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 a b s t r a c t

A search is presented for long-lived particles decaying into an oppositely charged lepton pair, 𝜇+𝜇−, 𝑒+𝑒−, or 𝑒±𝜇∓, 
that form a vertex within the inner tracking system of the ATLAS detector at the Large Hadron Collider, displaced 
from the primary proton–proton interaction region. The analysis uses the 140 fb−1 of Run-2 data collected at 
√

𝑠 = 13 TeV by the ATLAS experiment in 2015–2018. The results of the analysis are interpreted in the context 
of three benchmark models covering masses from 0.1 to 2.2 TeV and a range of mean proper lifetimes times 
the speed of light from 1 to 10000 mm. The first model is a generic 𝑍′ boson pair-produced by a new heavy 
scalar, with the 𝑍′ decaying into lepton pairs. The remaining two models are 𝑅-parity violating supersymmetric 
models in which the lightest neutralino 𝜒0

1  decays into 𝓁+𝓁
′−𝜈 (𝓁,𝓁′ = 𝑒, 𝜇). The models differ by the mode 

of production of the 𝜒0
1 , which can be produced via the decay of pairs of gluinos or of pairs of charginos and 

neutralinos (𝜒±
1 𝜒

0
1 , 𝜒±

1 𝜒
0
2 , or 𝜒0

2𝜒
0
1 ). Although each benchmark sample includes pair-produced LLPs, only a single 

vertex is required to be reconstructed. No dilepton displaced vertex candidate is observed and the results are 
presented as upper limits on the production cross-sections. This analysis sets leading limits on the production 
cross-sections for multiple models, including parameter space that has never been directly probed.

1.  Introduction

Searches for long-lived particles (LLPs) remain a well-motivated en-
deavor in the collider physics community. LLPs are a natural occurrence 
in many extensions of the Standard Model (SM), including Hidden Val-
ley [1] models and various supersymmetric (SUSY) models like split su-
persymmetry, 𝑅-parity violating (RPV) SUSY [2,3], and gauge-mediated 
SUSY breaking models [4–6]. Their ubiquity is in part a result of the mul-
tiple possible means by which long lifetimes may arise, such as small 
couplings, small mass-splittings, and approximate symmetries. A neu-
tral LLP can be detected indirectly by reconstructing its decay products, 
which may form a common vertex that is macroscopically displaced 
from the primary collision vertex.

This Letter presents the search for a heavy, long-lived, neutral par-
ticle whose decays include a dilepton pair (𝜇+𝜇−, 𝑒+𝑒−, or 𝑒±𝜇∓) pro-
ducing a displaced vertex (DV) that is reconstructed within the inner 
tracking system of the ATLAS detector [7] at the Large Hadron Collider 
(LHC) [8]. In this Letter, “leptons” refers to electrons and muons only. 
LLP decays into taus are not modeled or targeted by this analysis. The 
analysis uses 140 fb−1 of Run-2 data collected in proton–proton (𝑝𝑝) 
collisions at √𝑠 = 13 TeV between 2015 and 2018. Requirements are 

 Contact: atlas.publications@cern.ch.
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placed on reconstructed vertices to strongly suppress SM background, 
allowing for sensitivity to signal processes with small cross-sections.

Three benchmark models are considered. The first model simulates 
the production of a neutral, heavy scalar particle 𝑆 that decays into a 
pair of long-lived 𝑍′ bosons that in turn decay into charged leptons. 
The second and third models are each simplified models motivated by 
the Minimal Supersymmetric Standard Model (MSSM) featuring a long-
lived lightest neutralino that acquires its long lifetime due to a small 
RPV coupling and decays into two charged leptons and a neutrino. One 
of these MSSM-inspired RPV models features direct electroweakino pro-
duction (𝜒±

1 𝜒
0
1 , 𝜒±

1 𝜒
0
2 , or 𝜒0

2𝜒
0
1 ) and the other features pair-production 

of gluinos (𝑔̃𝑔̃), which each decay into two quarks and the long-lived 
neutralino.

Requirements on collision events are not tailored to these specific 
models and no requirements are imposed on missing transverse momen-
tum or jets. To maintain as much model independence as possible the 
reconstructed vertices are permitted to have extra tracks in addition to 
the two signal lepton tracks.

A previous search by the ATLAS Collaboration for the same signature 
was performed on 32.8 fb−1 of data collected in 2015 and 2016, using 
a squark production model rather than the gluino or electroweakino

https://doi.org/10.1016/j.physletb.2026.140497
Received 12 January 2026; Received in revised form 14 April 2026; Accepted 28 April 2026

Phys. Lett. B 878 (2026) 140497 

Available online 5 May 2026 
0370-2693/© CERN for the beneϧt of the ATLAS Collaboration. Published by Elsevier B.V. Funded by SCOAP³. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/physletb
https://www.elsevier.com/locate/physletb

