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A search for charged leptons with large impact parameters using 139 fb−1 of
ffiffiffi
s

p ¼ 13 TeV pp collision
data from the ATLAS detector at the LHC is presented, addressing a long-standing gap in coverage of
possible new physics signatures. Results are consistent with the background prediction. This search
provides unique sensitivity to long-lived scalar supersymmetric lepton partners (sleptons). For lifetimes of
0.1 ns, selectron, smuon, and stau masses up to 720, 680, and 340 GeV, respectively, are excluded at
95% confidence level, drastically improving on the previous best limits from LEP.
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Particles with long lifetimes are a feature of the standard
model (SM) and many theories beyond the standard model
(BSM) including R-parity-conserving supersymmetry
(SUSY) [1–7] models like split SUSY [8,9] and gauge-
mediated SUSY breaking (GMSB) [10–12], as well as
R-parity-violating SUSY models [13,14] and exotic sce-
narios such as universal extra dimensions [15,16].
However, particle lifetime remains an underexplored
parameter of phase space at the Large Hadron Collider
(LHC), where detectors and searches for new physics were
designed to measure the decay products of short-lived,
heavy particles with the assumption that those decay
products trace back to the collision point or very close
to it [17–21]. BSM particles with lifetimes longer than a
few picoseconds produce unconventional signatures,
including displaced decay products that do not trace back
to the interaction point. This brings technical challenges in
almost all aspects of the search; consequently, some models
with TeV-scale BSM particles in this lifetime regime
remain unexplored. While many dedicated searches for
long-lived particles have been performed by the ATLAS
[22–34] and CMS [35–46] Collaborations, signatures with
displaced leptons with no visible decay vertex would not be
identified by any previous ATLAS search. This Letter
addresses that gap in coverage.
This signature brings unique sensitivity to GMSB SUSY

models [47–49], where the nearly massless gravitino is the
lightest SUSY particle (LSP), and the next-to-lightest
SUSY particle (NLSP) becomes long-lived due to the
small gravitational coupling to the LSP. Well-motivated

versions of this model have a stau (τ̃) as the single NLSP, or
a selectron (ẽ), smuon (μ̃), and τ̃ as co-NLSPs [50]. In these
models, pair-produced sleptons (l̃) of the same flavor
decay into an invisible gravitino and a charged lepton of
the same flavor as the parent l̃. A combination of results
from the LEP experiments excluded the superpartners of
the right-handed muons and electrons (μ̃R and ẽR, respec-
tively) of any lifetime for masses less than 96.3 and
65.8 GeV. The OPAL experiment alone set the best limits
for all lifetimes of τ̃1, a mixture of the superpartners of the
left- and right-handed τ leptons, and excluded masses less
than 87.6 GeV [51–55]. A previous search from the CMS
experiment [56] selected events with displaced, different-
flavor leptons using 19.7 fb−1 of 8 TeV data but did not
directly target l̃ decays. A reinterpretation concluded that
OPAL’s constraints remained the most stringent [50].
Additionally, Ref. [57] shows that targeting this signature
could help improve the coverage of minimal supersym-
metric models with a gravitino LSP. The present search
provides mass sensitivity beyond the LEP limits.
To evaluate signal sensitivity, Monte Carlo (MC)

events in a simplified GMSB SUSY model were simulated
with up to two additional partons at leading order using
MADGRAPH5_AMC@NLOV2.6.1 [58] with the NNPDF2.3lo
parton distribution function (PDF) set [59] and interfaced to
PYTHIA8.230 [60] using the A14 set of tuned parameters
(tune) [61]. The sparticle decay was simulated using
GEANT4 [62], which does not preserve information about
the chirality of the l̃. The mixed states of the superpartners
of the left- and right-handed τ leptons, τ̃1;2, were generated
with mixing angle sin θτ̃ ¼ 0.95. The impact of multiple
interactions in the same and neighboring bunch crossings
(pileup) was modeled by overlaying each hard-scattering
event with simulated minimum-bias events generated with
PYTHIA8.210 [60] using the A3 tune [63] and NNPDF2.3lo
PDF set [59]. Signal cross sections were calculated at next-
to-leading order in αs, with soft-gluon emission effects
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added at next-to-leading-logarithm accuracy [64–68]. The
nominal cross section and uncertainty were taken from an
envelope of predictions using different PDF sets and
factorization and renormalization scales [69]. The sim-
plified model used for interpretation assumes the super-
partners of the left- and right-handed leptons are mass
degenerate, yielding a cross section of 0.37� 0.01 pb for
a single flavor of l̃ with mass 100 GeV and 0.059�
0.004 fb for a l̃ with mass 800 GeV. Simulated events
were generated for ẽ=μ̃ (τ̃) masses 50–900 GeV (50–
400 GeV) and lifetimes 0.01–10 ns (0.1–1 ns).
This search uses 139 fb−1 of data collected by the

ATLAS experiment from pp collisions at
ffiffiffi
s

p ¼ 13 TeV.
The ATLAS detector consists of concentric subdetectors
used together to identify particles [70–73]. Data collection
relies on a two-level trigger system, which uses tracking
information from the inner detector (ID) along with
information from the calorimeters and muon spectrometer
(MS) to make fast, event-level decisions [74]. The typical
lepton selection algorithms used in the trigger select
particles coming from the primary interaction and cannot
be used to select displaced leptons. Instead, triggers
without tracking information are used: Electrons are
identified using only their electromagnetic calorimeter
(EM) signature via photon triggers, and muons are
identified using MS information only. Single-photon
and diphoton triggers select EM signatures with energy
greater than 140 and 50 GeV, respectively, and the muon
trigger selects MS signatures with transverse momentum
(pT) greater than 60 GeV in the range jηj < 1.05. These
triggers have an acceptance independent of lepton dis-
placement in the range probed by this search. The
acceptance ranges from 1% to 80% for all flavors,
increasing with l̃ mass, and is lower for τ̃ than ẽ or μ̃
due to the smaller pT of the final-state leptons.

