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Abstract A search for long-lived charginos produced
either directly or in the cascade decay of heavy prompt
gluino states is presented. The search is based on proton–
proton collision data collected at a centre-of-mass energy
of

√
s = 13 TeV between 2015 and 2018 with the ATLAS

detector at the LHC, corresponding to an integrated lumi-
nosity of 136 fb−1. Long-lived charginos are characterised
by a distinct signature of a short and then disappearing track,
and are reconstructed using at least four measurements in the
ATLAS pixel detector, with no subsequent measurements in
the silicon-microstrip tracking volume nor any associated
energy deposits in the calorimeter. The final state is com-
plemented by a large missing transverse-momentum require-
ment for triggering purposes and at least one high-transverse-
momentum jet. No excess above the expected backgrounds is
observed. Exclusion limits are set at 95% confidence level on
the masses of the chargino and gluino for different chargino
lifetimes. Chargino masses up to 660 (210) GeV are excluded
in scenarios where the chargino is a pure wino (higgsino).
For charginos produced during the cascade decay of a heavy
gluino, gluinos with masses below 2.1 TeV are excluded for
a chargino mass of 300 GeV and a lifetime of 0.2 ns.

1 Introduction

Supersymmetry (SUSY) [1–6] is a space-time symmetry that
extends the Standard Model (SM), predicting the existence of
a partner for each SM particle. This extension provides solu-
tions to deficiencies in the SM, including a candidate for dark
matter (DM) as the lightest supersymmetric particle (LSP)
and a resolution to the hierarchy problem. Superpartners of
the SM particles have the same quantum numbers as their
partner particles but differ by one half unit of spin. Super-
symmetric partners of the electroweak gauge bosons and the
Higgs bosons, collectively referred to as electroweakinos,
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consist of the bino, winos, and higgsinos, which mix to form
neutral and charged mass eigenstates called neutralinos and
charginos respectively. The winos are the superpartners of
the SU(2) gauge fields, the bino is the superpartner of the
U(1) gauge field, and the higgsinos are the superpartners of
the Higgs fields.

The mass difference between the lightest neutralino (χ̃0
1 )

and the lightest chargino (χ̃
±
1 ), �m (χ̃

±
1 , χ̃

0
1 ), is predicted to

be of the order of 100 MeV, due to an essentially SM radia-
tive correction [7,8], in scenarios where the LSP is wino-
like and other SUSY particles are decoupled. In particular,
anomaly-mediated supersymmetry breaking (AMSB) mod-
els [9,10] give rise to such differences and naturally predict a
pure-wino LSP. The mass-splitting between the charged and
neutral wino in such scenarios is suppressed at tree level by
the approximate custodial symmetry; it has been calculated at
the two-loop level to be around 160 MeV [7], corresponding
to charginos with cτ ∼ 58 mm (τχ̃±

1
= 0.2 ns).

In addition to the wino LSP scenarios, a number of ‘nat-
ural’ models of SUSY [11–13] predict a light higgsino LSP
with a mass as light as the electroweak scale. In these sce-
narios, the higgsino mass parameter |μ| is small compared
to the other electroweak gaugino mass scales. At tree level,
the charged and neutral states are all mass degenerate, but
due to higher-order SM loop corrections a mass-splitting of
approximately 300 MeV is generated. For chargino masses
ranging from 91 to 1000 GeV, the mass-splitting ranges from
approximately 280 to 350 MeV [14], leading to charginos
with cτ ∼ 14 mm (τχ̃±

1
= 0.048 ns) to 7 mm (τχ̃±

1
= 0.026 ns)

[8].
In both the wino and higgsino scenarios, the chargino can

be produced with large momentum and live long enough to
traverse multiple layers of the ATLAS pixel detector before
decaying. It decays primarily into a neutral weakly inter-
acting LSP and a low-momentum pion. Before it decays, the
chargino deposits energy in the innermost tracking layers and
can be reconstructed as a short track if at least four pixel lay-
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Fig. 1 Example diagrams for
the a electroweak and b strong
production channel signal
models. The signal signature
consists of a long-lived
chargino, missing transverse
momentum, and quarks or
gluons, which are observed as
jets, and which originate from a
initial-state radiation or b in the
cascade decay of the gluino

(b)(a)

ers are hit. The weakly interacting LSP will escape detection
and lead to missing transverse momentum, while the pion
from the chargino decay has insufficient momentum to be
reconstructed as a track, resulting in a characteristic signature
where the track from the chargino disappears a short distance
into the detector. The algorithms used to reconstruct these
disappearing tracks need at least four pixel hits and therefore
require charginos to have transverse path lengths that at least
exceed the position of the fourth pixel layer at ∼122 mm.
This makes the higgsino-like scenarios considerably more
challenging than the wino-like models from an experimental
perspective because of the extremely short chargino lifetime
predicted in the higgsino models.

This paper targets two production processes, the elec-
troweak production of charginos and neutralinos, and the
strong production of gluinos after which charginos are pro-
duced during the cascade decay of the gluino, as shown in
Fig. 1. In both scenarios, the chargino is long-lived and recon-
structed from energy deposits in the ATLAS pixel detector.
For the electroweak production process, a high-momentum
jet from initial-state radiation (ISR) is required in order to
ensure that significant missing transverse momentum is avail-
able for event triggering. The events selected from the elec-
troweak and strong production channels are characterised by
at least one and at least four jets, respectively, large missing
transverse momentum, and at least one disappearing track
with large transverse momentum.

In addition to the SUSY-specific wino and higgsino mod-
els studied in this paper, the disappearing-track signature is
typical of a large class of DM models that predict a DM
thermal relic from a massive particle with only electroweak
gauge interactions. The wino and higgsino models probed in
this search are part of a more generic class of models con-
taining spin-1/2 particles transforming under SU(2) symme-
try, which give rise to a doublet or triplet of new particles.
The neutral mass eigenstate is a DM candidate, while the
charged eigenstates give rise to the disappearing-track sig-
nature. These DM models have gained interest in the wider

community as an important signature to be considered at
future colliders [15].

Previous searches for long-lived charginos resulting in
a disappearing-track signature were performed by ATLAS
[16,17] using 36.1 fb−1 of proton–proton collision data at
a centre-of-mass energy of

√
s = 13 TeV. The previous

ATLAS results benefited from the addition of a new inner-
most pixel tracking layer which was installed at a radius
of approximately 33 mm during the LHC long shutdown
between Run 1 and Run 2. The extra layer of pixels allowed
the previous Run-2 analyses to reconstruct tracks shorter than
those in the Run-1 analysis [18] and to be more sensitive
to shorter chargino lifetimes. The previous ATLAS results
excluded winos with lifetimes of 0.2 ns for chargino masses
up to 460 GeV, and pure higgsinos for chargino masses
up to 152 GeV. For gluino production, gluino masses up
to 1.64 TeV were excluded for an assumed chargino mass
of 460 GeV and 0.2 ns lifetime. The CMS Collaboration
has searched for long-lived charginos at a centre-of-mass
energy of

√
s = 13 TeV. For wino-like models, charginos

were excluded with masses below 474 GeV and a lifetime of
0.2 ns [19], while for models with prompt gluinos that pro-
duce long-lived charginos in the decay of the gluino, CMS
excluded gluinos up to 2.4 TeV [20].

