results in the geometrical path
to the calorimeter being longer than that for a prompt
electron from the PV, further increasing the delay in its
arrival time. Figure 2(b) illustrates the delay in the
timing distribution of several signal models in the
EM-BDT SR.

As described in Refs. [38,39] and references therein, the
fine segmentation of the LAr EM calorimeter can be used to
measure the flight direction of a particle (electron or
photon) that produces an EM shower, while its accordion
structure and fast readout allows precise measurement of
the particle’s arrival time at the calorimeter. A line drawn
through the centroids of the EM shower in the first two
longitudinal layers is used to calculate the pointing value,
defined as the difference between the position on the z-axis
where the line crosses the beamline and the position
of the PV. The resolution on the pointing measurement
is ~15 mm for an EM shower with an energy of
~50-100 GeV in the barrel. The arrival time is determined
using the energy deposit from the second-layer EM
calorimeter cell with the maximum energy deposit among
cells in the associated EM shower (E7). For an electron
with an energy in the range of interest, this cell typically
contains about 20%—-50% of the total energy deposited in
the EM shower. The timing resolution is approximately
200 ps for EM showers with ET5¢ greater than 20 GeV and

cell

is dominated by the LHC beamspread.

III. DATA AND SIMULATION SAMPLES

Collision data collected by the ATLAS detector from the
LHC’s /s = 13 TeV pp Run 2 (2015-2018) and /s =
13.6 TeV pp Run 3 (2022-2023) are used, with luminosities
corresponding to 140 fb~! and 56.3 fb~!, respectively, after
applying detector conditions and data quality requirements
[45]. The uncertainty in the Run 2 integrated luminosity is
0.83% [46], for 2022 it is 2.2% [47], and for 2023 it is 2.0%
[48], following the methodology discussed in Ref. [46] and
using the LUCID-2 detector [49] for the primary luminosity
measurements complemented by measurements using the
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inner detector and calorimeters. The ABCD high-pt search
uses the Run 2 and Run 3 datasets. The ABCD LRT and EM-
BDT searches use only the Run 3 data. Run 2 data were
reconstructed with a consistent software suite [43] as used for
the Run 3 data to take advantage of developments, such as the
improved LRT described in Sec. II B.

Data were collected with several unprescaled triggers
[37,42] with signatures and thresholds that would accept
events from displaced decays of leptons. Electron [50] and
muon [51] triggers based on standard tracking [52] are
efficient out to |dy| values of approximately 5 or 10 mm,
respectively. Thus they are not optimal for saving events with
LLPs of moderate lifetime. Photon triggers accept events with
electrons, even if they are too displaced to reconstruct a track,
but have higher energy thresholds than electron triggers. MS-
only triggers accept events based on muon tracks in the MS,
without the need for an inner-detector track; these also have
higher thresholds and some have restrictions in # to addi-
tionally reduce the trigger rate. Thanks to the requirement of
an inner detector track, LRT-based lepton triggers are able to
save events with lower momentum thresholds of 30 and
20 GeV for electrons and muons, with |d| thresholds of 3
and 2 mm, respectively. Table I lists the triggers used based on
the analysis region and lepton topology.

For the baseline GMSB-motivated slepton signal model in
Fig. 1, MC simulation events are used to determine the lepton
selection criteria and estimate the sensitivity in a simplified
GMSB SUSY model with light sleptons and a gravitino LSP
with a mass much less than 1 GeV. The signal models are
given by the slepton flavor, mass, and lifetime. For each
slepton mass value, several slepton lifetimes were simulated,

TABLE L.

typically ranging from 1 ps to 30 ns. Since the distribution of
particle flight distances follows an exponential distribution, it
is possible to reweight the shape of that curve and thus
generalize from the simulated samples to other lifetime
values. Each event is assigned a weight according to a source
signal lifetime, target signal lifetime, and the decay of the
event in question.

For the dark sector model in Fig. 1(b), MC simulation is
used to perform two scans of parameter space: varying the
mass difference Am and chargino mass for a fixed chargino
lifetime of 7 = 0.3 ns, and varying the chargino lifetime
and mass for a fixed Am =40 GeV. This choice was
motivated by the analysis having the best expected sensi-
tivity to the GMSB model for a lifetime of 0.3 ns, and a
mass splitting of 40 GeV is the most favorable in terms of
lepton pr that is still consistent with the dark matter relic
density. The W bosons are forced to decay into an electron
or muon (no taus) with equal probability in the simulation.

Signal model MC simulation events with up to two
additional partons at leading order are simulated using
MADGRAPH5_aMC@NLO v2.6.1 [53] interfaced to PYTHIA
8.230 [54] with the A14 parameter set (tune) [55] along
with the NNPDF2.3L0 parton distribution function (PDF) set
[56]. GEANT4 [57] is used to simulate the propagation and
decay of the slepton, but without preserving information
about its chirality. To model the impact of multiple
interactions that occur in the same and neighboring bunch
crossings (pileup), each hard-scattering event is overlaid
[58] with simulated minimum bias events generated by
EPOS 2.0.1.4 [59,60] with the EPOS LHC tune and
PYTHIAS8.307 [61] with the NNPDF2.3LO set of PDFs and

Summary of trigger thresholds used for the ABCD and EM-BDT analyses based on the object topology. Trigger objects are

denoted as y for photons, e for electrons, and y for muons, preceded by the multiplicity and followed by the pr threshold in GeV. “MS-
only” indicates triggers that only rely on the muon spectrometer (MS), and not the inner detector. For example, 2y50 means a trigger
requiring the presence of two photons with py > 50 GeV. The 1460 MS-only trigger has a restriction of || < 1.05. The large-radius
tracking (LRT) electron (muon) trigger has a |dy| > 3(2) mm requirement. None of the triggers have an isolation requirement. Triggers
listed with “Run 3 only” were only used for the corresponding analysis region to collect data in Run 3, otherwise they were also used for

Run 2 data. “OR” indicates a logical OR of multiple triggers.

Topology

Trigger thresholds [GeV]

ABCD high-pt

if > le, pr > 160 GeV

else if > 2e, pr > 60 GeV

else if > lu, pr > 60 GeV, || < 1.07
else if ey (Run 3 only)

else if pp (Run 3 only)

1y140

2y50

1u60 (MS-only)
74040 (MS-only)
2u50 (MS-only)

ABCD LRT

e, pr > 31 GeV (Run 3 only)
u, pr > 21 GeV (Run 3 only)

1¢30 (LRT)
1420 (LRT)

EM-BDT

= le, Oy (Run 3 only)
>2e OR (le, 1y) (Run 3 only)
> 2y (Run 3 only)

1¢30 (LRT) OR 17140
1¢30 (LRT) OR 250 OR 17140
2750 OR 17140
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A3 tune [62]. The 13 TeV wino-like chargino-pair and
slepton-pair production cross sections and uncertainties
were calculated at next-to-leading-order (NLO) in a;, with
soft-gluon emission effects at next-to-leading-logarithm
[63-70]. At 13.6 TeV, these were calculated at approxi-
mate next-to-next-to-leading-order in @, matched with
threshold resummation at the next-to-next-to-leading-log-
arithmic accuracy (aNNLO + NNLL) using an envelope of
predictions with different factorization and renormalization
scales and PDF sets [71]. The superpartners of the left- and
right-handed leptons are assumed to have equal mass. The

slepton-pair cross section for a single flavor of £ with mass
100 GeV (800 GeV) is 0.37 £ 0.01 pb (0.059 £ 0.004 fb)
at 13 TeV and 0.41 +0.01 pb (0.069 +0.008 fb) at
13.6 TeV. The chargino-pair cross section for a mass of
300 GeV is 190 £13 fb at 13 TeV and 216+ 9 fb at
13.6 TeV. A factor of 0.0642 is included to account for the
branching ratio of the two W boson decays into electrons
and muons, which accounts for decays via taus.