$140~\mathrm {fb^{-1}}$


$\mathit {pp}$


$\sqrt {s} = 13$


$\mu ^{+}\mu ^{-}$


$e^{+}e^{-}$


$e^{\pm }\mu ^{\mp }$


$\mathrm {fb^{-1}}$


$\sqrt {s}=13$


$Z'$


$Z'$


$R$


$\tilde {\chi }^{0}_{1}$


$\ell ^{+}\ell ^{'-}\nu $


$\ell , \ell ^{'} = e$


$\mu $


$\tilde {\chi }^{0}_{1}$


$\tilde {\chi }_{1}^{\pm }\tilde {\chi }_{1}^{0}$


$\tilde {\chi }_{1}^{\pm }\tilde {\chi }_{2}^{0}$


$\tilde {\chi }_{2}^{0}\tilde {\chi }_{1}^{0}$


$pp$


$\sqrt {s} = 13\,\text {TeV}$


$pp$


$\sqrt {s} = 13\,\text {TeV}$


$Z$


$\sqrt {s} = 13\,\text {TeV}$


$pp$


$\sqrt {s} = 8\,\text {TeV}$


$\sqrt {s} = 13\,\text {TeV}$


$\sqrt {s}\ = 13\,\text {TeV}$


$\sqrt {s} = 13.6\,\text {TeV}$


$pp$


$\sqrt {s} = 13\,\text {TeV}$


$7~\text {TeV}$


$Z/\gamma ^*$


$pp$


$\sqrt {s} = 7\,\text {TeV}$


$\sqrt {s} = 13~\text {TeV}$


$pp$


$\sqrt {s} = 13\,\text {TeV}$


$H\to \tau ^{+}\tau ^{-}$


$pp$


$\sqrt {s} = 13\,\text {TeV}$


$\sqrt {s} = 13\,\text {TeV}$


$pp$


$pp$


$\sqrt {s} = 13\,\text {TeV}$


$pp$


$\sqrt {s} = 13\,\text {TeV}$


$pp$


$\sqrt {s}=13\,\text {TeV}$


$pp$


$\sqrt {s} = 13\,\text {TeV}$


$\sqrt {s} = 13, 14, 33$


$100\,\text {TeV}$


${CL}_s$


$R$


$\mu ^{+}\mu ^{-}$


$e^{+}e^{-}$


$e^{\pm }\mu ^{\mp }$


${\text {fb}}^{-1}$


$pp$


$\sqrt {s}=13$


$S$


$Z'$


$\tilde {\chi }_{1}^{\pm }\tilde {\chi }_{1}^{0}$


$\tilde {\chi }_{1}^{\pm }\tilde {\chi }_{2}^{0}$


$\tilde {\chi }_{2}^{0}\tilde {\chi }_{1}^{0}$


$\tilde {g}\tilde {g}$


$\relax \text {fb}^{-1}$


$Z$


$\sqrt {s}=8$


$\sqrt {s}=13$


$\sqrt {s}=13$


$\relax \text {fb}^{-1}$


$\relax \text {fb}^{-1}$


$\sqrt {s}=13.6$


$\sqrt {s}=13$


$z$


$x$


$y$


$(r,\phi )$


$\phi $


$z$


$\theta $


$\eta = -\ln \tan (\theta /2)$


$y = \frac {1}{2} \ln \left ( \frac {E + p_z}{E - p_z} \right )$


$\Delta R \equiv \sqrt {(\Delta y)^{2} + (\Delta \phi )^{2}}$


$2$


$\mathrm {T}$


$|\eta | < 2.5$


$|\eta | = 2.0$


$|\eta | < 4.9$


$|\eta |< 3.2$


$|\eta | < 1.8$


$|\eta | < 1.7$


$2.0$


$6.0$


$\mathrm {T}\,\mathrm {m}$


$|\eta | < 2.7$


$|\eta | < 2.4$


$40$


$\mathrm {MHz}$


$100$


$\mathrm {kHz}$


$1.25$


$\mathrm {kHz}$


$Z'$


$S$


$Z'$


$Z'$


$\tilde {\chi }_{1}^{0}$


$Z'$


$\tilde {\chi }_{1}^{0}$


$\tilde {\chi }_{1}^{\pm }$


$\tilde {\chi }_{2}^{0}$


$\lambda $


$Z'$


$Z'$


$Z'$


$\tilde {\chi }^{0}_{1}$


$R$


$\tilde {\chi }_{1}^{0}$


$\lambda _{121}$


$\lambda _{122}$


$\lambda _{121}$


$ee\nu $


$e\mu \nu $


$\lambda _{122}$


$e\mu \nu $


$\mu \mu \nu $


$\tilde {g} \rightarrow {} qq\tilde {\chi }_{1}^{0}$


$\tilde {\chi }_{1}^{\pm }\tilde {\chi }_{1}^{0}$


$\tilde {\chi }_{1}^{\pm }\tilde {\chi }_{2}^{0}$


$\tilde {\chi }_{2}^{0}\tilde {\chi }_{1}^{0}$


$\tilde {\chi }_{1}^{\pm }$


$\tilde {\chi }_{2}^{0}$


$\tilde {\chi } \rightarrow {} ff\tilde {\chi }_{1}^{0}$


$f$


$\mathit {pp}$


$\sqrt {s}=13$


$\pm $


$\relax \text {fb}^{-1}$


$Z'$


$Z'$


$Z'$


$c\tau $


$\tilde {g}$


$\tilde {\chi }_{1}^{0}$


$\tilde {\chi }_{1}^{0}$


$\tilde {g}$


$\tilde {g}$


$\tilde {\chi }_{1}^{0}$


$c\tau $


$\tilde {\chi }_{1}^{0}$


$Z'$


$pp$


$t\bar {t}$


$K_{S}$


$Z$


$Z\rightarrow e^{+}e^{-}$


$\mu ^{+}\mu ^{-}$


$d_{0}$


$z_{0}$


$d_{0}$


$z_{0}$


$x\,-\,y$


$\pT > 1$


$|d_0| < 300$


$|z_0| < 1500$


$|d_0| > 2$


$\mathit {pp}$


$\Sigma \pT ^2$


$\pT > \qty {0.5}{\GeV }$


$\pt > 60$


$|\eta | < 1.05$


$\pt > 140$


$\pt > 50$


$\eta $


$|d_0| >$


$\pT $


$\rcos $


$\Sigma \eta =\eta _{1}+\eta _{2}$


$\Delta \phi =\phi _{1}-\phi _{2}$


$\eta $


$\phi $


$\rco >0.01$


$\mu \mu $


$\mu {}e$


$d_0$


$d_{0}$


$\tilde {\chi }_{1}^{0}$


$\tilde {g}$


$\tilde {\chi }_{1}^{0}$


$c\tau $


$\Delta R$


$\pt >10~\GeV $


$|\eta | < 2.47$


$2.5$


$\chi ^{2}/\textrm {dof}<10$


$\chi ^{2}$


$R_{xy} = \sqrt {(x_{\text {DV}} - x_\text {{PV}})^{2} + (y_{\text {DV}} - y_\text {{PV}})^{2}} > 2~\text {mm}$