In this paper, the sensitivity to charginos with theoreti-
cally preferred wino and higgsino lifetimes is significantly
improved due to the much larger dataset corresponding to
an integrated luminosity of 136 fb−1 and new analysis meth-
ods. The new analysis methods include updated signal region
selection criteria and improved track-quality requirements.
The new track-quality criteria require the disappearing track
to be isolated from calorimeter energy deposits. This signif-
icantly enhances the rejection of dominant backgrounds and
accounts for two-thirds of the total improvement in the mass
reach of the search in the electroweak pure-wino production
channel.

The paper is structured as follows. A brief overview of
the ATLAS detector is given in Sect. 2. Section 3 provides
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details about the data samples, trigger, and simulated signal
processes used in this analysis. The reconstruction algorithms
and event selection are presented in Sects. 4 and 5, respec-
tively. Backgrounds are estimated in a fully data-driven man-
ner and described in Sect. 6. The systematic uncertainties are
described in Sect. 7. The observed events in the signal and
validation regions, and the statistical interpretation of the
results are presented in Sect. 8. Section 9 is devoted to the
conclusions.

2 ATLAS detector

ATLAS [21] is a multipurpose detector with a forward–
backward symmetric cylindrical geometry, covering nearly
the entire solid angle around an interaction point of the
LHC.1 The inner tracking detector (ID) consists of pixel
and microstrip silicon detectors covering the pseudorapid-
ity region of |η| < 2.5, surrounded by a transition radiation
tracker (TRT), which improves the momentum measurement
and enhances electron identification capabilities. The pixel
detector spans the radius range from 3 to 12 cm, the microstrip
semiconductor tracker (SCT) spans 30–52 cm, and the TRT
spans 56–108 cm. The pixel detector has four barrel layers
and three disks in each of the forward and backward regions.
The barrel layers surround the beam pipe at radii of 33.3,
50.5, 88.5, and 122.5 mm, covering |η| < 1.9. These lay-
ers are equipped with pixels which have widths of 50 µm
in the transverse direction. The pixel sizes in the longitudi-
nal direction are 250 µm for the first layer and 400 µm for
the other layers. The innermost layer, the insertable B-layer
[22], improves the reconstruction of tracks by adding an addi-
tional measurement close to the interaction point. The ID is
surrounded by a thin superconducting solenoid providing an
axial 2 T magnetic field and by a fine-granularity lead/liquid-
argon (LAr) electromagnetic calorimeter covering |η| < 3.2.
The calorimeters in the region of 3.1 < |η| < 4.9 are made
of LAr active layers with either copper or tungsten as the
absorber material. A steel/scintillator-tile calorimeter pro-
vides coverage for hadronic showers in the central pseudora-
pidity range of |η| < 1.7. LAr hadronic endcap calorimeters,
which use copper as an absorber, cover the forward region of
1.5 < |η| < 3.2. The muon spectrometer (MS) with an air-
core toroid magnet system surrounds the calorimeters. The
ATLAS trigger system [23] consists of a hardware-based

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point in the centre of the detector. The positive x-
axis is defined by the direction from the interaction point to the centre
of the LHC ring, with the positive y-axis pointing upwards, while the
beam direction defines the z-axis. Cylindrical coordinates (r , φ) are
used in the transverse plane, φ being the azimuthal angle around the
z-axis. The pseudorapidity η is defined in terms of the polar angle θ by
η = − ln tan(θ/2).

level-1 trigger followed by a software-based high-level trig-
ger. An extensive software suite [24] is used in the recon-
struction and analysis of real and simulated data, in detector
operations, and in the trigger and data acquisition systems of
the experiment.

3 Dataset and simulated event samples

The dataset for this search was collected at a centre-of-mass
energy of

√
s = 13 TeV during Run 2 of the LHC between

2015 and 2018 by the ATLAS experiment. The LHC collided
protons at bunch-crossing intervals of 25 ns, with the aver-
age number of interactions per bunch crossing, μ, ranging
between 30 and 70 during the data-taking period.

Events are required to have been taken during stable beam
conditions and when all the detector subsystems were oper-
ational. In addition, luminosity blocks, defined to be periods
of stable data-taking conditions typically 60 s long, that have
been identified to contain inactive SCT elements due to a
power-supply crate trip, module desynchronisation, or read-
out problems are vetoed. This data quality requirement is
intended to protect against fake disappearing tracks arising
from readout problems in the SCT detector, and results in a
2.7 fb−1 loss of data.

After the application of additional requirements for beam
and detector conditions, an inactive-SCT-element veto, and
general data-quality requirements [25], the total integrated
luminosity is 136 fb−1. The uncertainty in the combined
2015–2018 integrated luminosity is 1.7% [26], obtained
using the LUCID-2 detector [27] for the primary luminosity
measurements.

Events were collected using either missing transverse
momentum (Emiss

T ) or single-lepton triggers. The selection
thresholds of the Emiss

T triggers varied between 70 and
110 GeV depending on the data-taking period [28], while
the single-lepton triggers required a single electron or muon
with varying thresholds for the transverse momentum and
isolation of the lepton [29,30]. The Emiss

T triggers are the
main triggers for the signal, control, and validation regions,
while the single-lepton triggers are used for measurements
of the Emiss

T trigger efficiency, transfer factors for the back-
ground estimations, and the smearing functions.

While all backgrounds are determined in a data-driven
manner, samples of simulated Monte Carlo (MC) events are
used to cross check the background estimation and derive
MC correction factors. The production of single electroweak
bosons plus jets was simulated with the Sherpa2.2.1 [31]
generator using next-to-leading-order (NLO) matrix ele-
ments (ME) for up to two partons, and leading-order (LO)
matrix elements for up to four partons calculated with the
Comix [32] and OpenLoops [33–35] libraries. They were
matched with the Sherpa parton shower [36] using the
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MEPS@NLO prescription [37–40] and a set of tuned param-
eters developed by the Sherpa authors. Samples of diboson
final states were simulated with the Sherpa2.2.1 or 2.2.2
[31] generator depending on the process, including off-shell
effects and Higgs boson contributions, where appropriate.
Fully leptonic final states and semileptonic final states, where
one boson decays leptonically and the other hadronically,
were generated using matrix elements at NLO accuracy in
QCD for up to one additional parton and at LO accuracy for
up to three additional parton emissions. TheNNPDF3.0nnlo
set [41] of parton distribution functions (PDFs) was used
for both single and diboson samples, along with the dedi-
cated set of tuned parton-shower parameters developed by the
Sherpa authors. The production of t t̄ events was modelled
using thePowhegBoxv2 [42–45] generator at NLO with the
NNPDF3.0nlo [41] PDF set and the hdamp parameter2 set
to 1.5mtop [46]. The events were interfaced to Pythia8.230
[47] to model the parton shower, hadronisation, and underly-
ing event, with parameters set according to the A14 tune [48]
and using the NNPDF2.3lo set of PDFs [49]. The decays of
bottom and charm hadrons were performed by EvtGen1.6.0
[50]. Finally, single electron, muon and pion events are gen-
erated to study the simulated detector response. The particles
are generated uniformly in the range 0.1 < η < 1.9 and with
transverse momentum in the range of 10 < pT < 100 GeV.