IV. OBJECT SELECTIONS AND EVENT
PRESELECTIONS

The main objects used in this analysis are electrons and
muons, including those produced in the decays of z-
leptons, and photons. Jets, including those from hadroni-
cally decaying z-leptons, are also used in the procedure to
remove ambiguities between nearby reconstructed objects

(“overlap removal”) and to construct the magnitude of the
missing transverse momentum (E?iss), which is used in the
EM-BDT analysis.

For electrons, muons, and photons, a baseline selection is
used for the overlap removal procedure. For electrons and
muons, additional kinematic requirements are imposed
before separating events into the ABCD and EM-BDT
regions; these are referred to as high-d, leptons in the
paragraphs below. Analysis dependent selections are then
applied to high-d, leptons to define signal leptons that are
used to construct SRs, which are used to search for signal-
like excesses above SM expectations. Table II summarizes
the baseline and signal lepton selection requirements, with
more details in the following text.

Electrons are reconstructed from ID tracks matched to
clusters of energy deposited in the EM calorimeter. If a
standard and large-radius track both point to the same EM
cluster and lead to the reconstruction of a standard and LRT
electron with the same cluster, the electron satisfying the
stricter identification requirement is kept, and in case of a
tie, the electron reconstructed with a standard track is kept.
Baseline electrons must have pr > 10 GeV, || < 2.47,
and satisfy a modified version of the VeryLoose identi-
fication working point (WP) [72] that does not depend on
|dyl, |dy| significance, or the number of pixel hits, to avoid
suppressing displaced electrons, referred to here as LLP
VeryLoose. Figure 3(a) shows the efficiency of electrons

TABLE II. Overview of electron and muon baseline and signal selections. The signal selection is applied on top of the baseline

track

selection. The ABCD identification and pr requirements depend on the SR and on which triggers are used. Apr/pr = (p§™* — p5)/ps
is the relative difference between the track py and the calorimeter Er. N, is the number of missing hits. The x> variables are all
reduced by the number of degrees of freedom (n.d.f.), and are for the ID track or CB track. N is the number of precision layers, and
N, is the number of ¢ layers. The TRT barrel selection is only applied for 2023 data.

Selection Electrons Muons
Baseline

pr (GeV) > 10 > 21

|dp| (mm) < 300 2 < |dy| < 300

|zo| (mm) < 500 < 500

7] |7l < 1.37 OR 1.52 < || < 2.47 <25

Identification LLP veryloose LLP medium
ABCD signal (LRT/high-pt) EM-BDT signal ABCD signal (LRT/high-pt)

Isolation Tight_VarRad Tight_VarRad PFlow_Loose_VarRad

Identification LLP loose /- - - LLP loose e

pr (GeV) > 31/ > 65 <o/ > 65

|dy| (mm) >3 >3 />3
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Efficiency to reconstruct and identify (a) electrons and (b) muons using large-radius tracking (LRT) and standard tracking

(Std. Trk.) with respect to generator-level leptons in simulated GMSB slepton signal models with a slepton lifetime of 1 ns and a
selectron (smuon) mass of 300 (500) GeV. The efficiencies for the various LLP working points are shown as a function of the true

transverse impact parameter |dy| of the daughter lepton.

from a selectron signal model to satisfy the standard and
LLP electron identification WP as a function of the true
lepton |d| value.

High-d, electrons, for the purpose of analysis
region definition, must additionally satisfy the object over-
lap removal, have pt > 31 GeV, 3 < |dy| < 300 mm,
|zo] < 500 mm, and fall outside of the EM calorimeter
barrel-endcap transition region (1.37 < |p| < 1.52). The
ABCD signal electron selection additionally requires that
the electrons are isolated from nearby tracks and calorimeter
energy deposits. The sum of the pp of all prompt
tracks within a cone, shrinking with pt (max AR = 0.2),
and the Ey of all energy depositions within AR = 0.3 of the
electron must each be less than 6% of the electron pr
(Tight_VarRad). To suppress electrons from random over-
laps of hadronic tracks and photon energy depositions, the
relative difference between the electron track pr measure-
ment and that of the electron pt measured when accounting
for the calorimeter energy must satisfy (p'k — p)/p% =
Apt > —0.5. To suppress combinatoric fake tracks, the ID
track must have an y? per degree of freedom (n.d.f.)
satisfying y%,/n.d.f. < 2, where y2 is the sum of the squares
of the distances between each hit and the track position
extrapolated to the given sensor divided by the resolution on
this difference, and at most one missing cluster that is
included in the track fit (track “hit”) at a larger radius than the
innermost hit. Signal electrons in regions triggered by the
LRT trigger require the stricter LLP Loose identification WP
to be consistent with the trigger, with the same modifications
as above to the standard Loose WP [72]. The EM-BDT
signal electron selection requires the baseline selection,

3 < |dg| < 300 mm, the same isolation criterion, and the
same LLP Loose identification WP.

Muons are reconstructed from ID tracks matched to
muon track segments. If a standard and LRT track both
point to the same muon segment and lead to the
reconstruction of a standard and LRT muon with the same
segment, the duplication is resolved by keeping the muon
with the smaller difference in # between the ID track and
the muon track segment extrapolated to the PV. Baseline
muons must have pp > 21 GeV, || < 2.5, and satisfy a
modified version of the Medium identification WP [73]
without requirements on the number of pixel and TRT hits,
referred to here as LLP Medium; though, the standard
tracks used to reconstruct muons still have a requirement of
at least one pixel hit. Figure 3(b) shows the efficiency of
muons from a smuon signal model to satisfy the standard
and LLP muon medium identification WP as a function of
the true lepton |d,| value.