After the trigger stage, more complex tracking algo-
rithms are possible, and tracks can be used more exten-
sively for particle identification. Displaced leptons are
identified as those with large transverse impact parameter
(jd0j), the distance of closest approach of the particle’s track
to the interaction point in the x − y plane. The jd0j is
measured relative to the vertex with the highest Σp2

T of
associated tracks. Tracks are reconstructed by fitting a
series of ID hits to identify those consistent with a particle’s
trajectory. For this search, tracking is performed in two
stages: First, standard tracking reconstructs tracks with
jd0j < 10 mm [75], and then an additional reconstruction
step uses hits not matched to tracks in the previous stage,
adding tracks with jd0j < 300 mm [76]. The extended track
collection is combined with EM energy clusters to recon-
struct electrons or with tracks composed of segments
measured in the MS to reconstruct muons, both in the
range jηj < 2.5. Standard lepton identification algorithms
[77–79] are modified by removing requirements on jd0j and
the number of hits matched to the track. Figure 1 shows the
final reconstruction efficiency for displaced electrons
and muons.
Signal leptons must have high transverse momentum,

pT > 65 GeV, and large transverse impact parameter,
3 mm < jd0j < 300 mm, to remove SM backgrounds. To
reduce the background from out-of-time cosmic-ray
muons, a requirement is placed on the MS timing relative
to when a standard model particle is expected to arrive in
the detector (t0). The average time measured by the muon’s
MS track segments, tavg0 , must have an absolute value less
than 30 ns. In order to reduce the contribution from leptons
from decays of heavy-flavor hadrons, signal leptons are
required to be isolated from nearby activity in the ID and
calorimeters. The sum of the pT of all tracks near an
electron (muon) must be less than 6% (4%) of the lepton
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FIG. 1. Electron (left) and muon (right) reconstruction and identification efficiency in signal MC simulation. Leptons result from the
decay of a l̃ with ml̃ ¼ 500 GeV and τl̃ ¼ 1 ns. Efficiency is defined as the number of reconstructed leptons divided by the number of
generator-level leptons. Both the reconstructed and generator-level leptons are required to have pT > 20 GeV and jηj < 2.5. The closed
purple square markers show the final lepton reconstruction efficiency. Markers are placed at the bin centers.
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pT , and the sum of energy deposits near the electron
(muon) in the calorimeters must be less than 6% (15%) of
the lepton’s energy [77,78]. The remaining quality criteria
are used to minimize backgrounds and are inverted in the
data-driven background estimation. Signal leptons must
satisfy these to remove fake leptons originating from the
mismatching of ID tracks to MS tracks or to calorimeter
signatures. ID tracks associated with leptons are required to
have a fit with χ2=nd:o:f: < 2 and no more than one missing
hit after their innermost hit. Consistency between the two
components of the reconstructed lepton is required. For
electrons, this is ensured by requiring the ID track pT
measurement to be no less than half the electron pT
measured when accounting for the calorimeter energy
[ðptrack

T − pe
TÞ=pe

T > −0.5], and the combined fit of the
muon’s ID and MS tracks must satisfy χ2=nd:o:f: < 3.
Muons are required to have measurements in at least three
precision tracking layers of the MS and at least one high-
precision ϕ measurement.
Three orthogonal signal regions are defined with

at least two signal leptons and are distinguished by the
flavor of the two highest-pT leptons: SR-ee with two
electrons, SR-μμ with two muons, and SR-eμ with
one muon and one electron. No requirements are
placed on the charge of the leptons. In order to ensure
the broad applicability of this result to other models, event-
level requirements beyond the presence of the two signal
leptons are minimal. Backgrounds from lepton pairs
produced via interactions with detector material are
reduced by requiring that the opening angle between the
two leptons, ΔRll ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηllÞ2 þ ðΔϕllÞ2

p
, is greater than

0.2. Additionally, the event must not contain any cosmic-
tagged muons. A cosmic-ray muon traversing the detector
coincident with an LHC collision leaves a signature that
could be reconstructed as two back-to-back muons, one in
the top half of the detector, μt, and the other in the bottom,
μb. Each muon is tagged as resulting from a cosmic-ray
muon if it has MS segments along its trajectory on the
opposite side of the detector or if its trajectory traces back
to a gap in detector coverage [23]. A window in η and ϕ is
defined relative to the muon’s trajectory, and, if an MS
segment is found within jημ þ ηMS segmentj < 0.018 and
jðϕμ − ϕMS segmentÞ − πj < 0.25, the muon is cosmic
tagged. This algorithm has a cosmic rejection efficiency
of > 99%.
The number of background events remaining after signal

selections is estimated from data while keeping the signal
regions blinded. In SR-ee and SR-eμ, the dominant back-
ground comes from fake leptons, with a smaller contribu-
tion from leptons from heavy-flavor hadron decays. Zero
events with a cosmic-tagged muon and electron were
observed; therefore, the background contribution from
untagged cosmic-ray muons in SR-eμ is expected to be
negligible. Fake electrons typically result from the mis-
matching of a track to a photon. Fake muons result from the