Samples of simulated MC signal events were used to esti-
mate the experimental sensitivity to various SUSY mod-
els. The SUSY mass spectrum, branching ratios, and decay
widths were calculated using ISASUGRA v7.80 [51]. The
wino-like models were generated in the minimal AMSB
model [9,10] with tan β = 5 and with a positive sign of
the higgsino mass parameter. The signal MC samples were
generated using MadGraph5 v2.6.2 [52] with up to two
additional partons at leading order in the matrix element,
interfaced to Pythia8.230 [53] and EvtGen1.6.0 [50] for
parton showering and hadronisation. The CKKW-L merging
scheme [54] was applied to combine the matrix elements with
the parton shower. The A14 tune [48] of Pythia8 was used
with the NNPDF2.3lo PDF set. The response of the ATLAS
detector to each MC event was modelled by a simulation
based on Geant4 [55,56]. For electroweak production, two
(three) modes with at least one chargino are considered for
wino (higgsino) models: χ̃±

1 χ̃∓
1 , χ̃0

1 χ̃±
1 (and χ̃±

1 χ̃0
2 ). For the

chargino decay in the higgsino model, branching ratios of
95.5% for χ̃±

1 → π±χ̃0
1 , 3% for χ̃±

1 → e±νχ̃0
1 and 1.5%

for χ̃±
1 → μ±νχ̃0

1 are used [14], while the AMSB model
used a 100% branching ratio for χ̃±

1 → π±χ̃0
1 . For strong

production, a simplified model is used: it assumes the branch-

2 The hdamp parameter is a resummation damping factor and one of the
parameters that controls the matching of Powheg matrix elements to
the parton shower and thus effectively regulates the high-pT radiation
against which the t t̄ system recoils.

ing ratios of the gluino decay are 1/3 for each of g̃ → qqχ̃0
1 ,

g̃ → qqχ̃−
1 and g̃ → qqχ̃+

1 . Only four flavours of quarks
are considered for the strong production model: d, u, c and
s. The proper lifetime of the chargino is an assumed free
parameter that is scanned up to τχ̃±

1
<10 ns.

The production cross-sections for the AMSB wino-like
models are computed using Prospino2 [57] at NLO accu-
racy in the strong coupling constant.3 The higgsino and
strong production cross-sections are computed withResum-
mino [58,59] at NLO plus next-to-leading-log (NLL) preci-
sion in the strong coupling, and assuming mass-degenerate
χ̃0

1,2 and χ̃±
1 higgsino sparticles. All the other sparticles are

assumed to be heavy and decoupled [60,61]. The cross-
sections for the higgsino models are approximately a fac-
tor of four smaller than in the AMSB wino-like models for
electroweak production. The nominal cross-section and its
uncertainty are derived using the PDF4LHC PDF set, fol-
lowing the recommendations of Ref. [62], considering only
first- and second-generation squarks (ũ, d̃, s̃, c̃). Uncertain-
ties due to the choice of renormalisation and factorisation
scales are included by varying the scales from their nominal
values by a factor of two or one half.

Inelastic pp interactions modelled by Pythia8.186 and
EvtGen1.6.0 with the NNPDF2.3lo PDF set were overlaid
onto the hard-scattering process to simulate the effect of pile-
up. The MC events were reweighted to match the distribution
of the average number of interactions per bunch crossing
observed in the data.

4 Object reconstruction

Primary vertices are reconstructed from at least two tracks
with transverse momentum pT > 500 MeV. All vertices
within the beam spot area are considered to be primary ver-
tices. The vertex with the largest summed p2

T of associated
tracks is defined to be the hard-scattering vertex. Events are
required to have at least one hard-scatter vertex to be consid-
ered for analysis.

Electron candidates, used along with muons in the estima-
tion of backgrounds and in the signal region event selection,
are reconstructed using energy clusters in the electromag-
netic calorimeter which are matched to an inner detector track
[63]. They are required to have pT > 10 GeV and |η| < 2.47
and must satisfy the ‘LooseAndBLayerLLH’ quality criteria
[64]. In order to ensure that the trajectories of the electrons
are consistent with originating from the hard-scatter vertex,
the longitudinal impact parameter measured relative to the
hard-scatter vertex (zHS

0 ) must satisfy |zHS
0 sin θ | < 0.5 mm,

3 A comparison with Resummino at NLO+NLL accuracy was per-
formed and the deviations from the Prospino2 result were found to be
smaller than the combined scale and PDF uncertainties.
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and for the transverse impact parameter d0, the significance
|d0/σd0 | must be less than 5. Electrons are required to be
isolated from other objects by using a combination of track-
and calorimeter-based information. The sum of the transverse
energy within a cone of size �R = √

(�η)2 + (�φ)2 = 0.4
around the electron candidate, divided by the electron’s trans-
verse energy, is required to be less than 0.15 (0.20) for track-
based (calorimeter-based) isolation criteria.

Muons are reconstructed by combining an inner detector
track with a muon spectrometer track [65]. They are required
to satisfy the ‘medium’ quality requirements described in
Ref. [65] and have pT > 10 GeV and |η| < 2.7. Muon tracks
that originate from the hard-scatter vertex of the event are
selected by requiring |zHS

0 sin θ | < 0.5 mm and |d0/σd0 | <

3. The muons must satisfy the same isolation requirements
as applied to electrons. Muons reconstructed by using only
information from the muon spectrometer are used to estimate
muon backgrounds as described in Sect. 6.3, and are referred
to as stand-alone muons. No constraint is placed on track
impact parameters during the reconstruction of stand-alone
muons.

Jet candidates are reconstructed from three-dimensional
topological energy clusters [66] by using the anti-kt algo-
rithm [67,68] with radius parameter R = 0.4. Jets are cor-
rected to particle level by application of a jet energy scale
(JES) calibration derived from simulation and by in situ cor-
rections obtained from 13 TeV data [66]. Jets are required
to have pT > 20 GeV and |η| < 2.8. In order to reduce
contributions from pile-up jets, all jets with |η| < 2.5 and
pT < 60 GeV are required to satisfy the jet-to-vertex tagger
(JVT) [69] requirements. The tagger is configured to have a
92% efficiency to identify jets from the hard-scatter vertex.