$\sqrt {(x_{\text {DV}} )^{2} + (y_{\text {DV}})^{2}} < 300~\text {mm}$


$|z_{\text {DV}}| < 300~\text {mm}$


$\chi ^2 /\textrm {dof} < 5$


$m_{\text {DV}} > 12$


$<1\%$


$c\tau $


$\tilde {\chi }_{1}^{0}$


$\tilde {g}$


$\tilde {\chi }_{1}^{0}$


$ee\nu $


$e\mu \nu $


$\mu \mu \nu $


$\tilde {\chi }_{1}^{0}$


$c\tau $


$\tilde {\chi }_{1}^{0}$


$\tilde {g}$


$\tilde {\chi }_{1}^{0}$


$m({\tilde {\chi }_{1}^{0}})=1000$


$\sim $


$c\tau $


$c\tau $


$\tilde {\chi }_{1}^{0}$


$\sim $


$c\tau $


$\sim $


$\rco $


$\rco <0.01$


$\rco >0.01$


$\rco =0.0027$


$0.005<\rco <0.01$


$(8.3\pm 6.0)\times {}10^{-3}$


$\mu ^+\mu ^-$


$e^{\pm }\mu ^{\mp }$


$e^{\pm }\mu ^{\mp }$


$\rco <0.01$


$\rco $


$\mu ^{+}\mu ^{-}$


$(1.2\pm 0.9)\times 10^{-5}$


$e^{\pm }\mu ^{\mp }$


$10^6-10^8$


$t\bar {t}$


${\sim }3$


${\sim }2$


$e^{+}e^{-}$


$e^{\pm }\mu ^{\mp }$


$\mu ^{+}\mu ^{-}$


$10^3$


$\mathcal {O}(10^{-6})$


$e^{+}e^{-}$


$e^{\pm }\mu ^{\mp }$


$\mu ^{+}\mu ^{-}$


$K_{S}\rightarrow \pi ^+\pi ^-$


$p_{\mathrm {T}}$


$K_{S}$


$K_{S}$


$<m_{\pi \pi }<$


$R_{xy}$


$>15$


$|\Delta z_{0}|<2$


$K_{S}$


$R_{xy}$


$p_{\mathrm {T}}$


$K_{S}$


$K_{S}$


$R_{xy}$


$20\%$


$R_{xy}$


$R_{xy}$


$34\%$


$40\%$


$44\%$


$K_{S}$


$d_0$


$R_{xy}$


$c\tau $


$\tilde {\chi }_{1}^{0}$


$\tilde {g}$


$\tilde {\chi }_{1}^{0}$


$ee\nu $


$e\mu \nu $


$\mu \mu \nu $


$c\tau $


$c\tau $


$c\tau $


$Z\rightarrow \ell ^+\ell ^-$


$1$


$1.37 < |\eta | < 1.52$


$1$


$\eta $


$0.98$


$1\%$


$R_{xy}$


$(3.07 \pm 0.09) \times 10^{-7}$


$4.22 \times 10^{11}$


$143800 \pm {} 4200$


$126210$


$c\tau $


$\mu \mu $


$e\mu $


$O(10^{-10})$


$O(10^{-6})$


$c\tau $


$c\tau $


$c\tau $


$Z'$


$Z'$


$e^{+}e^{-}$


$e^{\pm }\mu ^{\mp }$


$\mu ^{+}\mu ^{-}$


$\lambda _{121} \neq 0$


$\lambda _{122} \neq 0$


$\lambda _{ijk} = 0$


$ee$


$e\mu $


$e\mu $


$\mu \mu $


$Z'$


${B}^{2}$


$c\tau $


$S$


$Z'$


$e^+e^-$


$e^{\pm }\mu ^{\mp }$


$\mu ^{+}\mu ^{-}$


$B$


$Z'$


$m_\mathrm {S}=1000$


$Z'$


$Z'$


$Z'$


$Z'$


$e\mu $


$m_S$


$m_{Z'}$


$\tilde {\chi }_{1}^{0}$


$c\tau $


$c\tau $


$\tilde {\chi }_{1}^{0}$


$\tilde {g}$


$\tilde {\chi }_{1}^{0}$


$\tilde {\chi }_{1}^{0}$


$ee\nu $


$e\mu \nu $


$e\mu \nu $


$\mu \mu \nu $


$\lambda _{121} \neq 0$


$\lambda _{122} \neq 0$


$\lambda _{ijk}$


$\sigma _{\mathrm {th}}$


$m(\tilde {g}) = 2000$


$Z'$


$\tilde {g}$


$\tilde {\chi }_{1}^{0}$


$\tilde {\chi }_{1}^{0}$


$Z'$


$m(\tilde {g}) = 2000$


$c\tau $


$\lambda _{121}$


$\lambda _{122}$


$m(\tilde {\chi }_{1}^{0}) = 100$


$m(\tilde {\chi }_{1}^{0}) = 1000$


$\tilde {\chi }_{1}^{0}$


$m(\tilde {\chi }_{1}^{0}) = 1700$


$\sim $


$m(\tilde {g}) = 2500$


$m(\tilde {\chi }_{1}^{0}) = 100$


$\lambda _{121}$


$c\tau $


$\tilde {\chi }_{1}^{0}$


$\lambda _{122}$


$c\tau $


$\tilde {\chi }_{1}^{0}$


$m(\tilde {g}) = 1500$


$c\tau $


$\tilde {\chi }_{1}^{0}$


$\lambda _{121}$


$\lambda _{122}$


$\tilde {\chi }_{1}^{0}$


$c\tau $


$\tilde {\chi }_{1}^{0}$


$\tilde {\chi }_{1}^{0}$


$ee\nu $


$e\mu \nu $


$e\mu \nu $


$\mu \mu \nu $


$\lambda _{121} \neq 0$


$\lambda _{122} \neq 0$


$\lambda _{ijk}$


$\sigma _{\mathrm {th}}$


$m(\tilde {\chi }_{1}^{0}) = 700$


$m(\tilde {\chi }_{1}^{0}) = 1100$


$m(\tilde {\chi }_{1}^{0}) = 1100$


$c\tau $


$\lambda _{121}$


$\lambda _{122}$


$m(\tilde {\chi }_{1}^{0}) = 1300$


$3.1$


$3.6$


$\lambda _{121} \neq 0$


$\lambda _{122} \neq 0$


$m(\tilde {\chi }_{1}^{0}) = 900$


$m(\tilde {\chi }_{1}^{0}) = 700$


$c\tau $


$m(\tilde {\chi }_{1}^{0}) = 900$


$c\tau $


$\lambda _{121}$


$\lambda _{122}$


$m(\tilde {\chi }_{1}^{0}) = 700$


$\lambda _{121}$


$\lambda _{122}$


$m(\tilde {\chi }_{1}^{0}) = 500$


$c\tau $


$\mathit {pp}$


$ee$


$e\mu $


$\mu \mu $


$\relax \text {fb}^{-1}$


$\mathit {pp}$


$Z'$


$e^{+}e^{-}$


$e^{\pm }\mu ^{\mp }$


$\mu ^{+}\mu ^{-}$


$c\tau $


$Z'$


$\tilde {\chi }_{1}^{0}$


$\lambda _{121}$


$\lambda _{122}$


$\tilde {\chi }_{1}^{0}$


$c\tau $


$\tilde {\chi }_{1}^{0}$


$\tilde {\chi }_{2}^{0}$


$\tilde {\chi }_{1}^{\pm }$


$\tilde {\chi }_{1}^{0}$

mailto:atlas.publications@cern.ch
https://doi.org/10.1016/j.physletb.2026.140497
https://doi.org/10.1016/j.physletb.2026.140497
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2026.140497&domain=pdf
http://creativecommons.org/licenses/by/4.0/


The ATLAS Collaboration

production models used here [9]. The ATLAS Collaboration also 
searched for dimuon vertices reconstructed using only muon-
spectrometer tracks, allowing longer proper lifetimes to be targeted, 
based on the same subset of Run-2 data [10]. Additionally, the AT-
LAS Collaboration searched for delayed dielectron and diphoton ver-
tices reconstructed using only calorimeter information, targeting masses 
consistent with the 𝑍 or Higgs bosons [11]. The CMS Collaboration 
searched for displaced dilepton vertices in the inner tracking volume 
at √𝑠 = 8 TeV [12]. Using data collected at √𝑠 = 13 TeV, the CMS 
Collaboration searched for pairs of collimated, displaced muons recon-
structed using only information from the muon system in events with 
missing transverse momentum [13] and for lower mass LLPs decaying 
into muon pairs using dedicated trigger streams [14]. Also using data 
collected at √𝑠 = 13 TeV, the LHCb Collaboration searched for lower 
mass dimuon vertices in 5.1 fb−1 of data [15]. Finally, the CMS Collab-
oration released results for a Run-3 search targeting displaced dimuon 
vertices using 36.6 fb−1 of √𝑠 = 13.6 TeV data [16]. This is the first 
published analysis from the ATLAS Collaboration to use the full Run-2 
data at √𝑠 = 13 TeV for a search for dilepton displaced vertices and is 
the only search using full Run-2 data to include dimuon, dielectron, and 
electron-muon displaced vertices.

2.  ATLAS detector

The ATLAS detector at the LHC covers nearly the entire solid an-
gle around the collision point.1 It consists of an inner tracking detector 
surrounded by a thin superconducting solenoid, electromagnetic and 
hadronic calorimeters, and a muon spectrometer incorporating three 
large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic 
field and provides charged-particle tracking in the range |𝜂| < 2.5. The 
high-granularity silicon pixel detector covers the vertex region and typ-
ically provides four measurements per track, the first hit generally be-
ing in the insertable B-layer (IBL) installed before Run 2 [17,18]. It is 
followed by the SemiConductor Tracker (SCT), which usually provides 
eight measurements per track. The barrel pixel layers, which are posi-
tioned at radii of 33.3, 50.5, 88.5, and 122.5 mm are of particular rele-
vance to this search. The radial positions of the innermost and outermost 
SCT barrel layers are 299 mm and 514 mm, respectively. These silicon 
detectors are complemented by the transition radiation tracker (TRT), 
which enables radially extended track reconstruction up to |𝜂| = 2.0. The 
TRT also provides electron identification information based on the frac-
tion of hits (typically 30 in total) above a higher energy-deposit thresh-
old corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |𝜂| < 4.9. 
Within the region |𝜂| < 3.2, electromagnetic calorimetry is provided by 
barrel and endcap high-granularity lead/liquid-argon (LAr) calorime-
ters, with an additional thin LAr presampler covering |𝜂| < 1.8 to cor-
rect 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 |𝜂| < 1.7, and two copper/LAr 
hadronic endcap calorimeters. The solid angle coverage is completed 
with forward copper/LAr and tungsten/LAr calorimeter modules opti-
mized for electromagnetic and hadronic energy measurements, respec-
tively.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the 𝑧-axis along the beam 
pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦-
axis points upwards. Polar coordinates (𝑟, 𝜙) 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 = − ln tan(𝜃∕2) and is equal to the rapidity 
𝑦 = 1

2
ln
(

𝐸+𝑝𝑧
𝐸−𝑝𝑧

)

 in the relativistic limit. Angular distance is measured in units of 
Δ𝑅 ≡

√

(Δ𝑦)2 + (Δ𝜙)2.

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 mag-
nets. The field integral of the toroids ranges between 2.0 and 6.0 Tm
across most of the detector. Three layers of precision chambers, each 
consisting of layers of monitored drift tubes, cover the region |𝜂| < 2.7, 
complemented by cathode-strip chambers in the forward region, where 
the background is highest. The muon trigger system covers the range 
|𝜂| < 2.4 with resistive-plate chambers in the barrel, and thin-gap cham-
bers in the endcap regions.

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

Events were selected by the first-level trigger system implemented 
in custom hardware, followed by selections made by algorithms imple-
mented in software in the high-level trigger [20]. The first-level trig-
ger accepted events from the 40MHz bunch crossings at a rate close to 
100 kHz, which the high-level trigger further reduced in order to record 
complete events to disk at about 1.25 kHz.

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

3.  Benchmark models

This analysis is motivated by the distinct experimental signature and 
minimal background associated with the displaced dilepton vertices, 
rather than by a specific extension of the SM that could produce such a 
signature. Three models that could produce a leptonically decaying LLP 
are used as benchmark models to evaluate the sensitivity of the search. 
All three models contain pair-produced LLPs, but this analysis does not 
require multiple LLP decays to be reconstructed. The analysis is there-
fore sensitive to models containing a single LLP.

The first benchmark model (“𝑍′ model”) is a simplified model con-
taining a heavy scalar 𝑆 that decays into a pair of long-lived 𝑍′. A di-
agram of this process is shown in Fig. 1(a). Prompt decays of a 𝑍′ to 
leptons are heavily constrained [22], but long-lived 𝑍′ remain viable. 
In the simplified model used here the lifetime of the 𝑍′ is treated as a 
free parameter and it is forced to decay into lepton pairs.

The second and third benchmark signal models are both RPV MSSM 
simplified models where the lightest neutralino 𝜒0

1  is the lightest super-
symmetric particle (LSP). 𝑅-parity violation allows the LSP neutralino to 
decay, possibly with a sufficiently long lifetime to produce a displaced 
vertex [3]. The two SUSY models implement different production mech-
anisms of the long-lived neutralino. In both models, the 𝜒0

1  decays via 
RPV couplings 𝜆121 or 𝜆122 [2] into two charged leptons and a neutrino. 
The 𝜆121 coupling results in 𝑒𝑒𝜈 and 𝑒𝜇𝜈 decays each with equal branch-
ing ratios and the 𝜆122 coupling results in 𝑒𝜇𝜈 and 𝜇𝜇𝜈 decays each with 
equal branching ratios. No requirement on jets, missing transverse mo-
mentum, or other leptons is imposed so that the search is as model-
independent as possible. The first MSSM model (“Gluino model”) imple-
ments the pair production of gluinos, where the gluino decays promptly 
via 𝑔̃ → 𝑞𝑞𝜒0

1  (Fig. 1(b)). The second MSSM model (“EWkino model”) 
implements electroweakino pair production (𝜒±

1 𝜒
0
1 , 𝜒±

1 𝜒
0
2 , or 𝜒0

2𝜒
0
1 ), an 

example of which is shown in Fig. 1(c). The charginos and neutralinos 
are assumed to be pure higgsino-like and are nearly mass degenerate, 
with a 1 GeV mass splitting between the lightest neutralino and both 
the chargino and heavier neutralino. If a 𝜒±

1  or 𝜒0
2  is produced, it decays 

promptly via 𝜒 → 𝑓𝑓𝜒0
1 , where 𝑓 is any kinematically allowed fermion.