mismatching of an ID track to an MS track and are
comparatively rare, since there is less activity and better
pointing information in the MS than in the calorimeter.
Fake leptons tend to fail quality criteria; as a result, they
have poor χ2 or inconsistent track and lepton pT . Moreover,
these requirements also remove heavy-flavor contributions
which tend to have extra energy in their clusters compared
to their tracks. As a result, the contribution of these
backgrounds is estimated together. The quality criteria in
this analysis are uncorrelated between the two leptons in an
event, which has been verified in inverted regions in data.
Since the variables are uncorrelated, they can be used to
estimate the background contribution to the signal regions.
The background is estimated with an ABCD method [80]
by calculating the ratio of the number of events where
lepton 1 passes inverted quality criteria (not including
lepton pT or jd0j) and lepton 2 passes nominal require-
ments, and vice versa, divided by the number of events
where both leptons fail the quality criteria. To estimate the
background in SR-ee, where the two leading leptons are
electrons, lepton 1 is the leading electron, and lepton 2 is
the subleading electron. To estimate the background in SR-
eμ, where the two leading leptons are an electron and a
muon, leptons 1 and 2 are the leading electron and muon,
respectively. The same algorithm is used for SR-ee and SR-
eμ, but, due to statistical limitations in SR-eμ, the pT and
jd0j requirements on the leptons are relaxed to pT >
50 GeV and jd0j > 2 mm. As the pT and jd0j distributions
are exponentially falling, this results in a conservative
background estimate in SR-eμ.
In the ABCD method, the phase space is split into four

regions: region A, region B, regionC, and regionD. Region
A is the signal region, where all requirements are satisfied,
region B is the region where lepton 1 fails quality criteria
but lepton 2 passes all lepton requirements, region C is the
region where lepton 2 fails quality criteria but lepton 1
passes all requirements, and region D is the region where
both leptons fail quality criteria. For an electron, the
inverted quality criteria are ID track χ2=nd:o:f: > 2,
ðptrack

T − pe
TÞ=pe

T < −0.5, and greater than one missing
hit after the electron’s innermost hit. For a muon, the
inverted quality criteria are ID track χ2=nd:o:f: > 2, com-
bined MS and ID track χ2=nd:o:f: > 3, measurements in less
than three precision tracking layers of the MS, greater than
one missing hit after the muon’s innermost hit, and no high-
precision ϕ measurement. The number of events in the
signal region is then estimated by the following calculation:

Npredicted
A ¼ NB × NC

ND
;

where Npredicted
A is the predicted number of background

events in the signal region (region A), NB is the number of
events in region B, NC is the number of events in region C,
and ND is the number of events in region D.
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Validations of these background estimates are per-
formed, with the heavy-flavor and fake contributions
targeted separately. The validation of the heavy-flavor
contribution is achieved using the same method as the
nominal background estimation but inverting the isolation
requirement in all regions. To increase statistics, the
requirement on ðptrack

T − pe
TÞ=pe

T is loosened to be greater
than −0.9 instead of −0.5, as this distribution exponentially
decreases from −1 to −0.5. The fake-lepton contribution is
probed by inverting the most powerful fake discriminators
by requiring the electron variable ðptrack

T − pe
TÞ=pe

T to be
less than −0.5 and the muon’s combined track’s χ2=nd:o:f .
to be greater than 3 and performing the ABCD estimate
with the remaining quality criteria. The validation of both
estimates is shown in Table I. Even with the loosened
requirements of pT > 50 GeV and jd0j > 2 mm in VR-eμ-
fake and VR-eμ-heavy-flavor and ðptrack

T − pe
TÞ=pe

T > −0.9
in VR-eμ-heavy-flavor, the statistics in these validation
regions are limited. The background is so small since fake
muons are rare, and the requirements on pT and jd0j on
signal leptons render heavy-flavor backgrounds negligible.
Nonetheless, the numbers of estimated and observed events
were consistent within statistical uncertainties, and uncer-
tainties were assigned to account for small differences
between predictions and observations in each validation.
The predicted number of background events from fake and
heavy-flavor-decay leptons is 0.46� 0.10 in SR-ee and
0.007þ0.019

−0.007 in SR-eμ, including all uncertainties.
The dominant background in SR-μμ comes from mis-

measured reconstructed muons from cosmic rays. The fake
lepton background is found to be negligible due to the rarity
of fake muons. The heavy-flavor background is estimated
using an ABCD estimate extrapolating from nonisolated
muons to isolated muons with loosened pT and jd0j
requirements to increase statistics (pT > 50 GeV and
subleading muon jd0j > 0.5 mm). This results in a
heavy-flavor estimate of < 10−4 events. For a cosmic event
to be a background to this search, both μt and μb must be
reconstructed in the same event, which means their jtavg0 j
will be near the edges of the allowed range and are likely to
have their MS hits associated with the wrong event. This
results in reconstructed muons with good quality ID tracks,
but poor quality MS signatures, which could present
challenges in cosmic tagging one or both muons. An event
with a cosmic-ray muon could meet signal region require-
ments if both muons have missing MS hits and neither is
tagged. Cosmic-tagging failures occur not when the muon

in question is mismeasured, but when the muon is in the
half of the detector opposite to a poorly reconstructed MS
track, and no MS segments are found in the tag window.
The estimate of this background relies on the assumption
that the quality of a muon and its probability to be cosmic
tagged are uncorrelated.
All events considered in this estimate have μb passing all

signal requirements, while μt is either cosmic tagged, fails
to satisfy some of the quality criteria, or both. No dimuon
events were observed with two muons on the same side of
the detector. In events where μt is cosmic tagged, the ratio
of μt which satisfy the quality criteria to those that do not,
Rgood, is measured. This ratio is multiplied by the number
of events in which μt is not cosmic tagged but fails to
satisfy at least one of the quality criteria, to estimate the
background in SR-μμ. The estimate is validated by redefin-
ing the cosmic-tag window to leave more muons untagged,
providing a larger sample for studying Rgood. An additional
uncertainty is assigned to the background estimate from the
validation to account for the jd0j dependence of Rgood,
which cannot be directly constrained in the nominal
estimate due to statistical limitations. Additional valida-
tions test other assumptions by varying the quality criteria
and reversing the roles of μb and μt in the definition of
Rgood. Including all uncertainties, 0.11þ0.20