High-d, muons must additionally satisfy the object
overlap removal, 2 < |dy| < 300 mm, and |zy| < 500 mm.
Signal muons are required to additionally be isolated from
nearby tracks and calorimeter energy depositions using an
algorithm that exploits particle flow to associate tracks with
their energy clusters [73]. The sum of the pr of all prompt
tracks within a cone, shrinking in pt (max AR = 0.3), of
the muon is added to 40% of the sum of the Et of energy
depositions within AR = 0.2 that are not matched to tracks,
and the total is required to be less than 16% of the muon pr
(PFlow_Loose_VarRad). Several additional requirements
are imposed to reject spurious muons from combinatoric
fake tracks. Muons must be measured in at least three MS
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precision tracking layers and have at least one high-
precision ¢ measurement. The ID track must have
2in/n.d.f. <2 and at most one missing hit at a larger
radius than the innermost hit, and the combined muon (CB)
track must satisfy y2gz/n.d.f. <3. To reject cosmic-ray
muons, a cosmic muon veto is applied that is similar to the
one used in the ATLAS Run 2 displaced leptons search [23]
and originally developed in the ATLAS Run 2 search for a
displaced vertex and a displaced muon [74]. A muon is
tagged as originating from a cosmic-ray muon, and thus
vetoed, if there are MS segments on the opposite side of the
detector along its trajectory, within # and ¢ windows of
In, +nus| < 0.01 and 7 — |¢, — ¢us| < 0.08, where the p
and MS subscripts refer to the reconstructed muon and MS
segments, respectively. A geometric correction is applied to
the # value used to take into account tracks that do not pass
through the PV.

Photons are reconstructed from EM calorimeter deposi-
tions. Baseline photons must have E1 > 30 GeV, fall within
the barrel (|57| < 1.37) orendcap (1.52 < |n| < 2.5) regions,
and satisfy the Loose photon identification WP [72].
Signal photons must also be isolated from nearby tracks
and calorimeter depositions [72]. The sum of the pr
of all prompt tracks (Et of all energy depositions) within
AR = 0.2 of the photon must be less than 5% (6.5%) of the
photon Er.

Jets are reconstructed with the particle-flow technique
[75,76] using the anti-k, algorithm with a radius parameter
of 0.4 [77]. In this analysis, jets are only used for overlap
removal, and for the EM-BDT search only, to evaluate the

Run 2 Data Run 3 Data
>2 Leptons
pr > 65 GeV
[do] >3 mm
A 4
ABCD high-pr ABCD high-pr
SRs SRs
ce L1 oo L1
AlB[B 5 Al B 5
clo|P c|o|P

EMiss Baseline jets must satisfy pp > 20 GeV and
|| < 2.8. To reject jets from pileup interactions, a jet
vertex tagger algorithm employing a neural network is
applied using a WP with an approximately fixed efficiency
as a function of jet pr [78].

The value of ETS is defined as the magnitude of the
negative vector sum of the transverse momenta of all
distinct reconstructed objects as well as tracks not asso-
ciated with any reconstructed objects [78]. When calculat-
ing the value of ETsS, both prompt and displaced leptons
are included.

The analysis requires one of the following three con-
ditions to be true: at least one baseline electron, at least two
baseline muons, or at least two baseline photons. Events
must pass one of the triggers described in Sec. III, which
depend on the final state and the pt of the leptons and
photons. During 2023, part of the TRT barrel was not in
operation in a region defined by —1.759 < ¢ < —1.257 and
|n| < 1.37. Events with electrons or muons in this 7 — ¢
region are vetoed in 2023 data only.

Events are categorized into orthogonal ABCD high-pr,
ABCD LRT, and EM-BDT regions in cascading order
based on the number of high-d,, leptons, as defined above.
If there are at least two such leptons with pr > 65 GeV,
events fall into the ABCD high-pr regions. Failing that, if
events have at least two such leptons with pt >
31(21) GeV for electrons (muons), events fall into the
ABCD LRT regions. Remaining events fall into the EM-
BDT regions. The flowchart in Fig. 4 illustrates the
categorization of events. Additional selections, defined in

>2 Leptons
pr(e,p) > 31,21 GeV
|dol(e,u) > 3,2 mm

pr(ey) > 10,30 GeV
|do|(e) > 3 mm

ABCD LRT
SRs

EM-BDT
SRs

>

o
O|m
O]®

(@)
W)

FIG. 4. Flowchart of the event categorization into the ABCD high-pr, ABCD LRT, and EM-BDT SRs. The Run 2 and Run 3 ABCD

high-pt SRs are separate.
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Secs. V and VI for the ABCD and EM-BDT approaches,
respectively, are used to define SRs that are sensitive to
BSM signals, control regions (CRs) that are used to
estimate the backgrounds in the SRs, and validation regions
(VRs) that are used to test the robustness of the background
estimation methodology. The SRs, CRs, and VRs for each
channel are mutually orthogonal.

V. ABCD ANALYSIS

The ABCD analysis defines SRs for three dilepton flavor
combinations, ee, pu, and ey, using the flavors of the two
leptons with the highest pt. Backgrounds are estimated
using two ABCD-based estimations, one for fake and
heavy-flavor (FHF) leptons and one for cosmic-ray muons,
which make use of leptons passing and failing certain
quality criteria. These are estimated separately because,
while they are uncorrelated with each other, different sets of
background suppressing requirements need to be inverted
to populate the background estimation regions. Cosmic-ray
muons are only relevant for the pu final state. Region A,
shared for the FHF and cosmic-ray muon estimates, is the
SR where both leptons pass all analysis requirements,
regions B and C have one lepton passing the criteria and the
other one failing them, and region D contains events where
both leptons fail the criteria, which are different for the FHF
and cosmic-ray muon estimates. When the criteria used on
each lepton are uncorrelated, the estimate of the back-
ground in the SRs reduces to

FHF y, \JFHF
Ng™ X N¢
FHF
Np

Cosmics Cosmics
Ny X N¢

predicted
N A NCosmics
D

’

where Nt , and NE%Ws are the event yields in the
various control regions for the FHF and cosmic-ray back-
grounds, respectively, for a given lepton flavor combina-
tion. The B, C, and D regions for a given SR are included in
the fits to determine the backgrounds for model-indepen-
dent limits and BSM exclusions, as described further in

Sec. VIII.

A. ABCD event selection

The selection of events for the ABCD analysis begins
with the common preselection requirements described in
Sec. IV. The ABCD search requires the presence of at least
two signal leptons (e or y) separated by AR(Zy,¢,) > 0.2
and considers two orthogonal sets of SRs. The high-pr SRs
use a similar selection as the Run 2 search, relying on
photon and MS-only muon triggers and requiring both
leptons to have pr > 65 GeV and |dy| > 3 mm. The Run 3
high-pr SRs benefit from the addition of new photon plus
MS-only and di-MS-only-muon triggers, listed in Table I.
Separate SRs are defined for the ee, up, and eu events in
Run 2 and Run 3, resulting in six orthogonal ABCD high-
Pr SRs.

The ABCD LRT SRs use the novel LRT triggers that were
introduced in Run 3 and require electrons (muons) with
pr > 31 (21) GeV. The muon |d,| threshold is also reduced
to 2 mm. Electrons are required to pass the stricter LLP
Loose WP to be consistent with the LRT trigger. Events
satisfying the high-pr SR selection are vetoed. Three SRs
exploiting the LRT triggers are defined for the ee, up, and ey
events in Run 3 only, leading to a total of nine orthogonal
SRs considered in the ABCD search. For the three pu SRs,
an additional cosmic-ray veto rejects events with back-to-
back fully reconstructed muons, y; and p,, with |7(u;) +
n(uy)] < 0.02 and 7 — |p(p1) — p(u,)| < 0.01, taking ad-
vantage of the better angular resolution of fully recon-
structed muons at the PV, compared to the extrapolated MS
segments.