An overlap removal procedure is applied to all objects to
avoid double counting. If an electron and a jet are separated
by �R < 0.2, the electron candidate is kept and the jet is
discarded. For jets surviving this requirement, if an electron
or muon is separated from the jet by �R < 0.4, the jet is
kept and the electron or muon is discarded.

The missing transverse momentum is reconstructed as the
negative vector sum of the transverse momenta of photons,
electrons, muons and jets, and a soft term. The soft term is
reconstructed from tracks that are associated with the hard-
scatter vertex but not with any object already counted [70,71].

The primary ATLAS tracking algorithm reconstructs each
track from a combination of at least seven hits in the pixel and
SCT detectors [72,73]. The majority of simulated charginos
decay before passing through enough detector layers to sat-
isfy the minimum number of silicon detector hits required for
track reconstruction. To find these chargino tracks, a second-
pass track reconstruction is performed after masking the hits
used by the primary track reconstruction to avoid the loss
of efficiency that would result from mis-reconstructed tracks
that accidentally include hits from other charged particles.

The second-pass track reconstruction is seeded by four hits
in the innermost pixel system, and the tracks are extended
into the SCT and TRT detectors. Such tracks are referred to
as pixel tracklets and are reconstructed from at least four hits
in the ATLAS pixel detector.

Pixel tracklets are required to satisfy a series of qual-
ity and selection criteria in order to be distinguished from
fake tracklets. The selection of pixel tracklets was developed
specifically for this search and is optimised to maintain high
signal selection efficiency and good background rejection.
In addition to the requirement of four pixel hits on different
pixel layers, the pixel tracklet must have a pixel hit on the
innermost pixel layer and must not have any hits that deviate
significantly from the tracklet’s trajectory. All four pixel hits
must be recorded on consecutive pixel layers.

The chi-squared probability for each tracklet, which is cal-
culated from fit-result locations and the measured hit loca-
tions, must be greater than 0.1. The transverse momentum
and the pseudorapidity of the tracklet must satisfy pT >

20 GeV and 0.1 < |η| < 1.9, respectively. Impact parameter
requirements are applied to the pixel tracklets to ensure that
they originate from the hard-scatter interaction. The require-
ments are |d0/σd0 | < 1.5 and |zHS

0 sin θ | < 0.5 mm.
Finally, the tracklet is required to be isolated from other

tracks in the event: the sum of track momenta within �R =
0.4 of the pixel tracklet is required to be less than 4% of the
tracklet momentum. Overlap removal is applied to the track-
let: if an electron or a stand-alone muon track is separated
from it by �R < 0.4, the tracklet candidate is discarded.

The pixel tracklets for the signal events are characterised
by an absence of hits in the outermost silicon layers and no
associated calorimeter activity. Together, these two require-
ments define the disappearing-track conditions. The first
condition is enforced by a veto on pixel tracklets with any
SCT hits. The second condition is a new selection criterion
developed after the previous ATLAS analyses [16,17]. Since
electron and hadron backgrounds tend to deposit a significant
amount of energy in the calorimeters, limiting the calorime-
ter energy allowed along the trajectory of the pixel tracklet
is effective in separating signal from the electron and hadron
backgrounds.

Due to the short lever arm of pixel tracklets, their momen-
tum and spatial resolutions are worse than those of tracks
from the primary track reconstruction. For charginos with
pT > 60 GeV, the q/pT resolution, where q is the electric
charge of the candidate chargino, and the azimuthal angle
resolution of pixel tracklets are measured in simulation to
be 8.28 ± 0.05 TeV−1 and 0.4065 ± 0.0027 mrad, respec-
tively. Similarly, chargino tracks reconstructed in the pri-
mary reconstruction and having at least seven SCT hits are
measured to have q/pT and azimuthal angle resolutions of
0.532 ± 0.005 TeV−1 and 0.0801 ± 0.0008 mrad, respec-
tively.
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Fig. 2 Distribution of
calorimeter energy found within
�R = 0.2 of the pixel tracklet
for a simulated signal with
mχ̃±

1
= 600 GeV and

τχ̃±
1

= 0.2 ns. Backgrounds
arising from scattering
electrons, hadrons and muons,
and combinatorial fake tracklets,
are also shown. Background
predictions are obtained from
data; the electron and hadron
components are derived from
events with tracklet
pT < 60 GeV and
Emiss

T > 100 GeV with no

requirement on E topo cluster
T . All

predictions are normalised to
unity. The last bin includes
entries from the overflow bins

The calorimeter energy E topo cluster
T is calculated from the

sum of topological energy clusters in the calorimeter whose
angular separation from the pixel tracklet is �R < 0.2. The
pointing resolution of the pixel tracklets in both η and φ is
found to be better than 1 mrad in all regions of the detector.
A requirement of E topo cluster

T < 5 GeV is applied to all pixel
tracklets. Figure 2 shows a comparison of calorimeter ener-
gies for the simulated signal and the data-driven background
predictions obtained as described in Sect. 6.

5 Signal region selection

Signal events for this analysis are characterised by a distinc-
tive signature composed of a disappearing track and large
missing transverse momentum. The disappearing-track cri-
teria are implemented by vetoing pixel tracklets with any
SCT hits or significant calorimeter energy along their tra-
jectory as described in the previous section. Signal regions
are designed to target the electroweak and strong production
models shown separately in Fig. 1.

A common preselection is applied to all events selected
for the signal regions. Events are required to contain at least
one high-momentum jet with pT > 100 GeV and satisfy
the Emiss

T trigger requirements described in Sect. 3. In events
containing multiple pixel tracklets satisfying all of the qual-
ity criteria described in Sect. 4, the tracklet with the highest
transverse momentum is chosen. In order to reduce contri-
butions from backgrounds such as top-pair and W/Z + jets
production, events are vetoed if they contain any electron or
muon candidates.

In this analysis, the Emiss
T trigger efficiency is measured

in data and used instead of the simulated trigger’s efficiency.

In order to evaluate the Emiss
T trigger efficiency for signal-

like events, a control sample consisting of data events with
exactly one muon, with pT > 27 GeV, matched to the single-
muon trigger is used. Muon candidates are not included as
visible objects in the hardware-based level-1 Emiss

T trigger,
so W → μν events, which have a signature similar to that of
signal events, can be used to assess the trigger performance.
In order to select events consistent with a W → μν decay,
events are required to have 30 GeV < mT < 100 GeV, where
mT is the transverse mass defined by

mT =
√

2pμ
T E

miss
T

[
1 − cos �φ(μ, Emiss

T )
]
.