−0.11 events are
predicted in SR-μμ.
Signal systematic uncertainties are evaluated to quantify

differences between data and simulation and correct the
MC events where possible. Differences in signal lepton
selection efficiency cannot be compared between data and
MC simulation due to the lack of displaced leptons in data,
so a conservative systematic uncertainty is derived in three
steps. First, trigger, reconstruction, and selection efficien-
cies are measured for low-jd0j leptons resulting from Z
boson decays, for which data and simulation can be
compared. Scale factors are derived to correct the simu-
lation to match the data. Uncertainties in these scale factors
are statistical and less than 5%. Next, the high-jd0j tracking
efficiency is compared between signal simulation and data
with cosmic-tagged muons. After corrections to account for
the different physical processes, the tracking efficiency as a
function of displacement is compared, and an 8% uncer-
tainty is assigned to each lepton. Finally, the jd0j depend-
ence of the lepton reconstruction and selection efficiency is
compared with the jd0j dependence of the tracking effi-
ciency in simulation only. The variation of the selection
efficiency as a function of jd0j is taken as an uncertainty to

TABLE I. Validation of the background data-driven estimate for the ee and eμ channel fake and heavy-flavor backgrounds.
Uncertainties are statistical.

VR-ee-fake VR-ee-heavy-flavor VR-eμ-fake VR-eμ-heavy-flavor

Estimate 1356� 49 23.5� 1.9 1.9þ1.8
−1.0 0.38þ0.37

−0.32
Observed 1440 26 2 1
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account for any discrepancies that cannot be studied in data.
This uncertainty increases with displacement and is
0.5%–5% (3%–27%) for muons (electrons). It is larger
for electrons due to identification challenges introduced by
the ambiguity in the detector signatures of electrons,
photons, and converted photons. Theoretical uncertainties
include cross section uncertainties of 2%–6% and effects of
varying the factorization and renormalization scales < 5%.
Other uncertainties, including the impact of pileup on
signal selection, luminosity uncertainty [81,82], and uncer-
tainty from the filtering selection used for the extended
track reconstruction, contribute at < 2%.
Zero events are observed in each of the three signal

regions, consistent with the background predictions shown
in Table II. As no excess of events is observed, exclusion
limits on the l̃ masses are derived at 95% confidence
level (C.L.) following the C:L:s prescription [83]. The
HISTFITTER package [84] is used for statistical interpreta-
tion, and all systematic uncertainties are treated as Gaussian
nuisance parameters during the fitting procedure. SR-ee
and SR-μμ are fit individually to calculate limits on GMSB
SUSY models with a ẽ or μ̃ NLSP, while τ̃ NLSP and co-
NLSP limits are obtained using a simultaneous fit of all
three signal regions. All uncertainties other than statistical
are treated as correlated across the orthogonal regions.
Limits on long-lived l̃ production are presented in Fig. 2,

where expected and observed exclusion contours as a
function of l̃ mass and lifetime are shown. For a lifetime
of 0.1 ns, ẽNLSP, μ̃NLSP, τ̃ NLSP, and co-NLSP scenarios
are excluded for l̃ masses up to 720, 680, 340, and
820 GeV, respectively, for the case where the superpartners
of the left- and right-handed leptons are mass degenerate.
For a direct comparison with the previous best limits
available from LEP, superpartners of right-handed electrons
(ẽR), muons (μ̃R), and left-handed τ-leptons (τ̃L) are
excluded up to 580, 550, and 280 GeV, respectively, for
lifetimes of 0.1 ns. This result probes GMSB l̃ production
for the first time in this lifetime range at the electroweak
scale and approaching the TeV scale. Furthermore, as no
requirements were made on missing energy, displaced
vertices, or jets, this result is model independent and
applicable to any BSMmodel producing high-pT displaced
leptons.
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Selectrons ẽL;R and smuons μ̃L;R are the superpartners of the left-
and right-handed electrons and muons, respectively. Staus τ̃1;2 are
the mixed states of the superpartners of the left- and right-handed
τ leptons, with mixing angle sin θτ̃ ¼ 0.95. The different l̃ chiral
states are assumed to be mass degenerate.

PHYSICAL REVIEW LETTERS 127, 051802 (2021)

051802-5



Science and Sport, Slovenia; DST/NRF, South Africa;
MICINN, Spain; Ministry of Education, Science and
Sport, Slovenia and Wallenberg Foundation, Sweden;
Secretariat for Education and Research, Switzerland,
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, CRC, and IVADO,
Canada; Beijing Municipal Science and Technology
Commission, China; COST, ERC, ERDF, Horizon 2020,
and Marie Skłodowska-Curie Actions, European Union;
Investissements d’Avenir Labex, Investissements d’Avenir
Idex, and ANR, France; DFG and AvH Foundation,
Germany; Herakleitos, Thales, and Aristeia programs
cofinanced by EU-ESF and the Greek National Strategic
Reference Framework, Greece; BSF-NSF and GIF, Israel;
La Caixa Banking Foundation, CERCA Program
Generalitat de Catalunya and PROMETEO and GenT
Programs Generalitat Valenciana, Spain; Göran
Gustafssons Stiftelse, Sweden; and The Royal Society
and Leverhulme Trust, United Kingdom. The crucial
computing support from all WLCG partners is acknowl-
edged 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 (United Kingdom)
and BNL (USA), the Tier-2 facilities worldwide, and large
non-WLCG resource providers. Major contributors of
computing resources are listed in Ref. [85].