To maintain broad sensitivity to BSM physics scenarios
besides the GMSB long-lived slepton and dark sector
models considered in this paper, no additional kinematic
selections are applied. Due to the low rates of displaced
leptons in the data, these selection criteria are enough to
reduce the expected background yields in all SRs to less
than one event.

Example total acceptances, summing over the ABCD
SRs lepton flavors, for the stau model with a 100 GeV mass
and 0.01 ns lifetime in the high-p and LRT SRs are 0.001
and 0.012, respectively. For the smuon model with
800 GeV mass and 0.1 ns lifetime, the total acceptances
are 0.19 and 0.06 for the high-pr and LRT SRs,
respectively.

B. ABCD background estimation

Two sources of background are considered in the ABCD
analyses. The FHF lepton background contributes to all
three lepton flavor channels and includes combinatoric fake
tracks, random overlaps of hadronic tracks with EM
clusters or MS tracks, photon conversions, and decays of
heavy-flavor (HF) bottom and charm mesons. The cosmic-
ray muon background contributes to pu events only. Since
these processes are not necessarily well-modeled in sim-
ulation, they are estimated from data CRs using ABCD
methods that closely follow the methodology of the Run 2
ATLAS displaced leptons search [23]. The final back-
ground estimates and results for each SR are obtained from
a simultaneous fit of the four ABCD regions that includes
any signal contamination. The signal contamination is
mostly less than 10% in the B and C regions for the
FHF and always less than 1% in the denominator region D.
It is only larger in a few B and C regions depending on the
signal model. Thus any contamination would lead to a
lightly overestimated background and a weaker analysis
sensitivity. For the cosmic-ray muon estimation, the signal
contamination is negligible in each region.

The background estimate for FHF leptons uses CRs in
which some of the quality criteria for one lepton, the other
lepton, or both, are inverted. A failing electron is one that

012016-9



G. AAD et al.

PHYS. REV. D 112, 012016 (2025)

fails at least one of the requirements from Table IT on A p-,
ID track y7,/n.d.f., and the number of missing track hits,
while satisfying all other ABCD signal electron require-
ments of Sec. IV. A failing muon is one that fails at least
one of the requirements from Table II on the number of
precision tracking layers, the presence of a high-precision
¢ measurement, ID track y% /n.d.f., combined muon
yeg/n.d.f., and the number of missing track hits, while
satisfying all other ABCD signal muon requirements of
Sec. IV. In the up high-pr regions only, the observed yields
in the ABCD CRs are too small to provide individual
predictions for Run 2 and Run 3. Therefore the yields in the
ABCD regions for these two datasets are combined and the
predicted FHF background is scaled by the fractions of the
total luminosity accounted for by each dataset, namely 0.71
for Run 2 and 0.29 for Run 3. The predicted SM back-
ground yields in each of the nine ABCD SRs is less than
0.2 events. As an example, for the high-pt Run 3ee SR, the
FHF B, C, and D region yields are 3, 6, and 278
respectively. This results in a predicted background of
3-6/278 = 0.0677)0:7 assuming no signal contamination
and ignoring the SR yields, which are included as a
constraint in the fit for the final results.

This method assumes that the quality criteria of the two
FHF leptons are uncorrelated with each other. The corre-
lation coefficient, as measured in VRs, varies between
—0.05 and —0.1. Two sets of VRs are defined to account for
any systematic biases of the background estimation meth-
odology, including potential correlations between the
quality criteria of the leptons. The VR-fake regions are
enriched in fake-lepton backgrounds by inverting the
requirement on Apg for electrons and on the CB track
yeg/n.d.f. requirement for muons. This makes these VRs a
subset of region D, but orthogonal to regions A, B, and C.
The VR-HF regions are enriched in heavy-flavor leptons by
requiring at least one lepton to fail the isolation criteria.
Some requirements are removed in order to increase the
number of events in the heavy-flavor VRs: Apr in the ee
and ey channels; y25/n.d.f. in the yu channel; and Noprec
and N in the eu channel. The observed yields in the nine
VR-fake and VR-HF regions corresponding to the nine SRs
are consistent with the background expectations obtained
by performing the ABCD estimate in these VRs.

For cosmic-ray muons, the ABCD CRs are defined by
inverting the MS quality requirements (number of precision
tracking layers N .., number of high-precision ¢ measure-
ments N 4, or combined muon xep/n.d.f.) orby inverting the
cosmic veto relying on the presence of the MS segments on
the opposite side of the detector. The correlation coefficient
between these quantities is —0.03, computed in events with
two baseline muons. These are inverted for the muon in the
top half of the detector, which is more likely to be mis-
reconstructed than the muon in the bottom half since it
travels in the opposite direction of particles that originate

from the PV. For example, region B has a cosmic tagged top
muon and region C has a top muon, failing at least one MS
quality requirements. Applying the additional cosmic-ray
veto on back-to-back fully reconstructed muons eliminates
almost all of the events in these regions. Therefore the
cosmic-ray muon background is estimated without this
additional cosmic-ray veto applied and then scaled by the
expected efficiency T = (3.7 -2.6) x 10~ for muons to
survive the veto, evaluated using the events that fall in the
superset of regions B, C, and D. The expected background
yields are of the order 1073 in the three yu SRs.

This background method is validated in VRs enriched in
cosmic-ray muons, in which the cosmic veto relying on the
presence of MS segments on the opposite side of the detector
as the bottom muon is replaced by the requirement that this
muon has MS segments satisfying |1, + 7vs| < 0.01 and
7= |¢, — pus| < 0.08 but no such segments satisfying
11, + nus| < 0.002 and 7 — [¢p, — Pys| < 0.02. To enrich
the VR in cosmic-ray muons, the additional cosmic-ray veto
based on the two fully reconstructed muons is not applied.
The observed yields are consistent with the background
expectations.

C. ABCD systematic uncertainties

While the sensitivity of the ABCD analysis is dominated
by statistical uncertainties, systematic uncertainties are
derived based on the agreement, or closure, of the VRs.
Since these VRs, like the SRs, have limited numbers of
events, the larger of the non-closure and the statistical
uncertainty is used as the systematic uncertainty.
Additional uncertainties common with the EM-BDT analy-
sis are described in Sec. VIIL.

The systematic uncertainty in the FHF lepton back-
ground is based on the agreement between observed yields
versus expected backgrounds in the VR-fake and VR-HF
regions, testing the closure of the method in regions
orthogonal to the SRs. For each region, the larger of
two quantities is taken as the systematic uncertainty: the
deviation from one of the ratio of the observed yield to
the expected background, or the statistical uncertainty in
the expected background. The values are extracted from
VR-fake and VR-HF separately and then added in quad-
rature. Due to the small rate of fake muons, the ey and
uTu~ VRs all had less than five observed events. In all
cases, the statistical uncertainty is equal to or larger than the
non-closure. This results in positive uncertainties of
50%/190%/150% (ee/eu/up) for the Run 2 high-pt
regions; 40%/160%/150% for the Run 3 high-pr regions;
and 130%/150%/240% for the Run 3 LRT regions.