The Emiss
T trigger efficiency is calculated by dividing the

number of these events passing the Emiss
T trigger by the total

number of these events. The efficiencies depend on the trigger
thresholds used during a given data-taking period, and all
plateau at Emiss

T values above 200 GeV. In the signal regions
where the Emiss

T requirements are greater than 200 GeV or
250 GeV, as described below, the trigger efficiency is nearly
100%. The efficiencies are determined in bins of Emiss

T with
widths of 10 GeV.

In order to factor out efficiency differences between data
and simulation, all simulated-signal predictions use the effi-
ciencies measured in data. For selections with Emiss

T below
200 GeV, such as those for the control and validation regions
described in Sect. 6.1, the event selection efficiency is signif-
icantly impacted by the trigger efficiency turn-on. The effi-
ciency differences between data and simulation do not affect
the background estimations because the efficiencies are based
on data satisfying the same Emiss

T trigger requirements, and
the contamination of the control regions by signal events is
expected to be small.

123



Eur. Phys. J. C (2022) 82 :606 Page 7 of 34 606

Table 1 Signal region selection
for electroweak and strong
production channels. Entries
with ‘–’ indicate that no
requirement is placed on the
variable

Signal region Electroweak production Strong production

Number of electrons and muons 0 0

Number of pixel tracklets ≥ 1 ≥ 1

Emiss
T [GeV] > 200 > 250

Number of jets (pT > 20 GeV) ≥ 1 ≥ 3

Leading jet pT [GeV] > 100 > 100

Second and third jet pT [GeV] – > 20

�φ
jet−Emiss

T
min (up to 4th jet with pT > 50 GeV) > 1.0 > 0.4

Table 2 Expected number of
signal events after each of the
selection requirements listed in
Sect. 5 for the electroweak and
strong production channels as
well as for two different
chargino lifetimes. Signal
predictions are normalised to an
integrated luminosity of
136 fb−1. Errors are statistical
only

Signal production channel Electroweak production Strong production

τχ̃±
1

0.2 ns 1.0 ns 0.2 ns 1.0 ns

Emiss
T trigger 770.8 ± 6.8 775.3 ± 5.2 3177 ± 22 3177 ± 22

Lepton veto 769.4 ± 6.8 774.2 ± 5.2 3165 ± 22 3165 ± 22

Emiss
T > 200 GeV 394.5 ± 5.2 390.9 ± 4.0 – –

Emiss
T > 250 GeV – – 1852 ± 17 1852 ± 17

Leading jet pT > 100 GeV 389.7 ± 5.2 384.9 ± 4.0 1848 ± 17 1848 ± 17

Third jet pT > 20 GeV – – 1834 ± 17 1834 ± 17

�φ
jet−Emiss

T
min > 1.0 366.7 ± 5.0 362.3 ± 3.9 – –

�φ
jet−Emiss

T
min > 0.4 – – 1578 ± 16 1578 ± 16

Pixel tracklet selection (pT > 60 GeV) 8.6 ± 0.6 27.3 ± 0.8 16.0 ± 1.3 105.0 ± 3.3

Signal regions are designed for the electroweak and
strong production modes. For the signal regions targeting
the electroweak (strong) production mode, the offline miss-
ing transverse momentum is required to be greater than
200 (250) GeV. The two signal regions are not orthogonal.
The higher Emiss

T requirement is found to be optimal for the
strong production channel, due to the large Lorentz boost
of the neutralinos produced in the decay of a heavy gluino.
Additionally, the strong production signal region requires at
least three jets with pT > 20 GeV. In order to reduce contri-
butions from processes for which fake instrumental Emiss

T can
be produced by jet mismeasurements, the azimuthal angle

�φ
jet−Emiss

T
min , defined as the smallest of the φ direction differ-

ences between the missing transverse momentum and each
of the four highest-pT jets with pT > 50 GeV, is required to
be greater than 1.0 (0.4) for the electroweak (strong) produc-
tion signal regions. The signal region selection criteria are
summarised in Table 1.

The transverse momentum distribution of the selected
pixel tracklets is fitted to estimate the backgrounds and sen-
sitivity to the signals. Since the signal is characterised by a
high-momentum chargino, the majority of the signal events
contain a high-pT pixel tracklet. For the model-independent

interpretation of the results, the pixel tracklet is required to
have pT > 60 GeV as shown in Sect. 8.

Table 2 shows the expected number of signal events, nor-
malised to 136 fb−1, satisfying the selections of the elec-
troweak and strong production channels. The electroweak
and strong production signals assume mχ̃±

1
= 600 GeV and

(mg̃,mχ̃±
1
) = (1.4, 1.1) TeV respectively. Unless otherwise

indicated, the wino LSP model is assumed for the bench-
mark signal points. The dominant inefficiency in the pixel
tracklet selection arises from the requirement that the track-
let can be reconstructed, and thus has propagated at least to
the fourth pixel layer at a radius of 122.5 mm. Such a require-
ment implies that charginos have a significant Lorentz boost.
The overall acceptance and efficiency for those benchmark
signal points in the case of a chargino lifetime of 0.2 ns are
0.74% (1.5%) and 40% (37%), respectively, for the elec-
troweak (strong) production channel. The acceptance is cal-
culated by counting the number of events passing the event
section in Table 1 at generator level. Additionally, at least one
chargino is required to have a decay radius after the fourth
pixel layer (r > 122.5 mm) and before the first SCT layer
or end-cap (r< 299 mm, |z| < 934 mm), transverse momen-
tum greater than 60 GeV, its pseudorapidity 0.1 < |η| < 1.9,
and an angular separation of �R > 0.5 for the four high-
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est pT jets with transverse momentum greater than 50 GeV.
The efficiency term accounts for any additional effects at
reconstructed level, including the trigger and pixel tracklet
reconstruction inefficiencies.

6 Background estimation

Backgrounds arise from several sources and can be classified
into two categories: charged-particle scattering and combi-
natorial fake backgrounds. All backgrounds are estimated in
a fully data-driven manner using an unbinned likelihood fit
of background templates to the pixel tracklet pT spectrum
as described in Sect. 6.5. Backgrounds templates are derived
from data for the charged-particle scattering and combina-
torial fake backgrounds as described in Sects. 6.3 and 6.4,
respectively. The likelihood fit is then performed simultane-
ously in background enriched control regions (CRs) and the
signal region. Additional fits are performed with the vali-
dation regions in place of the signal region for the purpose
of validating the background modelling. A schematic repre-
sentation of the various background processes contributing
to this analysis, as well as the expected signal signature, is
shown in Fig. 3.