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

[2] Yu. A. Golfand and E. P. Likhtman, Extension of the algebra
of Poincare group generators and violation of P invariance,
Pis’ma Zh. Eksp. Teor. Fiz. 13, 452 (1971) [JETP Lett. 13,
323 (1971)].

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

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

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

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

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

[8] G. Giudice and A. Romanino, Split supersymmetry, Nucl.
Phys. B699, 65 (2004); Erratum, Nucl. Phys. B706, 65
(2005).

[9] N. Arkani-Hamed and S. Dimopoulos, Supersymmetric
unification without low energy supersymmetry and signa-

tures for fine-tuning at the LHC, J. High Energy Phys. 06
(2005) 073.

[10] M. Dine and W. Fischler, A phenomenological model of
particle physics based on supersymmetry, Phys. Lett. 110B,
227 (1982).

[11] L. Alvarez-Gaume, M. Claudson, and M. B. Wise, Low-
energy supersymmetry, Nucl. Phys. B207, 96 (1982).

[12] C. R. Nappi and B. A. Ovrut, Supersymmetric extension of
the SU(3) x SUð2Þ × Uð1Þ model, Phys. Lett. 113B, 175
(1982).

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

[14] 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).

[15] T. Appelquist, H.-C. Cheng, and B. A. Dobrescu, Bounds on
universal extra dimensions, Phys. Rev. D 64, 035002
(2001).

[16] H.-C. Cheng, K. T. Matchev, and M. Schmaltz, Bosonic
supersymmetry? Getting fooled at the CERN LHC, Phys.
Rev. D 66, 056006 (2002).

[17] ATLAS Collaboration, Search for direct slepton and gau-
gino production in final states with two leptons and missing
transverse momentum with the ATLAS detector in pp
collisions at

ffiffiffi
s

p ¼ 7 TeV, Phys. Lett. B 718, 879 (2013).
[18] ATLAS Collaboration, Search for direct production of

charginos, neutralinos and sleptons in final states with
two leptons and missing transverse momentum in pp
collisions at

ffiffiffi
s

p ¼ 8 TeV with the ATLAS detector,
J. High Energy Phys. 05 (2014) 071.

[19] ATLAS Collaboration, Search for electroweak production
of charginos and sleptons decaying into final states with two
leptons and missing transverse momentum in

ffiffiffi
s

p ¼ 13 TeV
pp collisions using the ATLAS detector, Eur. Phys. J. C 80,
123 (2020).

[20] CMS Collaboration, Searches for electroweak production of
charginos, neutralinos, and sleptons decaying to leptons and
W, Z, and Higgs bosons in pp collisions at 8 TeV, Eur. Phys.
J. C 74, 3036 (2014).

[21] CMS Collaboration, Search for supersymmetric partners of
electrons and muons in proton–proton collisions atffiffiffi
s

p ¼ 13 TeV, Phys. Lett. B 790, 140 (2019).
[22] ATLAS Collaboration, Search for long-lived neutral par-

ticles produced in pp collisions at
ffiffiffi
s

p ¼ 13 TeV decaying
into displaced hadronic jets in the ATLAS inner detector and
muon spectrometer, Phys. Rev. D 101, 052013 (2020).

[23] ATLAS Collaboration, Search for long-lived, massive par-
ticles in events with a displaced vertex and a muon with
large impact parameter in pp collisions at

ffiffiffi
s

p ¼ 13 TeV
with the ATLAS detector, Phys. Rev. D 102, 032006
(2020).

[24] ATLAS Collaboration, Search for displaced vertices of
oppositely charged leptons from decays of long-lived
particles in pp collisions at

ffiffiffi
s

p ¼ 13 TeV with the ATLAS
detector, Phys. Lett. B 801, 135114 (2020).

[25] ATLAS Collaboration, Search for long-lived neutral par-
ticles in pp collisions at

ffiffiffi
s

p ¼ 13 TeV that decay into
displaced hadronic jets in the ATLAS calorimeter, Eur.
Phys. J. C 79, 481 (2019).

PHYSICAL REVIEW LETTERS 127, 051802 (2021)

051802-6

https://doi.org/10.1016/0370-2693(78)90858-4
https://doi.org/10.1016/0370-2693(73)90490-5
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/10.1016/j.nuclphysb.2004.08.001
https://doi.org/10.1016/j.nuclphysb.2004.08.001
https://doi.org/10.1016/j.nuclphysb.2004.11.048
https://doi.org/10.1016/j.nuclphysb.2004.11.048
https://doi.org/10.1088/1126-6708/2005/06/073
https://doi.org/10.1088/1126-6708/2005/06/073
https://doi.org/10.1016/0370-2693(82)91241-2
https://doi.org/10.1016/0370-2693(82)91241-2
https://doi.org/10.1016/0550-3213(82)90138-9
https://doi.org/10.1016/0370-2693(82)90418-X
https://doi.org/10.1016/0370-2693(82)90418-X
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.75.035002
https://doi.org/10.1103/PhysRevD.75.035002
https://doi.org/10.1103/PhysRevD.64.035002
https://doi.org/10.1103/PhysRevD.64.035002
https://doi.org/10.1103/PhysRevD.66.056006
https://doi.org/10.1103/PhysRevD.66.056006
https://doi.org/10.1016/j.physletb.2012.11.058
https://doi.org/10.1007/JHEP05(2014)071
https://doi.org/10.1140/epjc/s10052-019-7594-6
https://doi.org/10.1140/epjc/s10052-019-7594-6
https://doi.org/10.1140/epjc/s10052-014-3036-7
https://doi.org/10.1140/epjc/s10052-014-3036-7
https://doi.org/10.1016/j.physletb.2019.01.005
https://doi.org/10.1103/PhysRevD.101.052013
https://doi.org/10.1103/PhysRevD.102.032006
https://doi.org/10.1103/PhysRevD.102.032006
https://doi.org/10.1016/j.physletb.2019.135114
https://doi.org/10.1140/epjc/s10052-019-6962-6
https://doi.org/10.1140/epjc/s10052-019-6962-6