Two sources of systematic uncertainty in the cosmic-ray
muon background are considered. The first source is due to
the assumption that the muon in the top half of the detector
is the one that is mismeasured. The background is esti-
mated by instead inverting the cosmic veto and/or MS
quality variables (Npc, Ny, and ;(éB /n.d.f.) of the bottom
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muon and taking the relative difference with respect to the
nominal result, resulting in uncertainties of 28%, 2%, and
41% in the Run 2 high-p, Run 2 high-p, and Run 3 LRT
SRs, respectively. The cosmic-ray background is also
estimated by inverting two of the three MS quality variables
and taking the relative difference with respect to the
nominal estimate. The largest deviation of the three pairs
is used, resulting in uncertainties of 20%, 38%, and 82% in
the Run 2 high-pr, Run 2 high-pt, and Run 3 LRT SRs,
respectively.

VI. EM-BDT ANALYSIS

The EM-BDT analysis seeks to discriminate between
displaced electrons and the background, which is domi-
nated by prompt particles. In the interpretation of the results
for the GMSB long-lived slepton model used as a bench-
mark (see the diagram in Fig. 1), the EM-BDT analysis is
applied to the selectron and stau channels, since either can
produce displaced electrons in the final state.

As an electron arising from the decay of a long-lived
parent is both displaced and delayed, there exist significant
correlations between many relevant observables, motivat-
ing the introduction of machine learning techniques in the
development of a multivariate discriminant. An electron
from an LLP decay that occurs too far into the detector may
not have an identifiable track. In such a case, the electron is
reconstructed as a photon, provided the decay is before the
calorimeter. Two different BDTs are employed, each using
variables that are verified with comparisons of Z — ee data
and MC simulation to be reasonably well modeled. The
“eBDT” seeks to identify displaced electrons from among
those particles reconstructed as electrons, while the
“yBDT” seeks to identify displaced electrons from among
those particles initially reconstructed as photons. The
yBDT extends the sensitivity of the analysis to events
where the decay producing the electron occurs in front of
the EM calorimeter but further from the beamline than the
300 mm limit where the LRT is applied; in such cases, it is
still possible to identify the displaced electron from the EM
calorimeter information only.

The discriminating variables for the eBDT include
tracking information, EM calorimeter variables, and com-
binations of the ID and LAr measurements. The tracking
variables include the track fit quality y? value, the number
of pixel hits on the track, the number of missing layers in
the track, and the transverse and longitudinal impact
parameters with respect to the PV position. The EM
calorimeter variables include the LAr pointing measure-
ment (zgy), the absolute value of the LAr timing meas-
urement, and two LAr shower shape variables, namely the
fraction of the EM shower energy in the first and third
longitudinal layers (f; and f3, respectively). The combined
variables include Apr and the difference between z, and
Zgm; both of these combined variables are intended to help
reject backgrounds from fake electrons. The background

rejection of the ¢BDT is enough that the analysis can be
performed with only one reconstructed electron in the
event, thereby greatly extending the analysis sensitivity to
longer slepton lifetime values, where only one selectron (or
stau) has decayed before reaching the EM calorimeter. In
events with more than one reconstructed electron, or with
one electron and one or more photons, the eBDT is applied
to the leading electron. Thus, the eBDT is an “object-level”
discriminant, using only measurements of the electron itself
and not of other properties of the event, and thereby
functions as a “displaced electron tagger.” This feature
of the ¢eBDT makes it rather model-independent.

The yBDT searches for displaced electrons reconstructed
as photons. The lack of tracking information and higher
background rates for photons than electrons makes a single
photon region infeasible. Instead, the yBDT requires at least
one additional electron or photon. The variables used are the
pointing and timing measurements of the two objects, as
well as the differences between them. In addition, the value
of EXis in the event is used. This choice is motivated by the
gravitinos produced in the baseline slepton model in order to
extend the reach of the analysis to longer slepton lifetime
values but does make the yBDT more model-dependent than
the eBDT.

A. EM-BDT event selection

The selection of events for the EM-BDT analysis begins
with the common preselection requirements described in
Sec. IV. The EM-BDT event selection is made orthogonal
to that of the ABCD analysis regions by vetoing dielectron
events passing the ABCD pr and |d,| requirements. The
selected EM-BDT events are divided into several distinct
final states, according to the multiplicity of reconstructed
EM objects (electrons or photons) in the event. Each final
state is selected by a set of triggers, as described in Table I.

The ¢BDT is used to analyze events with at least one
electron in the barrel calorimeter (|| < 1.37). These
include single-electron events but also events with an
electron in the barrel calorimeter plus either additional
electrons or photons. In events with more than one
reconstructed electron, the leading electron in the barrel
is selected as the input object to the eBDT algorithm. The
electron is required to have EJ > 5 GeV to reduce the
impact of noise on the calorimeter timing and an absolute
value of its calorimeter time less than 12.5 ns to reject
backgrounds from other bunch crossings.

Given the large backgrounds in the single-photon event
samples as well as the lack of tracking information for
photons, the yBDT is used to analyze only events with at
least two reconstructed EM objects; the first must be a
photon passing the baseline requirement, while the second
can be another photon or an electron which fails the eBDT
requirements. Electrons are treated as photons in this case
and do not have the transverse impact parameter require-
ment in Table II. At least one EM object must be in the
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barrel calorimeter (|| < 1.37). Both EM objects are
required to have £ > 5 GeV and an absolute value of
its calorimeter time less than 12.5 ns. A requirement of
|z| <2000 mm for both EM objects eliminates beam-
induced backgrounds that can fake the photon signature.

For a selectron with a mass of 200 GeV and a lifetime of
30 ns, total acceptances of the EM-BDT event selection are
0.0022 for the yBDT and 0.01 for the eBDT. The sum of
these are two orders of a magnitude larger than the sum of
the ABCD SR acceptances.

B. EM-BDT background estimation

The background in the EM-BDT analysis is dominated
by prompt particles that are mismeasured or poorly
reconstructed. Such effects cannot be sufficiently precisely
simulated, and therefore the background estimation is
necessarily entirely data-driven. The estimate is generated
by dividing the data into three orthogonal regions: a CR,
which can be used to estimate the background normaliza-
tion and BDT distribution shape, a VR, which can be used
to validate the background estimate before unblinding the
SR data, and the SR, in which the search will ultimately be
performed.