4.  Data and simulated events

The data used in this analysis were collected from 𝑝𝑝 collisions at 
√

𝑠 = 13 TeV during Run 2 (2015–2018), corresponding to an integrated 
luminosity of 140.1±1.2 fb−1 [23]. All backgrounds are estimated using 
collision data. A selection of muon and electron events from the same 
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Fig. 1. Diagrams for (a) a pair of 𝑍′ produced via a scalar and for a pair of 𝜒0
1 , each produced via (b) a gluino or (c) an electroweakino. For the benchmark models 

used, the 𝑍′ and 𝜒0
1  are the LLPs while the scalars, gluinos, and higher-mass electroweakinos (𝜒±

1  and 𝜒0
2 ) decay promptly. The symbol 𝜆 represents a RPV coupling 

as described in the text.

data were used for calculating corrections to the Monte Carlo (MC) mod-
eling of lepton efficiencies and their associated systematic uncertainties.

The matrix element (ME) calculations for the 𝑍′ model are per-
formed at next-to-leading-order (NLO) by MadGraph 2.6.7 [24] in-
terfaced with Pythia 8.244 [25] using the A14 set of tuned parame-
ters [26] with the NNPDF3.0nlo set of parton distribution functions 
(PDF) [27]. Signal MC samples are produced for scalar masses from 
500 GeV to 1.5 TeV, several 𝑍′ masses ranging from 100 to 700 GeV
depending on the scalar mass, and 𝑍′ mean proper lifetimes times 
speed of light (𝑐𝜏) of 10, 30, 100, 300, and 1000 mm. The detector 
response to each simulated event for all simulated samples is modeled 
by GEANT4 [21,28].

The ME calculations for the Gluino model and the EWkino model 
samples are performed at leading-order (LO) by MadGraph 2.8.1 [24] 
interfaced with Pythia 8.244 using the A14 set of tuned parameters 
with the NNPDF3.0nlo PDF set. The MEs include up to two extra par-
ton emissions. Signal MC samples for the Gluino model are produced for 
𝑔̃ masses ranging from 1.5 to 2.5 TeV and several 𝜒0

1  masses. The heav-
iest 𝜒0

1  mass used for each 𝑔̃ mass is 300 GeV less than the 𝑔̃ mass and 
the lightest is always 100 GeV. Samples for the EWkino model are pro-
duced for 𝜒0

1  masses ranging from 100 GeV to 1.3 TeV. For both models, 
separate samples are produced for the same five 𝑐𝜏 for the 𝜒0

1  as were 
used for the 𝑍′.

The effect of multiple interactions in the same and adjacent 
bunch crossings (pileup) was modeled by overlaying the simulated 
hard-scattering event with inelastic 𝑝𝑝 events generated with Pythia
8.186 [29] using the NNPDF2.3lo PDF set and the A3 set of tuned pa-
rameters [30]. Events in the signal MC samples are weighted such that 
the pileup distribution in MC closely resembles that in data.

A 𝑡𝑡 sample is used for validation of the procedure for estimating 
the background from DV formed by random track crossing (Section 7) 
and as a source of 𝐾𝑆 used for a systematic study of combined track 
reconstruction and vertex reconstruction efficiency for LLPs (Section 8). 
This sample is simulated using Powheg+Pythia 8.230 [25,31] using 
the A14 set of tuned parameters with the NNPDF3.0nlo PDF set.

Two 𝑍 boson MC samples (𝑍 → 𝑒+𝑒− and 𝜇+𝜇−) are also used to 
compare to data when deriving multiplicative factors to correct for 
imperfect modeling of electron and muon detection efficiency. These 
samples are simulated using Powheg+Pythia 8.186 [32] using the 
AZNLO [33] set of tuned parameters with the CT10 PDF set [34].

5.  Object reconstruction

The standard track (ST) reconstruction algorithm reconstructs the 
trajectories of charged particles (tracks) from hits in the ID. Require-
ments placed on the transverse (𝑑0) and longitudinal (𝑧0) impact param-
eters limit the reconstruction efficiency of tracks from displaced decays. 
To mitigate this reduction in efficiency, tracks from a large radius track 
(LRT) reconstruction algorithm [35] are also used. The LRT algorithm 
reconstructs tracks using hits that are not associated with any track from 

Table 1 
Comparison of requirements between the stan-
dard track and large radius track reconstruction 
algorithms [35].

 ST  LRT
 Maximum |𝑑0| [mm]  10  300
 Maximum |𝑧0| [mm]  250  1500
 Maximum |𝜂|  2.7  5
 Maximum shared silicon modules  1  2
 Minimum unshared silicon hits  6  5
 Minimum silicon hits  7  7

ST reconstruction. Relevant differences between the track requirements 
for the ST and LRT algorithms are compared in Table 1. Of particular 
note is the relaxation of the requirements for LRT reconstruction on 𝑑0
and 𝑧0, as well as the maximum number of shared silicon modules and 
the minimum number of unshared silicon hits between two tracks. These 
loosened requirements increase the reconstruction efficiency for tracks 
not originating from the primary vertex (PV).

The PV reconstruction algorithm [36] reconstructs vertices using 
tracks that have parameters consistent with originating from the beam 
collision region in the 𝑥 − 𝑦 plane and is therefore not optimized for 
displaced decays. A dedicated DV reconstruction algorithm is used to 
reconstruct vertices at large distances from the PV. The algorithm [37] 
uses tracks to reconstruct DVs within the pixel and SCT subsystems of the 
ID. All tracks from both the ST and LRT reconstruction algorithms that 
have 𝑝T > 1 GeV, |𝑑0| < 300 mm, and |𝑧0| < 1500 mm are considered for 
DV reconstruction. No calorimeter or MS information associated with 
the track is used, and no corrections are made to the tracks based on 
their lepton association. The reconstruction algorithm begins by form-
ing a prospective vertex from each possible combination of two tracks, 
using only tracks not included in collision vertices. To reject tracks not 
originating from a DV, tracks are only included in the DV if they contain 
no pixel or SCT hits between the DV and the PV and if they have a hit 
in the first pixel or SCT layer as the track emerges from the DV.2 Ad-
ditionally, at least one of the two tracks in the prospective vertex must 
satisfy |𝑑0| > 2 mm. Vertices with higher track multiplicity are formed 
by iteratively merging nearby vertices if this improves the goodness of 
fit of all tracks to the common vertex. Tracks may then be pruned from 
the merged vertex to further improve the goodness of fit.

Leptons are reconstructed with the standard ATLAS reconstruction 
algorithms for electrons [38,39] and muons [40]. Calorimeter informa-
tion is combined with track information from the ST and LRT reconstruc-
tion algorithms to reconstruct and identify electrons. In the case when 

2 A dead pixel or disabled module is treated as a “hit” in both cases, i.e. a dead 
pixel in between the vertex and PV would cause the vertex to be rejected but a 
dead pixel in the first layer as the track emerges from the DV would satisfy the 
requirement for a hit.
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Fig. 2. The efficiency for reconstructing and correctly identifying a simulated lepton from an LLP decay as a function of 𝑑0 for (left) electrons and (right) muons for 
ST and ST+LRT, with standard and modified working points. The efficiencies were determined using gluino-produced 𝜒0

1  samples with a 𝑔̃ mass of 2000 GeV and a 
𝜒0
1  mass of 1000 GeV, averaged over the five 𝑐𝜏 from 10 to 1000 mm.

several tracks match the same calorimeter energy deposit, the track with 
the best momentum match to the calorimeter energy is chosen to recon-
struct the electron. An additional algorithm [38] refines the parameters 
of tracks corresponding to electrons, accounting for energy loss due to 
bremsstrahlung. The refined tracks are not used in the DV reconstruc-
tion algorithm or to determine the kinematic properties of the DV, so 
the updated information is only used in this analysis for identifying the 
triggering leptons.

Muons must be of the combined type defined in Ref. [40]. Combined 
muons are reconstructed by pairing tracks reconstructed using only MS 
information with ID tracks (either reconstructed by the ST or LRT al-
gorithms). A combined fit is then performed using both ID and MS hits 
and accounting for energy loss in the calorimeters. The combined fitting 
procedure allows for a reassignment of MS hits based on the combined 
fit trajectory.