[26] ATLAS Collaboration, Search for long-lived particles pro-
duced in pp collisions at

ffiffiffi
s

p ¼ 13 TeV that decay into
displaced hadronic jets in the ATLAS muon spectrometer,
Phys. Rev. D 99, 052005 (2019).

[27] ATLAS Collaboration, Search for long-lived particles in
final states with displaced dimuon vertices in pp collisions
at

ffiffiffi
s

p ¼ 13 TeV with the ATLAS detector, Phys. Rev. D 99,
012001 (2019).

[28] ATLAS Collaboration, Search for heavy neutral leptons in
decays ofW bosons produced in 13 TeV pp collisions using
prompt and displaced signatures with the ATLAS detector,
J. High Energy Phys. 10 (2019) 265.

[29] ATLAS Collaboration, Search for long-lived, massive par-
ticles in events with displaced vertices and missing trans-
verse momentum in

ffiffiffi
s

p ¼ 13 TeV pp collisions with the
ATLAS detector, Phys. Rev. D 97, 052012 (2018).

[30] ATLAS Collaboration, Search for long-lived charginos
based on a disappearing-track signature in pp collisions
at

ffiffiffi
s

p ¼ 13 TeV with the ATLAS detector, J. High Energy
Phys. 06 (2018) 022.

[31] ATLAS Collaboration, Search for metastable heavy charged
particles with large ionization energy loss in pp collisions atffiffiffi
s

p ¼ 13 TeV using the ATLAS experiment, Phys. Rev. D
93, 112015 (2016).

[32] ATLAS Collaboration, Search for metastable heavy charged
particles with large ionisation energy loss in pp collisions atffiffiffi
s

p ¼ 8 TeV using the ATLAS experiment, Eur. Phys. J. C
75, 407 (2015).

[33] ATLAS Collaboration, Search for massive, long-lived par-
ticles using multitrack displaced vertices or displaced lepton
pairs in pp collisions at

ffiffiffi
s

p ¼ 8 TeV with the ATLAS
detector, Phys. Rev. D 92, 072004 (2015).

[34] ATLAS Collaboration, Search for long-lived, weakly inter-
acting particles that decay to displaced hadronic jets in
proton–proton collisions at

ffiffiffi
s

p ¼ 8 TeV with the ATLAS
detector, Phys. Rev. D 92, 012010 (2015).

[35] CMS Collaboration, Search for long-lived particles using
displaced jets in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV,
arXiv:2012.01581.

[36] CMS Collaboration, Search for long-lived particles
decaying to jets with displaced vertices, Technical Report
No. CMS-PAS-EXO- 19-013, CERN, 2020, https://cds.cern
.ch/record/2734120.

[37] CMS Collaboration, Search for R-parity violating super-
symmetry with displaced vertices in proton–proton colli-
sions at

ffiffiffi
s

p ¼ 8 TeV, Phys. Rev. D 95, 012009 (2017).
[38] CMS Collaboration, Searches for physics beyond the

standard model with the MT2 variable in hadronic final
states with and without disappearing tracks in proton–
proton collisions at

ffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 80, 3
(2020).

[39] CMS Collaboration, Search for long-lived particles with
displaced vertices in multijet events in proton–proton
collisions at

ffiffiffi
s

p ¼ 13 TeV, Phys. Rev. D 98, 092011
(2018).

[40] CMS Collaboration, Search for long-lived particles using
delayed photons in proton-proton collisions at

ffiffiffi
s

p ¼13TeV,
Phys. Rev. D 100, 112003 (2019).

[41] CMS Collaboration, Search for long-lived particles using
nonprompt jets and missing transverse momentum with

proton-proton collisions at
ffiffiffi
s

p ¼ 13 TeV, Phys. Lett. B
797, 134876 (2019).

[42] 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).
[43] CMS Collaboration, Search for disappearing tracks as a

signature of new long-lived particles in proton-proton
collisions at

ffiffiffi
s

p ¼ 13 TeV, J. High Energy Phys. 08
(2018) 016.

[44] CMS Collaboration, Search for long-lived particles with
displaced vertices in multijet events in proton-proton
collisions at

ffiffiffi
s

p ¼ 13 TeV, Phys. Rev. D 98, 092011
(2018).

[45] CMS Collaboration, Search for displaced leptons in the e-
mu channel, Technical Report No. CMS-PAS-EXO-16-022,
CERN, 2016, https://cds.cern.ch/record/2205146.

[46] CMS Collaboration, Search for long-lived particles that
decay into final states containing two electrons or two
muons in proton-proton collisions at

ffiffiffi
s

p ¼ 8 TeV, Phys.
Rev. D 91, 052012 (2015).

[47] J. Alwall, M.-P. Le, M. Lisanti, and J. G. Wacker, Searching
for directly decaying gluinos at the Tevatron, Phys. Lett. B
666, 34 (2008).