The EM-BDT analysis exploits the fact that, for prompt
background, the distribution of the arrival time at the EM
calorimeter should, due to resolution effects, be symmetric
about zero, as seen in Fig. 2. In contrast, signal events
should be delayed, and therefore have primarily positive
arrival times. As a result, the CR can be defined for the
eBDT (yBDT) by events where the leading electron has
(both photons have) a negative time, while the SR is
defined by events where the leading electron has (both
photons have) a positive time. The VR is defined by
kinematic selections that aim to achieve a dominance of
background over signal by selecting events with enhanced
SM W or Z boson production; the VR includes single-
electron events with a transverse mass of the lepton and
EMiss gystem in the range from 60 to 100 GeV and
dielectron events with a dielectron mass in the range from
80 to 100 GeV. To guarantee orthogonality among the three
regions, the CR and SR definitions include vetoes of any
events that fall within the VR selection.

For both the ¢BDT and the yBDT, the BDT is trained to
separate the signal, as modeled with MC simulation, from
the background, as modeled by the CR data. Signal models
of various masses and lifetimes > 1 ns were used for
training in order to maximize the sensitivity to longer
lifetimes. To make use of the entire sample of the MC
simulation and the CR data, the signal sample and data used
for training are split randomly into three “folds,” and
training is performed on each group individually. It is then
required that the score assigned to a particular event during
evaluation is determined using a fold other than the one
assigned to that event in training. The final EM-BDT results
for various slepton masses and lifetimes are obtained by

signal-plus-background fits, including associated statistical
and systematic uncertainties, of the unblinded SR data to
the weighted sum of the CR-derived background template
and signal template shape from MC simulation. The signal
contamination in the CR is found to be less than one
percent of the yield. Still, to account for signal contami-
nation in the CR, particularly at low lifetimes where the
signal has a similar shape in the CR and SR, the signal
template in the fit is set to be the difference of the positive
and negative timing BDT score distributions, i.e. the
difference between the SR and CR templates. Before
unblinding the SR data, the BDT distributions were
validated by performing fits to the background-dominated
VR.

The BDTs are defined such that their output values range
from —1 to +1, with signal-like (background-like) events
skewed toward positive (negative) BDT scores. The final
statistical analysis uses a simultaneous fit to binned eBDT
and yBDT distributions, where the normalization is allowed
to float. Before unblinding, the binning used for the BDT
scores was subject to an optimization procedure that sought
to maximize the signal sensitivity. To ensure a non-zero
background estimate could be made for each bin, the choice
of bins was subject to the constraint that there exist at least
one CR event in each bin. The ¢BDT and yBDT binnings
were optimized separately. However, for both BDTs the
very background-like events with BDT scores less than
zero are not used in the fit, and the events with positive
BDT scores are divided into five non-overlapping bins.

C. EM-BDT systematic uncertainties

While the sensitivity of the EM-BDT analysis is domi-
nated by statistical uncertainties, several sources of sys-
tematic uncertainty are considered. The background
normalization is determined in the fit, and therefore no
corresponding systematic uncertainty is needed. However,
systematic uncertainties that are considered can impact the
results of the final fit by either impacting the shapes of the
BDT score distribution of the signal or the background or
by affecting only the signal normalization. Additional
uncertainties common with the ABCD analysis are
described in Sec. VIIL.

The largest systematic uncertainty in the shape of the
background BDT distribution arises due to the assumption
that the CR data, which has negative time values, describes
accurately the expected background in the SR region,
which has positive times. The systematic uncertainty in
this assumption is determined by using the VR data, where
the signal contribution is negligible and therefore the
symmetry of the background around ¢ = 0 ns can be tested
quantitatively. Comparing the BDT distribution of the VR
data with negative times with that of the VR data with
positive times, the relative discrepancies increase mono-
tonically toward the higher BDT score bins, and reach as
high as 33% (84%) in the highest bin of the eBDT (yBDT)
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score. These “non-closure” uncertainties are symmetrized
about the central prediction and included as systematic
uncertainties in the BDT background shape.

A systematic uncertainty in the shape of the signal BDT
distribution arises due to uncertainties in the smearing of
the time resolution. The MC simulation does not accurately
describe the timing resolution in the data, and therefore the
signal MC events are subjected to an additional smearing of
the time. The smearing procedure consists of taking the raw
time from the MC simulation, which already contains a
model of the observed noise in the calorimeter, and adding
additional correlated and uncorrelated components. The
correlated component corresponds to the beam spread, and
is therefore shared by all objects in the same event. The
uncorrelated component is applied separately to each object
and corresponds to different electronic and pileup noise
assumptions and other global effects observed in compar-
isons between data and MC simulation. To determine an
uncertainty in the signal BDT shape, the smearing is varied
up and down within the experimental uncertainties, and the
signal BDT shape is re-evaluated.

VII. COMMON SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainties are evaluated
for the prediction of signal model yields, both from the
theoretical and experimental sides. The factorization and
renormalization scales, ag, parton distribution functions,
and QCD radiation models are all varied to assess the
impact on the simulated acceptance in the SRs. For the
GMSB slepton model in the EM-BDT SR a 12% theory
acceptance uncertainty is applied on the yield, while in the
ABCD SRs the uncertainty varies between 10% and 30% in
the excluded region. For the dark sector model, theory
acceptance uncertainties in the yield in the ABCD SRs also
vary between 10% and 30% in the excluded regions. The
theory uncertainty in the total predicted cross section is not
included as an additional uncertainty in the fit so that they
are separated from experimental uncertainties and may
easily be updating with future improvements to the
predictions.

Experimental-based uncertainties in the modeling of
leptons are determined in two parts. Electrons and muons
are reconstructed with a track and calorimeter or MS
information, respectively. These sub-detectors are suffi-
ciently far from the PV relative to the displacements
targeted in this search that the sub-detectors’ performance,
and simulation of said performance, should not differ by
much from that for prompt leptons. Thus uncertainties in
the tracking and calorimeter or MS information are
separated in order to determine each in the most robust
way. Additional uncertainties for displaced leptons are
added to those derived for prompt leptons, which cover
the calorimeter and MS portion of the leptons. Standard
uncertainties in the modeling of photons are included; there
are no additional displacement based uncertainties applied

for photons other than that for the smearing of the time
resolution described in Sec. VIC.

Uncertainties in reconstructed objects are propagated to
the reconstruction of EX*. Additional uncertainties in EPs*
come from varying the scale and resolution of the soft term,
parallel and perpendicular to the hard term [78]. As ER is
used in selecting events with enhanced SM W production to
define the EM-BDT VR, a systematic is assessed on the
impact of ETiS-reconstruction uncertainties in the fitted
EM-BDT score distributions. The migration of events from
EM-BDT SRs to the EM-BDT VR was studied after
redefining the VR using variations in EX. Based on this
a 2% uncertainty in the signal yields in the EM-BDT SRs
was assigned. For the yBDT, which uses ETS as an input
variable, an additional uncertainty is evaluated by propa-
gating the E™S systematic uncertainties into the yBDT
score calculation and re-evaluating the yBDT shape.
Uncertainties in ET'S have no impact in the ABCD analysis
since it is not used in the event selection.

The uncertainty in the modeling of LRT in offline
reconstruction was determined from comparisons of data
and MC simulation using Kg vertices in Ref. [44]. These
are parameterized in pr and radius of the first hit on the
track and vary from 0.3% to 16.8% per large-radius track.