The charged-particle scattering background arises primar-
ily from events in which a lepton changes its direction after
traversing the inner pixel layers, through interaction with the
material or bremsstrahlung, so that its reconstructed track
does not have any associated hits in the SCT and TRT detec-
tors. The dominant underlying processes contributing to the
scattering backgrounds are W → ν and t t̄ production. Con-
tributions from electrons, muons and charged hadrons are
estimated separately. The latter includes all physics processes
that generate a hadronic final state, such as jets originating
from the hadronisation of quarks and gluons. Transfer fac-
tors, defined in Sect. 6.3, are measured in Z →  events

and applied to the electron, muon and hadron CRs in order
to estimate the relative compositions of the templates for the
charged-particle scattering backgrounds. In the CR, a lepton
or inner-detector track is used as a proxy for the pixel tracklet,
and its momentum is smeared to match the pixel tracklet’s
transverse momentum as described in Sect. 6.2.

Combinatorial fake backgrounds arise from random com-
binations of unassociated pixel hits that are in close proxim-
ity and reconstructed into a pixel tracklet. The shape of the
combinatorial fake background is estimated using the fake-
enriched high-|d0| CRs described in Sect. 6.1. The relative
contributions of the charged-particle scattering and combi-
national fake backgrounds are constrained in a combined fit
as described in Sect. 6.5.

6.1 Control and validation regions

In order to estimate scattering backgrounds, low-Emiss
T ,

middle-Emiss
T , and high-Emiss

T CRs are defined. Events
selected for the CRs must satisfy the Emiss

T trigger require-
ments and pass all kinematic selections of the signal regions
except the pixel tracklet requirement. The pixel tracklet selec-
tion is replaced with a well-identified electron, muon or
inner-detector track, in order to estimate contributions from
electron, muon or hadron scattering backgrounds, respec-
tively. The leading electron or muon is excluded from the
calculation of the missing transverse momentum, in order
to reproduce the treatment of the pixel tracklets when cal-
culating the offline Emiss

T . Energy deposited by electrons in
the calorimeters may be included in the Emiss

T calculation via
other objects in the event, but is treated in a similar manner
for events with pixel tracklets or when electrons are excluded
from the offline Emiss

T calculation. The low- and middle-
Emiss

T requirements are 100 GeV < Emiss
T < 150 GeV and

150 GeV < Emiss
T < 200 GeV, respectively. The high-Emiss

T

Fig. 3 A pictorial representation of signal and background processes.
Detectors are not to scale and for illustration purposes only. The signal
chargino (χ̃

±
1 ) decays into a charged pion (π±) and neutralino (χ̃0

1 ).

‘Fake’, ‘Muon’ and ‘Electron or hadron’ in the figure represent the
fake-tracklet background, the muon background and electron or hadron
backgrounds respectively
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Table 3 Definitions of control and validation regions. The track condi-
tion corresponds to the modified selection on the pixel tracklet, or tracks
used as a proxy for the pixel tracklet to estimate background processes.
The table shows the treatment of the Emiss

T for the estimation of the

scattering backgrounds. The electron, muon and hadron control regions
are defined for each of the low-, middle- and high-Emiss

T selections as
described in the text

Region Emiss
T condition Track condition

Control regions

Electron e-Subtracted Emiss
T Well-identified electron

Muon μ-Subtracted Emiss
T Well-identified muon

Hadron Standard Emiss
T Inner-detector track

Fake-tracklet Standard Emiss
T Pixel tracklet with |d0/σd0 | > 10

Low-Emiss
T control region

Low-Emiss
T Standard Emiss

T Pixel tracklet

Middle-Emiss
T validation regions

Low-pT Standard Emiss
T Pixel tracklet with pT < 60 GeV

Calorimeter sideband Standard Emiss
T Pixel tracklet with 5 GeV < E topo cluster

T < 10 GeV

requirements are the same as for the signal region for which
the backgrounds are being estimated: Emiss

T > 200 GeV and
Emiss

T > 250 GeV for the electroweak and strong production
signal regions, respectively. Events in the CRs are used to
calculate the number of pixel tracklets from scattering pro-
cesses as described in Sect. 6.3.

A high-purity control sample of fake pixel tracklets is
obtained by applying the same kinematic selection require-
ments as in the signal regions, but with an inverted require-
ment of |d0/σd0 | > 10 on the transverse impact parame-
ter. Events selected for the fake-tracklet CR must satisfy the
Emiss

T trigger requirements, but to increase the sample size no
offline Emiss

T selection is applied. Events in the fake-tracklet
CR are used to estimate the tracklet pT shape and number
of fake pixel tracklets in the signal regions as described in
Sect. 6.4.

A low-Emiss
T pixel-tracklet CR is used in the simultane-

ous fit described in Sect. 6.5. This CR has the same selec-
tion as the signal region, except for the Emiss

T requirement
to enrich in background contributions. Validation regions
(VR) defined in the context of the middle-Emiss

T selection are
used to validate the background model constructed for the
fit. A low-pT pixel tracklet selection is used to validate the
background predictions. In the low-pT VR, the pixel track-
let is required to have pT < 60 GeV in order to reduce the
contamination from signal at high transverse momentum. In
order to validate the fit results across the entire pT spectrum
in a region with low signal contamination, a middle-Emiss

T
calorimeter-based sideband validation region is used. The
calorimeter sideband selection requires the pixel tracklet to
have 5 GeV < E topo cluster

T < 10 GeV. The number of signal
events in the control and validation regions is less than one
quarter of the estimated background uncertainty.

A summary of the control and validation regions is shown
in Table 3.

6.2 Smearing functions

The transverse momentum resolution of a track scales as
�pT/pT ∝ 1/L2

T, where LT is the transverse length of the
track. Since pixel tracklets have only pixel hits, they are sig-
nificantly shorter than tracks with a full set of pixel, SCT
and TRT hits, and thus the transverse momentum resolution
of the pixel tracklets is significantly worse than that of full-
length tracks. Therefore, the tracks in the CRs need to be
smeared to match the pixel tracklet momentum resolution.
Additionally, the tracklet q/pT resolution that is measured
using observed data samples is worse than that predicted by
simulation, and measurements in data are used to correct
those from simulation.

The q/pT resolution has a strong dependence on the
momentum of the track: at low momentum, multiple scat-
tering effects are dominant, while at higher momentum the
alignment of the detector can affect the resolution. Since a
fit is applied to the shape of the pixel tracklet pT spectrum, it
is important to have a good description of the different com-
ponents of the spectrum. The measured tracklet resolution in
data is used to correct the shapes of the track pT templates in
the CRs, and additionally to correct the expected q/pT reso-
lution of the simulated-signal predictions to match the data.