6.  Event selection

Events with dilepton DVs are selected via a series of criteria, either 
applied to the event, the constituent leptons, or the DVs themselves. 
The event selection begins by selecting collision events with leptons that 
may be displaced and requiring the presence of a DV. Criteria are then 
applied to the displaced leptons and their associated DVs to isolate po-
tential signal events.

6.1.  Event level selection criteria

Events are required to have a PV with at least two associated 
tracks. The PV is selected as the 𝑝𝑝 collision vertex with the largest 
Σ𝑝2T, the squared transverse momentum of all associated tracks with 
𝑝T > 0.5GeV. Additionally, events must be recorded during time peri-
ods where detector subsystems were functioning under good operating 
conditions [41].

Events are selected using triggers that do not rely on ID track in-
formation. Track reconstruction algorithms used by the Run-2 triggers 
do not include an equivalent of the LRT algorithm; therefore, a require-
ment for the presence of an ID track can suppress trigger efficiency for 
displaced leptons. The “MS only” muon trigger selects an MS track with 
𝑝T > 60 GeV and |𝜂| < 1.05 [42]. For electrons two triggers are used: a 
single photon trigger and a diphoton trigger [43]. The use of a photon 
trigger is appropriate to target displaced electrons because electrons and 
photons leave similar energy deposits in the electromagnetic calorime-
ter. The single photon trigger requires the reconstructed object satisfy 
𝑝T > 140 GeV, while the diphoton trigger imposes a softer requirement, 
𝑝T > 50 GeV, for both objects. No requirement is placed on 𝜂 for ei-
ther photon trigger other than the implicit bounds set by the geometry 
of the electromagnetic calorimeter. The combined trigger efficiency is 

typically above 80% for all vertex types for decays within the fiducial 
region. Individually, the electron triggers generally have a higher effi-
ciency than the muon trigger due to their larger pseudorapidity cov-
erage. Events selected by the trigger are required to include a recon-
structed lepton which spatially matches the location of the object se-
lected by the trigger. The triggering lepton must also satisfy both |𝑑0| >
2 mm and a requirement on its 𝑝T that matches the trigger requirement. 
If the event was selected by the diphoton trigger, two leptons must sat-
isfy the trigger requirements.

A cosmic veto is applied to suppress cosmic-ray muon background 
contributions. A cosmic-ray muon may be mis-reconstructed as a pair 
of back-to-back and oppositely charged muons. Calorimeter deposits re-
sulting from muon bremsstrahlung may also cause a muon to be re-
constructed as an electron. Back-to-back tracks can be distinguished 
by values of Δ𝑅cos =

√

(|Δ𝜙| − 𝜋)2 + (Σ𝜂)2 that are close to zero, where 
Σ𝜂 = 𝜂1 + 𝜂2 and Δ𝜙 = 𝜙1 − 𝜙2 for the 𝜂 and 𝜙 of the two tracks. Im-
posing the requirement Δ𝑅cos > 0.01 on all 𝜇𝜇 pairs and 𝜇𝑒 pairs in the 
event effectively eliminates these cosmic-ray muon events. The number 
of signal events eliminated by the cosmic veto does not exceed 1%.

6.2.  Lepton selection criteria

To qualify as signal electrons, reconstructed electrons must satisfy 
the VeryLooseLLH identification requirements defined in ref. [38] but 
with requirements on 𝑑0 and on the number of pixel hits associated 
with the track removed. Signal muons must satisfy the Loose identifi-
cation requirements defined in ref. [40] but with the requirements on 
the number of pixel hits associated to the track removed. Fig. 2 shows 
the efficiency for an electron or a muon from an LLP decay in a bench-
mark sample to be both reconstructed and satisfy lepton identification 
criteria. The efficiencies are shown using only the ST reconstruction al-
gorithm versus both ST and LRT, and the standard versus modified lep-
ton identification criteria. Including the LRT and modified identification 
criteria greatly improves the efficiency. Multiplicative factors to correct 
for the mismodeling of lepton identification and triggering efficiencies 
in signal samples are also applied, as discussed in Section 8. An overlap 
removal to remove ambiguity between electrons, muons, and jets is ap-
plied similar to that described in ref. [44], with the exception that the 
Δ𝑅 requirement between electrons and muons is not applied to allow 
for more highly collimated signal leptons.

Some analysis requirements are applied to the lepton’s kinematic pa-
rameters, while others are applied to the kinematic parameters of the ID 
track, which may be different. The use of ID track parameters, which are 
those available to the DV reconstruction algorithm, simplifies the calcu-
lation of systematic uncertainties. The kinematic parameters of the ID 
track are used for the baseline track requirements 𝑝T > 10 𝐺𝑒𝑉  for both 
lepton flavors and |𝜂| < 2.47 (2.5) for electrons (muons). The kinematic 
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Fig. 3. Total signal efficiency for an LLP decay as a function of 𝑐𝜏 for the gluino-produced 𝜒0
1  with a 𝑔̃ mass of 2000 GeV and 𝜒0

1  mass of 100, 500, 1000, or 1700 
GeV decaying into (left) 𝑒𝑒𝜈, (middle) 𝑒𝜇𝜈, and (right) 𝜇𝜇𝜈 final states. The colored bands represent the total uncertainty at one standard deviation.

parameters of the leptons themselves are used for lepton identification, 
charge requirements, the cosmic veto, and trigger matching, the last of 
which is discussed in Section 6.3.

The combined fit of the muon track based on both ID and MS hits 
must satisfy 𝜒2∕dof < 10. The displaced decay of a charged hadron to a 
muon may be incorrectly reconstructed as a combined muon if the ID 
track from the hadron is matched to the MS track of the muon by the 
reconstruction software. In such cases, the ID and MS components are 
often poorly aligned, so the requirement on 𝜒2 effectively removes most 
muons originating from charged hadron decays with negligible impact 
on signal muons in benchmark samples.

6.3.  Displaced vertex selection criteria

To suppress background, signal DVs must have transverse dis-
placement from the PV satisfying 𝑅𝑥𝑦 =

√

(𝑥DV − 𝑥PV)2 + (𝑦DV − 𝑦PV)2 >
2mm. The DV must also satisfy 

√

(𝑥DV)2 + (𝑦DV)2 < 300mm and |𝑧DV| <
300mm (both measured relative to the ATLAS detector origin), defining 
a fiducial region in the barrel of the ID bounded by the innermost SCT 
layer. DVs are rejected if they are within disabled pixel modules [45]. 
A separate “material veto” [46], designed to suppress displaced vertices 
from photon conversions, is applied to DVs that contain an electron and 
are within the tracking layers or the support structures. Following the 
strategy used in previous ATLAS DV analyses [47–49], DVs are required 
to be reconstructed with 𝜒2∕dof < 5. An event is permitted to contain 
more than one signal DV.

At least two of the ID tracks in the DV must be associated with op-
positely charged leptons that satisfy the modified identification criteria 
discussed in Section 6.2. One of the leptons in a DV must be the lepton 
selected by the trigger (both leptons in the case of the diphoton trigger) 
and satisfy the stricter kinematic requirements discussed in Section 6.1. 
Finally, the invariant mass of the ID tracks of the lepton pair forming the 
DV must satisfy 𝑚DV > 12 GeV to suppress backgrounds from SM par-
ticles. To allow reinterpretation using other models, additional tracks 
(including leptonic tracks) are permitted in the DV despite not being 
expected in the benchmark models. Enforcing a requirement of exactly 
two leptonic tracks in a DV would remove < 1% of signal vertices in the 
benchmark models. In the case of a DV containing three or more lep-
tonic tracks, each pair of tracks is treated as a potential signal DV, with 
separate trigger matching and mass requirements for each track pair.

Fig. 3 shows an example of the efficiency for a 𝜒0
1  decay to satisfy the 

full selection criteria as a function of 𝑐𝜏. The uncertainty band represents 
the total uncertainty at one standard deviation, including the sources of 
systematic uncertainty discussed in Section 8. The extrapolation to life-
times other than those of the generated samples is discussed in Section 9. 
The trigger efficiency for dimuon vertices is lower than that for vertices 
with electrons, but its impact on the total dimuon efficiency is mitigated 
by the higher reconstruction efficiency for displaced muons previously 
shown in Fig. 2. For the same parent mass, the peak efficiency for higher 

LLP masses occurs at larger proper lifetimes due to the lower boost of 
the LLP. A highly boosted LLP, such as in the case of the 100 GeV  𝜒0

1
and 2000 GeV 𝑔̃, can produce highly collimated daughters, resulting in 
the reconstruction of only one lepton and hence lower signal efficiency. 
The efficiencies and systematic uncertainties are presented per LLP de-
cay for each vertex type; however, all benchmark samples contain two 
LLPs and hence limits are evaluated in Section 9 assuming two decays 
per event.