Uncertainties in the simulated acceptance of the trigger
for standard prompt leptons and photons are considered.
Additional uncertainties in the LRT-based trigger accep-
tance are computed by comparing the trigger tracking
efficiency with respect to offline tracks in data and MC
simulation, as done in Ref. [37]. This amounts to an
additional uncertainty of 11% for electrons and 2% for
muons on top of the standard trigger uncertainties.

Standard corrections to the modeling of reconstruction,
identification, and isolation requirements for leptons were
computed with prompt Z — £ events using the same
methods as described for electrons in Ref. [72] and muons
in Ref. [73]. Uncertainties in the corrections for electrons
are generally less than 11% for pr > 30 GeV; they rise to
70% for electrons with pr < 20 GeV. For muons the
uncertainties in the corrections are generally less than
3%. An additional uncertainty in electron identification
as a function of |dy| is assessed by comparing the relative
loss in efficiency between the VeryLoose and Loose WPs
of signal MC simulation; this amounts to an uncertainty of
16% per electron. For muons, the MS is sufficiently far
away from the PV, and their identification does not make
use of a likelihood discriminant. Thus, no additional
displacement-based uncertainty is applied.

Part of the uncertainties in the ABCD background
predictions come from the propagation of statistical uncer-
tainties in the yield in each region. These range from plus
0.003-0.4 events on a predicted central value of less than
one event in each SR, see Table III. The negative variation
is capped so that the expected yield is not negative. The
other set of uncertainties are those described in Sec. V C on
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TABLE III. Expected and observed yields in the signal regions and model-independent upper limits derived using pseudo-
experiments. Left to right: total expected background after a background-only fit, with the combined statistical and systematic
uncertainties; number of events observed in data; and the 95% confidence level (CL) upper limits on the visible cross section ((Aea)ﬁﬁs)
and on the number of signal events (5%, ). The sixth column (Sg)?p) shows the expected 95% CL upper limit on the number of signal
events, given the expected number (and + 16 excursions of the expectation) of background events. The last two columns indicate the
confidence level of the background-only hypothesis (CLy) and discovery p-value with the corresponding Gaussian significance
[Z(s = 0)]. CL,, provides a measure of compatibility of the observed data with the signal strength hypothesis at the 95% CL limit
relative to fluctuations of the background, and p(s = 0) measures compatibility of the observed data with the background-only
hypothesis relative to fluctuations of the background. The p-value is capped at 0.5.

Signal region Total Bkg. Nops (Aec)%. [fb] 8% Sz CL, p(s =0) (2)
ee high-py (Run 2) 0.031, 0.031 0 0.02 3.0 3.0199 0.46 0.5 (0)
ee high-py (Run 3) 0.06, 0.05 0 0.05 3.0 30700 0.45 0.5 (0)
ee LRT 0.00163‘)’;88122 1 0.07 4.1 3.0109 0.97 0.01 (2.2)
pu high-pr (Run 2) 0.02:02 0 0.02 3.0 3.0500 0.49 0.5 (0)
pu high-pr (Run 3) 0.0159} 0 0.05 3.0 3.0100 0.48 0.5 (0)
puu LRT 0.02-9% 0 0.05 3.0 3.0500 0.49 0.5 (0)
ey high-py (Run 2) 0.0016-0.9033 0 0.02 3.0 3.0100 0.50 0.5 (0)
e high-py (Run 3) 0.00479910 0 0.05 3.0 3.0500 0.50 0.5 (0)
eu LRT 0.2403 0 0.05 3.0 3.0501 0.45 0.5 (0)
EM-BDT 1.0123 3 0.13 7.1 57408 0.77 0.2 (0.9)

the FHF and cosmics muon background predictions. The
uncertainty on the FHF prediction ranges from 30% to
210%. The uncertainties on the cosmics muon background
prediction, 2%—-81%, have no impact on the analysis as the
prediction is of the order 1073. The results in the ABCD
SRs are dominated by Poisson statistical uncertainty on the
yield. The dominant uncertainty in the signal prediction in
the ABCD SRs depends on the region and signal model.
Typical ranges for uncertainties are: 11%—40% for the
number of MC simulation events, 25% for the signal theory
acceptance, 10%—40% for the uncertainty in LRT, 1%—15%
for muon modeling, and 20%-30% for electron modeling.

T T
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The uncertainty in the BDT backgrounds are dominated
by the shape uncertainties, except for the most sensitive bin
where the number of CR events is low and the statistical
uncertainty is large. The dominant uncertainties for the
eBDT are the electron modeling at 21%, the theory
acceptance uncertainty at 12%, and the statistical uncer-
tainty in the number of simulated events in the most
sensitive bins at 7%. The dominant uncertainties for the
yBDT are the signal acceptance uncertainty of 12%, and the
statistical uncertainty in the number of simulated events in
the two most sensitive bins at 11% and 4%. For both the
ABCD and EM-BDT regions, the uncertainty in the

T
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FIG. 5. BDT score distributions for (a) the ¢eBDT and (b) the yBDT comparing the expected yields from the control region to the
observed data. Selectron pair-production models with a mass of 300 GeV and a lifetime of 1 ns and a mass of 200 GeV with a lifetime of
1 ns or 10 ns are overlaid with 10 times the expected yield. The lower panel is the ratio of the observed data over the expected
background.
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FIG. 6. Expected and observed 95% CL exclusion contours for (a) the selectron, (b) smuon, (c) and stau models. The selectron and
stau limits are computed using both the ABCD and EM-BDT regions, while the smuon limits are from the ABCD regions only. The
dashed line indicates the expected limit, and the surrounding band shows the 1¢ variation of the expected limit due to uncertainties in the
background prediction and experimental uncertainties in the signal modeling. The gray shaded area illustrates the observed exclusion

obtained in the prior ATLAS Run 2 analysis [23].

lifetime reweighting, discussed in the next section, may be
the dominant uncertainty when used.

VIII. RESULTS

Each of the orthogonal ABCD signal regions is used
individually to compare the observed data yield with the
expected background, the results of which are used as
“discovery regions” to set model-independent limits on the
production of displaced leptons; for the ABCD high-pr
analyses, these are quoted separately for the Run 2 and Run
3 data, due to the different center-of-mass energies,
resulting in a total of nine orthogonal ABCD discovery
regions. An EM-BDT discovery region is defined as the
most signal-like bin of the eBDT distribution (eBDT score
> (0.46) and is used to set model-independent limits on the
production of displaced electrons. All model-independent
limits are derived using pseudo-experiments. Model-de-
pendent limits on the long-lived slepton model are obtained
by performing a simultaneous fit to the ¢eBDT and yBDT

distributions, as well as the nine ABCD SRs. Only the
ABCD SRs are used for the dark sector model. The EM-
BDT SRs would be sensitive to some semi-hadronic
decays, but the MC simulation only includes decays to
two leptons; thus it was not included for limit setting.