Smearing functions are derived using Z → μμ and
Z → ee events. Events are required to satisfy the data quality
criteria described in Sect. 3, and contain two opposite-sign,
same-flavour leptons with an invariant mass between 81 and
101 GeV. The transverse momenta of the leading and sub-
leading leptons are required to be greater 25 GeV to satisfy
the single lepton trigger requirements. A specialised track
reconstruction configuration is then used to re-fit the leptons
using pixel hits only, and the re-fitted leptons are used to
derive a q/pT smearing function with respect to the lepton
four-momentum.
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The �(q/pT) distribution is fitted using the ExpGaussExp
function [74]:

f (z; σ, α) =

⎧
⎪⎨

⎪⎩

exp(α(z + α/2)) (z < −α)

exp(−z2/2) (−α < z < α),

exp(−α(z − α/2)) (z > α)

(1)

z = �(q/pT) − β

σ
, (2)

where α is a parameter that reflects the slope of the tail, and
β and σ are parameters that control the mean and resolution,
respectively, of the core of the distribution. The parameter
σ has a significant pT dependence, and parameters are mea-
sured in data for pT > 25 GeV using data collected with
single lepton triggers. Below this threshold, the smearing
functions are estimated using detector simulation for tracks
with transverse momentum down to pT = 10 GeV. The
parameters derived above pT > 25 GeV agree well between
data and detector simulation up to a constant overall differ-
ence of approximately 10% across all track momenta. This
difference is used to correct the parameters derived with the
detector simulation for tracks with 10 < pT < 25 GeV .
The uncertainties on the σ and α terms are 8.2% and 9.4%
for muons and 8.4% and 11.5% for electrons, respectively.
These uncertainties include statistical errors added together
in quadrature with the maximum deviation of the smearing
parameters across different data taking conditions. The pT-
dependent smearing function parameters derived for elec-
trons and muons are shown in Table 4 along with their uncer-
tainties. These values are used for the full data set.

6.3 Charged-particle background templates

Backgrounds arising from charged particles are estimated
using a fully data-driven method. Transfer factors are derived
using a Z →  tag-and-probe method. In this method,
a good-quality tag electron or muon with pT > 30 GeV
that is matched to any of the single-lepton triggers described
in Sect. 3 is selected for analysis. Probe leptons are identi-

fied using clusters reconstructed from energy deposits in the
calorimeters, a muon track reconstructed only in the muon
spectrometer, or a high-quality inner-detector track, depend-
ing on the measurement as described below. Transfer factors
are defined so as to represent the probability that a lepton
is misidentified as a pixel tracklet and fulfils the full set of
pixel tracklet selection criteria. They are used to scale the
number of events in the electron or muon CRs defined in
Table 3 to obtain an estimate of the number of events from
charged-particle scattering in the signal regions.

All probe leptons are required to have pT > 10 GeV and
|η| < 2.5. In order to select events originating from Z →
±∓ decays, the probe lepton and tag lepton are required to
have opposite-sign charges, and the invariant mass of the tag-
and-probe pair is required to satisfy 81 GeV < mtag,probe <

101 GeV. For both the electron and muon transfer factors,
the charge of the probe lepton is obtained from its associated
track. Backgrounds in this measurement are accounted for by
subtracting same-sign tag-and-probe pairs from the opposite-
sign selection.

The templates for the shapes of electron scattering back-
grounds are estimated by multiplying the number of events
in the single-electron CR by a set of transfer factors. The
electron transfer factors are factorised into two components:
pixel tracklet and calorimeter isolation selections, and the
final estimate is given by

f SR
e (pT; σe, αe) = NCR

e,signal (pT, η) × TFe
pixel-only (pT, η)

×TFe
calo-veto (pT, η) × f (z = zran; σe, αe) (3)

where NCR
e,signal is the number of events in the single-electron

CR, TFe
pixel-only is a transfer factor for an electron failing to

satisfy the electron identification and being instead mistak-
enly categorised as a pixel tracklet, and TFe

calo-veto is the trans-
fer factor representing the probability for an electron track to
be isolated from a calorimeter cluster. Additionally, the tem-
plates are smeared to account for the different momentum res-
olution of the full-length track and the pixel-tracklets by the
f (z = zran; σe, αe) term. The smearing function depends on

Table 4 The pT-dependent σ

and α smearing parameters for
muons and electrons. The
uncertainties include both
statistical and systematic
sources

Transverse momentum (GeV) Muon Electron

σ (TeV−1) α σ (TeV−1) α

10 < pT < 15 17.0 ± 1.4 1.7 ± 0.1 20.9 ± 1.8 1.9 ± 0.2

15 < pT < 20 15.5 ± 1.3 1.7 ± 0.1 19.5 ± 1.6 1.9 ± 0.2

20 < pT < 25 14.9 ± 1.2 1.7 ± 0.1 18.3 ± 1.5 1.9 ± 0.2

25 < pT < 35 14.8 ± 1.2 1.7 ± 0.1 17.0 ± 1.4 1.9 ± 0.2

35 < pT < 45 14.2 ± 1.2 1.7 ± 0.1 15.4 ± 1.3 1.8 ± 0.2

45 < pT < 60 13.6 ± 1.1 1.6 ± 0.1 14.5 ± 1.2 1.7 ± 0.2

60 < pT < 100 13.4 ± 1.1 1.7 ± 0.1 13.9 ± 1.2 1.5 ± 0.2

100 < pT 13.2 ± 1.1 1.6 ± 0.1 14.0 ± 1.2 1.6 ± 0.2
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the electron smearing parameters σe and αe shown in Table 4,
and is evaluated at a random value (zran) using Eq. 2.

In the pixel tracklet transfer-factor measurement, the
probe lepton is a calorimeter cluster, and the transfer
factor TFe

pixel-only is calculated as the number of probes
matched to a pixel tracklet divided by the number of probes
matched to an electron. An object is considered matched if
�R(probe, object) < 0.2. Both the pixel tracklet and the
track matched to the electron must pass the requirements for
the pixel tracklet defined in Sect. 4, without application of the
disappearing-track condition for the electron. The calorime-
ter isolation transfer factor TFe

calo-veto is calculated using a
high-quality inner-detector track as the probe. The inner-
detector track is required to satisfy the same quality crite-
ria as the pixel tracklets, except that instead of meeting the
disappearing-track condition, the track is required to have at
least eight SCT hits. This measurement assesses the ratio of
the number of inner-detector tracks passing the calorimeter
isolation requirement, E topo cluster

T < 5 GeV, to the number
failing this requirement. Both transfer factors are parame-
terised as a function of pT and η. Detector simulations are
used to correct for the change in the isolation transfer fac-
tor when the track selection requires at least eight SCT hits
instead of imposing the disappearing-track condition. These
simulation-based corrections can be up toO(10−4) for tracks
with pT> 30 GeV. However, since the isolation transfer fac-
tor is already very small in this region, these correction fac-
tors have a small impact on the resulting template and final
results.

Since the electron and hadron scattering backgrounds have
similar pixel tracklet pT distribution shapes, the electron
transfer factors are used to obtain templates for the hadron
scattering backgrounds. The number of events in a single-
inner-detector-track CR is used instead of NCR

e,signal in Eq. (3).
Similarly to the electron TFe

calo-veto, detector simulations are
used to correct for track-length differences between the two
CRs. Corrections are derived using simulated single-pion
events for the hadron scattering backgrounds. The correc-
tion factors can range from approximately 10 to 100, but
only have a marginal effect on the pixel tracklet pT tem-
plate shape. As the normalization of the hadron scattering
backgrounds is extracted from the combined fit described in
Sect. 6.5, these correction factors have a small impact on the
resulting background prediction and final results.