It is of particular interest to compare the reconstruction efficiency 
shown in Fig. 3 with that obtained by ATLAS for displaced dimuon 
vertices reconstructed using standalone muons [10], i.e. muons recon-
structed using MS information only. While the two analyses probe dif-
ferent RPV SUSY models, the comparison nevertheless provides useful 
context on the complementarity of ID and MS displaced vertex searches. 
When using standalone muons, the efficiency for events containing a 
pair of long-lived 𝜒0

1  (each with 𝑚(𝜒0
1 ) = 1000 GeV) peaks at ∼10% at a 

𝑐𝜏 of 1000 mm. The current analysis, which includes ID tracks and uses a 
more sophisticated DV reconstruction algorithm, reaches a higher peak 
efficiency at lower 𝑐𝜏. When considering a same-mass 𝜒0

1  and only con-
sidering a single decay into a muon pair, this analysis achieves an effi-
ciency that peaks at ∼23% at a 𝑐𝜏 of 34 mm and yields only a somewhat 
lower value of ∼6% at 1000 mm.

7.  Background estimate

The background from decays of SM particles produced by proton–
proton collisions is reduced to negligible levels by requirements on the 
invariant mass of the signal lepton pair forming the DV and the trans-
verse displacement of the DV relative to the PV. Two additional sources 
of background are considered: DVs resulting from cosmic-ray muons and 
from randomly crossing lepton tracks.

The dimuon cosmic-ray background is estimated in a control region 
of dimuon DVs satisfying all signal requirements except for the cosmic 
veto, which is inverted. The tail of the Δ𝑅cos distribution of dimuon 
DVs in this region (Δ𝑅cos < 0.01) is fit to an exponential distribution 
and extrapolated into the signal region (Δ𝑅cos > 0.01). The fit range, 
which starts at Δ𝑅cos = 0.0027, is chosen to produce the best agreement 
between the prediction and observed DVs in the region 0.005 < Δ𝑅cos <
0.01, adjacent to the signal region. The extrapolation yields an estimated 
cosmic background of (8.3 ± 6.0) × 10−3 𝜇+𝜇− events, where the uncer-
tainty is statistical.

One of the two reconstructed muon tracks from a cosmic-ray muon 
may fail to satisfy the muon signal requirements while satisfying the 
electron signal requirements due to bremsstrahlung by the muon, so the 
cosmic veto is also applied to electron-muon pairs. A similar extrapola-
tion method cannot be used to estimate a cosmic background in the 𝑒±𝜇∓

signal region because there are only two 𝑒±𝜇∓ events with Δ𝑅cos < 0.01. 
The Δ𝑅cos distribution is instead assumed to be similar to that of 𝜇+𝜇−

events but suppressed by a factor equal to the ratio of the statistics of the 
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two control regions. The dimuon cosmic background is thus scaled down 
to yield an estimated background of (1.2 ± 0.9) × 10−5 𝑒±𝜇∓ vertices in 
the signal region, where the uncertainty is statistical.

The background from two randomly crossing lepton tracks forming 
a signal DV is estimated from data by using large numbers (106 − 108, 
depending on the channel) of toy “mixed” events. Each toy event con-
sists of two randomly selected leptons (which satisfy all signal lepton 
requirements) from different data events with a randomly selected PV 
from a third event. The lepton pair is only considered a “candidate pair” 
if it has the necessary kinematics to be selected by one of the triggers, 
the leptons have opposite-sign charges, and the invariant mass of the 
leptons is greater than 12 GeV. The lepton tracks are shifted spatially 
around the new PV to preserve the impact parameters relative to the PV 
in their original events. Due to computational limitations, these tracks 
retain their pattern of hits in each layer even if the shifting would result 
in a different expected hit pattern. DV reconstruction is then run on each 
toy event and, if a DV is successfully reconstructed, the analysis require-
ments are applied to the DV. This method yields the probability for a 
signal DV to be produced from two randomly crossing leptonic tracks. 
This probability can then be applied to the number of candidate lepton 
pairs in the data. Candidate pairs in data include any pairs of ID tracks 
in the same event that satisfy the same criteria used in toy selection.

Multiple validations of the event-mixing process were performed on 
signal MC, non-signal MC (𝑡𝑡), and data. The spatial shifting of tracks 
was validated by shifting all tracks in an MC signal event around a ran-
domly selected PV and rerunning the vertex reconstruction algorithm. 
The overall difference between the number of reconstructed signal DVs 
due to shifting tracks is 1.1%. There is a loss of ∼3 % of signal DVs, 
but a gain of ∼2% of signal DVs that previously were not reconstructed, 
yielding a net loss of 1.1%. A vertex that originally failed to satisfy the 
selection criteria because it was in a disabled module but was “shifted” 
out may now satisfy the criteria, while vertices can be lost to the same 
effect. The largest effect is due to rejecting individual tracks due to dif-
ferences between the expected patterns of hits in the silicon layers. For 
example, a track that originally intersects with a dead pixel in the next 
layer outside the DV (thus fulfilling the DV reconstruction algorithm re-
quirements) will lack the expected hit if moved into a region without 
an adjacent dead pixel, resulting in rejection by the DV reconstruction 
algorithm. The predictive ability of the method was tested using non-
leptonic tracks (see Section 8), which is used to set a systematic uncer-
tainty.

There are 6646 𝑒+𝑒−, 792 𝑒±𝜇∓, and 3134 𝜇+𝜇− candidate pairs ob-
served in data, and at least 103 times more toy candidate pairs were gen-
erated for each vertex type. None of the reconstructed dilepton DVs in 
the toy events satisfied all signal requirements. The upper limit (at 95% 
confidence) of the probability of randomly crossing leptons producing 
a signal DV is (10−6) for each of 𝑒+𝑒−, 𝑒±𝜇∓, and 𝜇+𝜇−. Rather than 
using a fixed probability, the numbers of toy and observed candidate 
pairs are treated as control and signal regions respectively when setting 
limits on signal cross-sections, allowing for the probability to be fit si-
multaneously with the signal strength. The procedure for determining 
the limits is detailed in Section 9.

8.  Systematic uncertainties

The dominant source of systematic uncertainty in the signal effi-
ciency is the modeling of track and DV reconstruction. This uncertainty 
is estimated from a sample of 𝐾𝑆 → 𝜋+𝜋− reconstructed in MC and data. 
Due to the relatively low mass and 𝑝T of the 𝐾𝑆 , few of the signal require-
ments can be applied beyond the standard vertex quality requirements. 
Instead, to select 𝐾𝑆 , the DVs are required to have exactly two oppo-
sitely charged-particle tracks, 470 MeV < 𝑚𝜋𝜋 < 530 MeV, 𝑅𝑥𝑦 > 15 mm, 
and tracks with longitudinal separation |Δ𝑧0| < 2 mm. The number of 
reconstructed 𝐾𝑆 vertices is binned in 𝑅𝑥𝑦 after reweighting the simu-
lated events such that the 𝑝T spectrum of the 𝐾𝑆 in the MC reproduces 
that in the data. The vertices are categorized based on the algorithms 

that reconstructed the two tracks from the 𝐾𝑆 decay (ST/ST, ST/LRT, 
and LRT/LRT) with separate systematic uncertainties calculated for each 
category. A common normalization for the three categories is used by 
normalizing the number of ST/ST vertices at low 𝑅𝑥𝑦 in the MC to the 
data, where modeling is best understood for both track and vertex re-
construction. The residual discrepancy between MC and data in each bin 
is taken as the systematic uncertainty. Some variation is observed in the 
agreement between data and MC based on the year and corresponding 
MC sample considered. Consequently, a separate normalization factor 
and systematic uncertainty is calculated for each year. The systematic 
uncertainty is generally less than 20% per vertex at low and moderate 
𝑅𝑥𝑦, but at high 𝑅𝑥𝑦 it can be up to 34% for ST/ST vertices, 40% for 
ST/LRT vertices, and 44% for LRT/LRT vertices.

Using the residual discrepancy between MC and data as the system-
atic uncertainty for reconstructing a DV results in a conservative esti-
mate in comparison to decomposing the uncertainty into a correlated 
and uncorrelated component relative to the reconstruction of the two 
tracks. Inefficiencies in 𝐾𝑆 reconstruction may result from the failure 
to reconstruct individual tracks due to effects such as multiple scat-
terings, or from a failure to reconstruct both tracks such as when the 
particle decays within a dead Si module. The former is uncorrelated 
between tracks, while the latter is an example of a fully correlated ef-
fect. The residual discrepancy may be converted into uncorrelated, per-
track uncertainties and propagated through to vertices [48,50], which 
will yield a smaller uncertainty for the vertex. Possible correlations can 
then be estimated via expanded studies of the geometric or time depen-
dence of the data/MC ratio. The statistical analysis discussed in Section 9 
does not have a strong dependence on this dominant uncertainty; there-
fore the simpler but conservative method that assumes full correlation
is used.