[48] J. Alwall, P. Schuster, and N. Toro, Simplified models for a
first characterization of new physics at the LHC, Phys. Rev.
D 79, 075020 (2009).

[49] D. Alves et al., Simplified models for LHC new physics
searches, J. Phys. G 39, 105005 (2012).

[50] J. A. Evans and J. Shelton, Long-lived staus and displaced
leptons at the LHC, J. High Energy Phys. 04 (2016) 056.

[51] ALEPH Collaboration, Search for gauge mediated SUSY
breaking topologies in eþe− collisions at centre-of-mass
energies up to 209 GeV, Eur. Phys. J. C 25, 339 (2002).

[52] OPAL Collaboration, Searches for gauge-mediated super-
symmetry breaking topologies in eþe− collisions at centre-
of-mass energies up to

ffiffiffi
s

p ¼ 209 GeV, Eur. Phys. J. C 46,
307 (2006).

[53] DELPHI Collaboration, Searches for supersymmetric
particles in eþe− collisions up to 208 GeVand interpretation
of the results within the MSSM, Eur. Phys. J. C 31, 421
(2003), revised version number 1 submitted on 2003-11-24
16∶52∶43, https://cds.cern.ch/record/681867.

[54] DELPHI Collaboration, Search for supersymmetric par-
ticles in light gravitino scenarios and sleptons NLSP, Eur.
Phys. J. C 27, 153 (2003).

[55] ALEPH, DELPHI, L3, OPAL Experiments, Combined
LEP GMSB Stau/Smuon/Selectron Results, 189–208 GeV,
LEPSUSYWG/02-09.2, 2002, http://lepsusy.web.cern.ch/
lepsusy/www/gmsb_summer02/lepgmsb.html.

[56] CMS Collaboration, Search for Displaced Supersymmetry
in Events with an Electron and a Muon with Large Impact
Parameters, Phys. Rev. Lett. 114, 061801 (2015).

[57] M. Cahill-Rowley, Collider constraints on the phenomeno-
logical MSSM with neutralino and gravitino lightest super-
symmetric particles, Ph.D thesis, Stanford University, 2015,
https://searchworks.stanford.edu/view/11398740.

[58] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni,
O.Mattelaer, H.-S. Shao, T. Stelzer, P. Torrielli, andM. Zaro,
The automated computation of tree-level and next-to-lead-
ing order differential cross sections, and their matching to

PHYSICAL REVIEW LETTERS 127, 051802 (2021)

051802-7

https://doi.org/10.1103/PhysRevD.99.052005
https://doi.org/10.1103/PhysRevD.99.012001
https://doi.org/10.1103/PhysRevD.99.012001
https://doi.org/10.1007/JHEP10(2019)265
https://doi.org/10.1103/PhysRevD.97.052012
https://doi.org/10.1007/JHEP06(2018)022
https://doi.org/10.1007/JHEP06(2018)022
https://doi.org/10.1103/PhysRevD.93.112015
https://doi.org/10.1103/PhysRevD.93.112015
https://doi.org/10.1140/epjc/s10052-015-3609-0
https://doi.org/10.1140/epjc/s10052-015-3609-0
https://doi.org/10.1103/PhysRevD.92.072004
https://doi.org/10.1103/PhysRevD.92.012010
https://arXiv.org/abs/2012.01581
https://cds.cern.ch/record/2734120
https://cds.cern.ch/record/2734120
https://cds.cern.ch/record/2734120
https://doi.org/10.1103/PhysRevD.95.012009
https://doi.org/10.1140/epjc/s10052-019-7493-x
https://doi.org/10.1140/epjc/s10052-019-7493-x
https://doi.org/10.1103/PhysRevD.98.092011
https://doi.org/10.1103/PhysRevD.98.092011
https://doi.org/10.1103/PhysRevD.100.112003
https://doi.org/10.1016/j.physletb.2019.134876
https://doi.org/10.1016/j.physletb.2019.134876
https://doi.org/10.1103/PhysRevD.99.032011
https://doi.org/10.1007/JHEP08(2018)016
https://doi.org/10.1007/JHEP08(2018)016
https://doi.org/10.1103/PhysRevD.98.092011
https://doi.org/10.1103/PhysRevD.98.092011
https://cds.cern.ch/record/2205146
https://cds.cern.ch/record/2205146
https://cds.cern.ch/record/2205146
https://doi.org/10.1103/PhysRevD.91.052012
https://doi.org/10.1103/PhysRevD.91.052012
https://doi.org/10.1016/j.physletb.2008.06.065
https://doi.org/10.1016/j.physletb.2008.06.065
https://doi.org/10.1103/PhysRevD.79.075020
https://doi.org/10.1103/PhysRevD.79.075020
https://doi.org/10.1088/0954-3899/39/10/105005
https://doi.org/10.1007/JHEP04(2016)056
https://doi.org/10.1007/s10052-002-1005-z
https://doi.org/10.1140/epjc/s2006-02524-8
https://doi.org/10.1140/epjc/s2006-02524-8
https://doi.org/10.1140/epjc/s2003-01355-5
https://doi.org/10.1140/epjc/s2003-01355-5
https://cds.cern.ch/record/681867
https://cds.cern.ch/record/681867
https://cds.cern.ch/record/681867
https://doi.org/10.1140/epjc/s2002-01112-4
https://doi.org/10.1140/epjc/s2002-01112-4
http://lepsusy.web.cern.ch/lepsusy/www/gmsb_summer02/lepgmsb.html
http://lepsusy.web.cern.ch/lepsusy/www/gmsb_summer02/lepgmsb.html
http://lepsusy.web.cern.ch/lepsusy/www/gmsb_summer02/lepgmsb.html
http://lepsusy.web.cern.ch/lepsusy/www/gmsb_summer02/lepgmsb.html
http://lepsusy.web.cern.ch/lepsusy/www/gmsb_summer02/lepgmsb.html
http://lepsusy.web.cern.ch/lepsusy/www/gmsb_summer02/lepgmsb.html
https://doi.org/10.1103/PhysRevLett.114.061801
https://searchworks.stanford.edu/view/11398740
https://searchworks.stanford.edu/view/11398740
https://searchworks.stanford.edu/view/11398740


parton shower simulations, J. High Energy Phys. 07 (2014)
079.