Only one event is observed among the nine orthogonal
ABCD signal regions, namely in the SRee-LRT region.
The observed and expected yields in the orthogonal ABCD
signal regions are presented in Table IIl. Corresponding
model-independent upper limits on the visible BSM cross
sections, the observed and expected limits on the number of
non-SM events, and the p-values and corresponding local
Z scores are also shown. The one event observed in the
SRee-LRT region, compared to the background expect-
ation of 0.0016f8:88122 events, corresponds to a local
significance of 2.2¢.

The observed BDT distributions in the SRs of the e BDT
and yBDT analyses are shown in Fig. 5. Shown super-
imposed are the background shapes as determined using the
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FIG. 7. Comparison of expected and observed 95% CL exclusion contours for (a) the selectron, (b) smuon, and (c) stau models for
subsets of the analysis regions ABCD high-pr, ABCD LRT, and EM-BDT. For the stau model, the EM-BDT SRs do not exclude any
points by themselves. The dashed lines indicate the expected limits. The gray shaded area illustrates the observed exclusion obtained in

the prior ATLAS Run 2 analysis [23].

CR data and example GMSB signal models with selectrons.
The lower panels in the figures show the bin-by-bin ratios
of the data divided by the background and illustrate that the
observed SR data are consistent with the background
expectation. Defining the EM-BDT discovery region as
the most signal-like bin of the ¢eBDT yields a background
expectation of one event. The uncertainty in this back-
ground estimate is dominated by the statistical uncertainty
resulting from the fact that it is determined from a single
CR event in this bin of the ¢BDT, plus a systematic
uncertainty of £0.33 from the other sources of uncertainty
described previously. A total of 3 events are observed in the
EM-BDT discovery region, corresponding to a local
significance of 0.9¢; this result is included as the last
row of Table III.

The combined ABCD and EM-BDT results are used to
set exclusion contours on the GMSB stau and selectron
models in the two-dimensional plane of slepton lifetime
versus slepton mass. Only the ABCD results are used for
the smuon and dark sector models. The combination is

obtained by simultaneously fitting all included regions,
using a single fit parameter to describe the signal strength.
Thus the 13.6 to 13 TeV cross section ratio is taken from
the theoretical prediction. To improve the interpolation
between generated signal models with different lifetimes, a
reweighting procedure is used to estimate the signal
acceptances for lifetimes that were not included in the
MC sample described in Sec. III and corresponding
uncertainties in the signal yields are included in the fit.
A 20% signal normalization uncertainty was assessed for
reweighting to lifetimes up to 100 ns, increasing to 50% for
reweighting to even higher lifetimes, where the uncertain-
ties are based on comparing reweighted samples to simu-
lated samples with the same lifetime.

The 95% CL exclusion contours for long-lived selec-
trons, smuons, and staus are shown in Fig. 6. Results from
the prior Run 2 analysis [23] are also included. The
excluded regions from the current analysis extend to
significantly higher slepton masses and much higher
slepton lifetimes. For example, selectrons with a mass of
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Expected and observed 95% CL exclusion contours for the dark sector model with the (a) fixed lifetime and (b) fixed mass

splitting. The dashed line indicates the expected limit, and the surrounding band shows the 1o variation of the expected limit due to
uncertainties in the background prediction and experimental uncertainties in the signal modeling.

150 GeV are excluded for lifetime values ranging from 4 ps
to 60 ns, while selectrons, smuons, and staus with a lifetime
of 0.3 ns are excluded up to 740, 830, and 440 GeV,
respectively. The improvement in sensitivity for long life-
times for selectrons with lower masses is due to the EM-
BDT and new LRT-based triggers. For smuons, in addition
to the LRT-based triggers, the improved sensitivity is due to
better trigger acceptance for muons in the forward region.
The sensitivity to stau models benefits from all of the
improvements above and especially from the new LRT
triggers since the leptons tend to have lower pr. This is
illustrated in Fig. 7, which overlays the exclusion contours
for the ABCD high-pt, ABCD LRT, and EM-BDT SRs.
The difference between the expected and observed exclu-
sion contours is due to the observed events in the ee LRT
and EM-BDT SRs. Thus the combined observed limit,
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including the observed events, can be worse than the
standalone high-pt limit where no events were observed.
The difference between the expected and observed exclu-
sion contours for the stau model comes from the observed
event in the ABCD LRT region as the EM-BDT sensitivity
is sub-dominant for the mixed flavor final-state from the
staus. All models benefit at high masses from the additional
Run 3 data.

The 95% CL exclusion contours for the dark sector
model are shown in Fig. 8. For a lifetime of z = 0.3 ns,
mass differences down to Am = 16 GeV are excluded for a
chargino mass of 100 GeV, and charginos with masses up
to 900 GeV are excluded for large values of Am. For a
mass difference of Am = 40 GeV, charginos with masses
up to 380 GeV are excluded, and chargino lifetimes of
0.006 < 7 < 10 ns for a chargino mass of 100 GeV are
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FIG. 9. Comparison of expected and observed 95% CL exclusion contours for the dark sector model with the (a) fixed-lifetime and
(b) fixed-mass-splitting for subsets of the analysis regions ABCD high-pr and ABCD LRT. The dashed lines indicate the expected

limits.
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excluded. Similar to the exclusion contour overlays for the
slepton models, Fig. 9 illustrates the sensitivity to the
chargino models for the ABCD high-pt SRs at larger
masses and sensitivity of the ABCD LRT SRs to the
theoretically preferred small-mass-splittings between 10
and 40 GeV [35].

IX. CONCLUSION

A search for BSM physics using 56.3 fb~! of proton-
proton collision data collected by the ATLAS detector at
the LHC during 2022-2023 with /s = 13.6 TeV, com-
bined with the full Run 2 dataset in some regions, was
presented. The analysis focuses on the signature of dis-
placed electrons or muons, consistent with the decay of a
long-lived BSM particle. The event selection exploits new
Run 3 triggers that employ LRT for sensitivity to lower
momentum final state particles. Two orthogonal
approaches are used, one focusing on dilepton events
and another using LAr measurements and multivariate
techniques for expanded sensitivity to single-electron
and photon-reconstructed events.

The observed event yields in the various signal regions
are consistent with the SM background expectations. The
results are therefore used to set model-independent limits
on the production of displaced electrons and muons. The
combined analysis results are interpreted with two models.
The first is a GMSB model with pair-produced long-lived
sleptons that decay into the lepton of the same flavor and a
nearly massless gravitino, providing exclusion contours
that extend significantly beyond previous results. For
example, 95% CL exclusions are obtained for selectrons
with a mass of 150 GeV and lifetime values ranging from
4 ps to 60 ns, and selectrons, smuons, and staus with a
0.3 ns lifetime are excluded up to masses of 740, 830, and
440 GeV, respectively. The second model is pair-produced
dark charginos decaying into a W boson and neutralino,
where small mass splittings of 10-40 GeV result in a dark
matter relic density consistent with observations. Similarly,
95% CL are set for charginos with masses up to 380 GeV
for a mass difference with the neutralino of 40 GeV, and
mass differences down to 17 GeV are excluded for dark
charginos with a 100 GeV mass.
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