Highly boosted and collimated lepton pairs may have a small 𝑑0 even 
when the 𝑅𝑥𝑦 of their DV is large, resulting in a significant proportion 
of displaced ST/ST and ST/LRT vertices for some mass points. The sys-
tematic uncertainty is therefore calculated separately for each mass hy-
pothesis. Fig. 4 shows the extrapolated average systematic uncertainties 
per vertex for a benchmark sample as a function of 𝑐𝜏. The systematic 
uncertainty increases at higher 𝑐𝜏 due to the increasing presence of LRT 
tracks. The reconstruction efficiency for muons with LRT tracks is higher 
than that for electrons with LRT tracks as shown in Fig. 2. Consequently, 
at large 𝑐𝜏, where more LRT tracks are produced, both the average effi-
ciency (Fig. 3) and the average systematic uncertainty (Fig. 4) are higher 
for muons than for electrons.

Custom multiplicative factors are calculated as a function of lepton 
kinematics to correct MC lepton distributions for the imperfect modeling 
of the efficiency of the triggers and lepton identification working points. 
The factors are calculated using a tag-and-probe method similar to that 
described in ATLAS Collaboration[39] based on 𝑍 → 𝓁+𝓁− events in 
data and MC. The multiplicative factors for electron triggering and iden-
tification are approximately 1, except in the transition region between 
the barrel and endcap calorimeters (1.37 < |𝜂| < 1.52) where values for 
triggering generally range from 0.90 to 1.02 and values for identifica-
tion range from 0.98 to 1.02. For muon identification, values are like-
wise approximately 1 except in the central 𝜂 region, where they can be as 
low as 0.98. For triggering on muons, the multiplicative factors typically 
range from 0.7 to 1.0. The factors have an associated uncertainty that 
is propagated through the analysis by shifting the factors upwards and 
downwards by their associated systematic uncertainty. The final system-
atic uncertainties associated with the triggers and lepton identification 
are both approximately 1% or smaller. The theory uncertainties associ-
ated with modeling the benchmark signal samples are the uncertainty in 
the cross-section, the PDF uncertainties, the uncertainties in the factor-
ization and renormalization scales, and the uncertainty associated with 
initial-state and final-state radiation combined with multiple parton in-
teractions (ISR/FSR/MPI). The methods used follow those described in 
ref. [51]. The largest of these uncertainties are the PDF uncertainties, at 
5.2%, followed by the ISR/FSR/MPI uncertainty at 3.0%. These values 
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Fig. 4. Systematic uncertainties in the signal DV selection efficiency extrapolated as a function of 𝑐𝜏 for the gluino-produced 𝜒0
1  with a 𝑔̃ mass of 2000 GeV and 𝜒0

1
mass of 1000 GeV decaying into (left) 𝑒𝑒𝜈, (middle) 𝑒𝜇𝜈, and (right) 𝜇𝜇𝜈 final states.

are significantly smaller than the dominant sources of systematic uncer-
tainties so the largest value calculated amongst the samples is applied 
to all signal samples as a constant value.

The systematic uncertainty associated with the random track cross-
ing background is calculated using ID tracks not identified as leptons 
but satisfying all other signal requirements. Due to computational limi-
tations, shifted tracks retain their original set of hits in the ID tracking 
layers, even if the shift would result in a different expected hit pattern. 
The systematic impact from this is inherently included in the systematic 
uncertainty determined from comparing observed and predicted num-
ber of non-leptonic vertices. The DV mass and 𝑅𝑥𝑦 distributions observed 
in data are well reproduced by the DVs created from toy events. The 
probability of randomly crossing non-leptonic tracks to form a signal 
DV is calculated to be (3.07 ± 0.09) × 10−7. That probability is applied 
to the observed number of non-leptonic track candidate pairs in data 
(4.22 × 1011) to yield the predicted number of non-leptonic DVs in data 
of 143800 ± 4200. The observed number of non-leptonic DVs is 126210. 
The difference between the expectation and observation is combined in 
quadrature with the statistical uncertainty to yield a systematic uncer-
tainty of 14%.

The systematic uncertainty associated with the procedure of fitting 
an exponential fit function to the cosmic background histogram is esti-
mated by varying the histogram bin width and varying the lower bound 
of the fit range. The two contributions are combined in quadrature to 
yield a systematic uncertainty of 44%.

The uncertainty in the combined 2015–2018 integrated luminosity 
is 0.83% [23], obtained using the LUCID-2 detector [19] for the pri-
mary luminosity measurements, complemented by measurements using 
the inner detector and calorimeters. The uncertainty associated with 
the pileup weighting procedure was evaluated by applying alternate 
weight sets and found to increase with higher 𝑐𝜏, while remaining sub-
dominant.

Finally, the uncertainty associated with the lifetime extrapolation 
procedure described below was calculated by comparing the deviation 
of nominal efficiencies to extrapolated values. A 2.0% uncertainty is 
conservatively assigned to the signal DV selection efficiency.

9.  Results

No events are observed in the signal region, which is consistent with 
the background expectation. The analysis is a cut-and-count analysis, 
allowing limits to be set for each benchmark model using a single bin 
counting experiment. Therefore, limits are set at the 95% confidence 
level using the CLs method [52] based on RooStats [53] via a toys-
based method with 25,000 pseudo-experiments. The signal region in-
cludes both the observed number of events (zero), the expected number 
of signal events for each benchmark model, and the cosmic-ray muon 
background estimates for 𝜇𝜇 and 𝑒𝜇 vertices. Additionally, the numbers 
of candidate track pairs discussed in Section 7 is included. Three control 

regions, one for each vertex type, are defined to include the number of 
candidate pair toy events created and the number of signal vertices cre-
ated in the toy events (zero). While performing the fit to observed data, 
both the signal strength and the probability of producing a signal ver-
tex from randomly crossing track pairs can be scaled, allowing for the 
possibility of non-zero probabilities despite the lack of toy DVs in the 
signal region. Due to the lack of observed events after unblinding, the 
fitted probabilities are generally 𝑂(10−10), with an error several orders 
of magnitude larger than the central values. When accounting for the 
error, the order of magnitude is comparable to but does not exceed the 
calculated upper limit on the crossing probability of 𝑂(10−6) discussed 
in Section 7.

Limits are set separately for each decay channel as a function of 𝑐𝜏, 
utilizing a lifetime reweighting procedure applied to signal efficiencies. 
The lifetime reweighting procedure extrapolates the acceptance times 
efficiency of the finite number of signal samples generated with specific 
𝑐𝜏 to a continuous distribution. Weights are applied to each LLP decay 
vertex corresponding to the relative frequency of decays at the lifetime 
of that individual particle as a function of the generated and target sam-
ple 𝑐𝜏. More details can be found in ref. [9].

Only one LLP decay must be detected for the event to qualify as 
a signal event. The production of two LLPs per event in the benchmark 
models studied increases the probability that at least one signal vertex is 
found. For the 𝑍′ benchmark samples the limits are presented at event-
level, assuming both 𝑍′ decay into the same vertex type (𝑒+𝑒−, 𝑒±𝜇∓, or 
𝜇+𝜇−). For the SUSY models the limits are interpreted assuming a cou-
pling of 𝜆121 ≠ 0 or 𝜆122 ≠ 0 (with all other 𝜆𝑖𝑗𝑘 = 0), resulting in decays 
into 𝑒𝑒 and 𝑒𝜇 in the former case and 𝑒𝜇 and 𝜇𝜇 in the latter. Extracted 
limits are shown together with the theory cross-section for the SUSY 
models. Theory signal cross-sections for the Gluino model are calculated 
to approximate next-to-next-to-leading order in the strong coupling con-
stant, adding the resummation of soft gluon emission at next-to-next-
to-leading-logarithmic accuracy (approximate NNLO+NNLL) [54–61]. 
The nominal cross-section and the uncertainty are derived using the 
PDF4LHC15_mc PDF set, following the recommendations of ref. [62]. 
Theory signal cross-sections for the EWkino model are calculated to 
next-to-leading order in the strong coupling constant, adding the resum-
mation of soft gluon emission at next-to-leading-logarithmic accuracy 
(NLO+NLL) [63–67]. The nominal cross-section and the uncertainty 
are taken from an envelope of cross-section predictions using different 
PDF sets and factorization and renormalization scales, as described in 
ref. [51].