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

[60] T. Sjöstrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4
physics and manual, J. High Energy Phys. 05 (2006) 026.

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

[62] S. Agostinelli et al., Geant4—a simulation toolkit, Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).

[63] ATLAS Collaboration, The Pythia 8 A3 tune description of
ATLAS minimum bias and inelastic measurements incor-
porating the Donnachie–Landshoff diffractive model, Re-
port No. ATL-PHYS-PUB-2016-017, 2016, https://cds.cern
.ch/record/2206965.

[64] W. Beenakker, M. Klasen, M. Kramer, T. Plehn, M.Spira,
and P. M. Zerwas, Production of Charginos, Neutralinos,
and Sleptons at Hadron Colliders, Phys. Rev. Lett. 83, 3780
(1999); Erratum, Phys. Rev. Lett. 100, 029901 (2008).

[65] J. Debove, B. Fuks, and M. Klasen, Threshold resummation
for gaugino pair production at hadron colliders, Nucl. Phys.
B842, 51 (2011).

[66] B. Fuks, M. Klasen, D. R. Lamprea, and M. Rothering,
Gaugino production in proton-proton collisions at a center-
of-mass energy of 8 TeV, J. High Energy Phys. 10 (2012)
081.

[67] B. Fuks, M. Klasen, D. R. Lamprea, and M. Rothering,
Precision predictions for electroweak superpartner produc-
tion at hadron colliders with Resummino, Eur. Phys. J. C 73,
2480 (2013).

[68] J. Fiaschi and M. Klasen, Neutralino-chargino pair produc-
tion at NLOþ NLL with resummationimproved parton
density functions for LHC Run II, Phys. Rev. D 98,
055014 (2018).

[69] C. Borschensky, M. Krämer, A. Kulesza, M. Mangano, S.
Padhi, T. Plehn, and X. Portell, Squark and gluino pro-
duction cross sections in pp collisions at

ffiffiffi
s

p ¼ 13, 14, 33
and 100 TeV, Eur. Phys. J. C 74, 3174 (2014).

[70] 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 upward. 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.

[71] ATLAS Collaboration, The ATLAS Experiment at the
CERN Large Hadron Collider, J. Instrum. 3, S08003
(2008).

[72] ATLAS Collaboration, ATLAS Insertable B-Layer
Technical Design Report, Reports No. ATLAS-TDR-19,
No. CERN-LHCC-2010-013, 2010, https://cds.cern.ch/
record/1291633.

[73] B. Abbott et al., Production and integration of the
ATLAS Insertable B-Layer, J. Instrum. 13, T05008
(2018).

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

[75] ATLAS Collaboration, Performance of the ATLAS track
reconstruction algorithms in dense environments in LHC
Run 2, Eur. Phys. J. C 77, 673 (2017).

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

[77] 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).
[78] ATLAS Collaboration, Electron and photon performance

measurements with the ATLAS detector using the 2015–
2017 LHC proton–proton collision data, J. Instrum. 14,
P12006 (2019).

[79] ATLAS Collaboration, Muon reconstruction and identifica-
tion efficiency in ATLAS using the full Run 2pp collision
data set at

ffiffiffi
s

p ¼ 13 TeV, arXiv:2012.00578.
[80] G. Kasieczka, B. Nachman, M. D. Schwartz, and D. Shih,

ABCDisCo: Automating the ABCD method with machine
learning, Phys. Rev. D 103, 035021 (2021).

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

ffiffiffi
s

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

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

[83] A. L. Read, Presentation of search results: The CLS tech-
nique, J. Phys. G 28, 2693 (2002).

[84] M. Baak, G. J. Besjes, D. Côté, A. Koutsman, J. Lorenz, and
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F. Trovato,155 L. Truong,33c M. Trzebinski,84 A. Trzupek,84 F. Tsai,46 P. V. Tsiareshka,107,z A. Tsirigotis,161,aa

V. Tsiskaridze,154 E. G. Tskhadadze,158a M. Tsopoulou,161 I. I. Tsukerman,123 V. Tsulaia,18 S. Tsuno,81 D. Tsybychev,154

Y. Tu,62b A. Tudorache,27b V. Tudorache,27b A. N. Tuna,36 S. Turchikhin,79 D. Turgeman,178 I. Turk Cakir,4b,mm

R. J. Turner,21 R. Turra,68a P. M. Tuts,39 S. Tzamarias,161 E. Tzovara,99 K. Uchida,162 F. Ukegawa,167 G. Unal,36 M. Unal,11

A. Undrus,29 G. Unel,169 F. C. Ungaro,104 K. Uno,162 J. Urban,28b P. Urquijo,104 G. Usai,8 Z. Uysal,12d V. Vacek,140

B. Vachon,103 K. O. H. Vadla,132 T. Vafeiadis,36 A. Vaidya,94 C. Valderanis,113 E. Valdes Santurio,45a,45b M. Valente,166a
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69aINFN Sezione di Napoli, Napoli, Italy
69bDipartimento di Fisica, Università di Napoli, Napoli, Italy
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