Observed and expected limits on the 𝑍′ production cross-section 
times branching ratio as a function of lifetime are shown in Fig. 5 for 
𝑚S = 1000 GeV. Both the observed and expected limits are plotted, but 
the lines overlap due to the agreement between the background predic-
tion and observation. At longer 𝑍′ lifetimes, weaker limits are set on 
lighter 𝑍′ for the same scalar mass because the more highly boosted 
𝑍′ results in more decays outside of the ID. Conversely, at shorter
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Fig. 5. Observed and expected limits on the product of cross-section and 𝐵2 as a function of 𝑐𝜏 for models with an 𝑆 mass of 1000 GeV and 𝑍′ masses between 
200 and 450 GeV decaying into (left) 𝑒+𝑒−, (middle) 𝑒±𝜇∓, and (right) 𝜇+𝜇− final states. The branching ratio 𝐵 is assumed to be 100% to the given final state for 
both 𝑍′.

Fig. 6. Observed and expected limits on the signal production cross-section as a function of 𝑐𝜏 for the gluino-produced 𝜒0
1  with a 𝑔̃ mass of 2000 GeV and 𝜒0

1  masses 
of 100, 500, 1000, and 1700 GeV with the 𝜒0

1  decaying with equal branching ratios to (left) 𝑒𝑒𝜈 and 𝑒𝜇𝜈 and to (right) 𝑒𝜇𝜈 and 𝜇𝜇𝜈. These scenarios correspond to 
RPV couplings (left) 𝜆121 ≠ 0 or (right) 𝜆122 ≠ 0 with all other 𝜆𝑖𝑗𝑘 assumed to be zero. The dashed horizontal line represents the theory production cross-section (𝜎th).

Fig. 7. Observed and expected limits on the signal production cross-section as a function of 𝑐𝜏 for the electroweakino-produced 𝜒0
1  with masses of 

700 and 1100 GeV with the 𝜒0
1  decaying with equal branching ratios to (left) 𝑒𝑒𝜈 and 𝑒𝜇𝜈 and to (right) 𝑒𝜇𝜈 and 𝜇𝜇𝜈. These scenarios correspond to RPV cou-

plings (left) 𝜆121 ≠ 0 or (right) 𝜆122 ≠ 0 with all other 𝜆𝑖𝑗𝑘 assumed to be zero. The dashed horizontal lines represent the theory production cross-sections (𝜎th).

lifetimes the limits are weaker for heavier 𝑍′ because the less-boosted 
particles will often decay before reaching the ID. The upper limits for 
different scalar masses are similar with stronger limits set for higher 
scalar masses due to the higher reconstruction efficiency. For example, 
the upper limits for the 𝑒𝜇 channel at 10 mm (near the peak efficiencies) 
are 0.1120, 0.0589, and 0.0534 fb for (𝑚𝑆 , 𝑚𝑍′ ) = (500, 200) GeV, 
(1000, 200) GeV, and (1500, 250) GeV respectively. The larger error 
bands for dimuon vertices are a result of the larger track and DV re-
construction systematic uncertainty for these vertices, as discussed in 
Section 8.

Observed and expected limits on the gluino-produced 𝜒0
1  signal cross-

section as a function of 𝑐𝜏 are shown in Fig. 6 for 𝑚(𝑔̃) = 2000 GeV. 
As in the case of the 𝑍′ model limits, the lines for the observed and 
expected limits overlap in both SUSY models. For the same 𝑔̃ mass, more 
stringent limits are set at long lifetimes for heavier 𝜒0

1  masses and at 
shorter lifetimes for lighter 𝜒0

1  masses—the same parent-daughter trend 
observed for the 𝑍′ samples. For 𝑚(𝑔̃) = 2000 GeV, the largest excluded 
𝑐𝜏 in the 𝜆121 (𝜆122) channel ranges from 400 mm (660 mm) for 𝑚(𝜒0

1 ) =
100 GeV up to 3200 mm (3300 mm) for 𝑚(𝜒0

1 ) = 1000 GeV. The smallest 
lifetime excluded is the 1 mm lower bound of the range investigated in 
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this analysis for all 𝜒0
1  masses except for 𝑚(𝜒0

1 ) = 1700 GeV, which is only 
excluded down to ∼1.5 mm in both channels. For the higher mass 𝑚(𝑔̃) =
2500 GeV, a narrower range of lifetimes is excluded, with no exclusion 
for 𝑚(𝜒0

1 ) = 100 GeV. For 𝜆121, the excluded 𝑐𝜏 range for a 𝜒0
1  with a mass 

of 500, 1000, or 2200 GeV is between 2.8 and 63 mm, 4.0 and 100 mm, 
and 7.8 and 150 mm, respectively. In the case of 𝜆122, the excluded 
𝑐𝜏 range for a 𝜒0

1  with a mass of 500, 1000, or 2200 GeV is between 
3.7 and 92 mm, 4.9 and 150 mm, and 9.1 and 200 mm, respectively. 
By contrast, for the lowest gluino mass (𝑚(𝑔̃) = 1500 GeV) and in both 
channels, all 𝑐𝜏 between 1 and 10000 mm are excluded for all 𝜒0

1  masses 
except for 100 GeV, where the largest excluded lifetime is at 3900 mm 
(5400 mm) for the 𝜆121 (𝜆122) channel.

Observed and expected limits on an electroweakino-produced 𝜒0
1

signal cross-section as a function of lifetime are shown in Fig. 7 for 
𝑚(𝜒0

1 ) = 700 GeV and 𝑚(𝜒0
1 ) = 1100 GeV. For 𝑚(𝜒0

1 ) = 1100 GeV, 𝑐𝜏 are 
excluded with a lower bound of 1.5 mm (1.7 mm) and upper bound of 
1600 mm (2600 mm) for the 𝜆121 (𝜆122) channel. Limits are more modest 
for 𝑚(𝜒0

1 ) = 1300 GeV, ranging between about 3.1 mm (3.6 mm) for the 
lower bound and 460 mm (660 mm) for the upper bound for the 𝜆121 ≠ 0
(𝜆122 ≠ 0) channel. For 𝑚(𝜒0

1 ) = 900 GeV and 𝑚(𝜒0
1 ) = 700 GeV the lower 

bound of the limit on 𝑐𝜏 is at 1 mm, the lower bound of the inves-
tigated range. In the case of 𝑚(𝜒0

1 ) = 900 GeV the excluded 𝑐𝜏 range 
extends to 3300 mm (5200 mm) for the 𝜆121 (𝜆122) channel, while for 
𝑚(𝜒0

1 ) = 700 GeV the range extends to a larger 7200 mm for 𝜆121 and 
to the edge of the evaluated range for 𝜆122. For 𝑚(𝜒0

1 ) = 500 GeV and 
lighter, the full range of considered 𝑐𝜏 is excluded.

10.  Conclusion

A search for long-lived neutral particles decaying into pairs of lep-
tons was performed using data collected with the ATLAS detector at the 
LHC. This is the first analysis to search for heavy LLP decays into dis-
placed dilepton vertices using the full Run-2 𝑝𝑝 data. Previous searches 
by the ATLAS and CMS Collaborations focused on lighter LLPs (usually 
decaying into dimuon pairs) or used partial Run-2 data. No previous 
analysis, other than the ATLAS search using similar reconstruction and 
selection criteria [9] but less than one third of the data, has searched 
for all three signatures (𝑒𝑒, 𝑒𝜇, and 𝜇𝜇 DVs).

No events were observed in the signal region, which is consistent 
with background expectations. These results complement the previous 
search based on 32.8 fb−1 of 𝑝𝑝 data [9] interpreted using different mod-
els. The search yields new limits on the cross-section for the production 
of a scalar that decays into a pair of long-lived 𝑍′, both decaying into 
the same final state (𝑒+𝑒−, 𝑒±𝜇∓, or 𝜇+𝜇−), with 𝑐𝜏 from 1 to 10000 mm. 
The extracted limits are for a scalar with mass of 0.5 to 1.5 TeV and 𝑍′

with mass of 100 to 700 GeV. The search also excludes the production 
of a long-lived neutralino 𝜒0

1  that decays through a 𝜆121 or 𝜆122 coupling 
into two leptons and a neutrino in a similar lifetime range. From the 
pair production of gluinos with mass of 1.5 to 2.0 TeV, 𝜒0

1  with mass 
of 0.1 to 1.7 TeV are excluded at most 𝑐𝜏 from 1 to 10000 mm. For 𝜒0

1
produced directly or in the decay of 𝜒0

2  or 𝜒±
1 , neutralinos with mass of 

0.1 to 0.5 TeV are excluded for all lifetimes in the considered range, 
with smaller lifetime ranges excluded for 𝜒0

1  masses increasing from 
0.7 to 1.3 TeV. These are the first limits set on high mass, long-lived 
neutralino models using gluino and electroweakino production modes 
with decays into lepton pairs, with the exception of gluino-produced 
neutralino decays into muons [10].
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