Similarly to the electron measurement, the muon transfer
factors are factorised into two components: pixel tracklets
and those with no MS track association, and they are mul-
tiplied by the number of events in the single-muon CR to
estimate the muon scattering background,

f SR
μ (pT; σμ, αμ) = NCR

μ,signal (pT, η, φ)

×TFμ
pixel-only (pT, η)

×TFμ
no MS track (η, φ)

× f (z = zran; σμ, αμ) (4)

where NCR
μ,signal is the number of events in the single-muon

CR, TFμ
pixel-only is the transfer factor representing the proba-

bility for a muon to be misidentified as a pixel tracklet, and
TFμ

no MS track is the transfer factor accounting for the proba-
bility that a muon with a good inner-detector track does not
have an associated MS track. Similar to the electron template,
the muon template is smeared using the σμ and αμ smearing
parameters found in Table 4.

In the muon pixel-tracklet measurement, the probe lepton
is a muon track reconstructed only in the muon spectrometer.
The transfer factor TFμ

pixel-only is calculated in the same way
as the electron pixel-tracklet transfer factor, but the denomi-
nator is the number of events where the probe is matched to
a muon. The no-MS-track transfer factor TFμ

no MS track uses
a high-quality inner-detector track as the probe. It repre-
sents the probability for an MS track not to be geometrically
matched to an inner-detector track. In order to account for the
detector geometry, the transfer factor is measured as a func-
tion of η and φ. No significant pT dependence is observed.

6.4 Combinatorial fake backgrounds

Fake tracklets are reconstructed from a combination of
unassociated hits. These tracklets can have high transverse
momentum and can mimic the signal. Since their d0 is
broadly distributed, and the high-pT chargino tracks have
good pointing resolution and originate from the primary
interaction region, the high-|d0| sidebands can be used as a
CR that is pure in fake tracklets. A pure fake-tracklet control
sample is obtained by applying the same kinematic selection
requirements as in the signal region, but without the offline
Emiss

T selection, so as to increase the sample size, and with
an inverted requirement of |d0/σd0 | > 10 on the transverse
impact parameter.

The pT spectrum of mismeasured pixel tracklets in the
fake-tracklet CR is modelled with the following functional
form:

fc (pT; p0, p1)

= exp
(
−p0 · log(pT) − p1 · (log(pT))2

)
. (5)

In order to remove any correlations between p0 and p1 in
the fit described in Sect. 6.5, the parameters are rotated by an
angle θ and redefined as p0 = p0

′ cos θ − p1
′ sin θ and p1 =

p0
′ sin θ + p1

′ cos θ . The θ value is chosen such that the two
parameters are uncorrelated, and is found to be θ = −0.0973.
The p0 and p1 parameters are determined in the combined
fit described in Sect. 6.5. The parameter p1

′ is found to be
p1

′ = 0.171 ± 0.002 in the signal regions of both channels,
and p0

′ = 1.172 ± 0.113 (0.996 ± 0.110) in the electroweak
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(b)(a)

Fig. 4 Fit in the fake-tracklet CR for a the electroweak production channel and b the strong production channel. The black points show data. The
blue line and the hatched band show the fit function and its uncertainty. The bottom insert shows the ratio of the data to the fitted prediction

(strong) channel. The data and fitted fake background are
shown in Fig. 4 for the electroweak and strong production
fake-tracklet CRs and show good agreement between the fit
and the data.

6.5 Fitting procedure

The backgrounds are estimated by fitting the model below
to the data in the high-Emiss

T signal region or in each of
the middle-Emiss

T validation regions, simultaneously with the
low-Emiss

T and fake-tracklet CRs described in Sect. 6.1. The
fit is performed using the likelihood function described in the
following, where the likelihood function is described for the
high-Emiss

T signal region setup. For the validation region fits,
the high-Emiss

T signal region is replaced with the correspond-
ing validation region.

The likelihood function L for the tracklet pT in a sam-
ple of observed events (Nobs) is defined as L = Lshape ×
LFake CR

shape × Lsyst. The shape terms represent the probabil-

ity to observe Nobs events in the low-Emiss
T and high-Emiss

T
region. The Lshape term is defined as:

Lshape =
low-/high-Emiss

T∏

R

LR
shape, (6)

with

LR
shape =

exp
(
−∑s,e,μ,h,c

i nR
i

)

N R
obs!

×
∏

N R
obs

⎛

⎝
s,e,μ,h∑

i ′

(
nR
i ′ · f Ri ′ (pT; σi ′ , αi ′)

)

+nR
c · fc(pT; p0, p1)

)
. (7)

The LFake CR
shape term is defined as:

LFake CR
shape = exp

(−nFake CR
c

)

NFake CR
obs !

×
∏

NFake CR
obs

(
nFake CR
c · fc(pT; p0, p1)

)
. (8)

Here s, e, μ, h and c are subscripts of the signal pro-
cess and the electron, muon, hadron and combinatorial fake-
tracklet backgrounds respectively; N R

obs is the number of
observed events in each of the fitted regions, R = high-Emiss

T
or low-Emiss

T region; nR
i is the estimated number of events of

process i in region R; σi ′ and αi ′ are the smearing parameters
of process i ′; p0 and p1 are the parameters for the combi-
natorial fake-tracklet background fit described in Sect. 6.4;
fi is the charged-particle scattering background-shape tem-
plate for process i described in Sects. 6.3 and 6.2; nR

c is the
estimated number of combinatorial fake-tracklet events in
region R. For region R = low-Emiss

T , the number of combi-

natorial fake-tracklet events (n
low-Emiss

T
c ) is a free parameter

in the likelihood fit and extracted from the data. Using this,
the number of combinatorial fake-tracklets in the high-Emiss

T
region is calculated from:

n
high-Emiss

T
c = rCD · exp(rABCD) · nlow-Emiss

T
c , (9)

with rCD defined as:

rCD = n
high-Emiss

T Fake CR
c

n
low-Emiss

T Fake CR
c

, (10)
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and rABCD defined as:

rABCD = ln
n

high-Emiss
T

c /n
high-Emiss

T Fake CR
c

n
low-Emiss

T
c /n

low-Emiss
T Fake CR

c

. (11)

Here rCD and rABCD are terms to constrain the combi-
natorial fake-tracklet background in the high-Emiss

T regions
relative to that in the low-Emiss

T regions: the rCD term is used
for the low-Emiss

T control and high-Emiss
T signal region, while

the rABCD term is used to constrain the extrapolation from
the high d0 significance side fake enriched regions into the
low-Emiss

T control and high-Emiss
T signal regions.

The likelihood Lsyst consists of a product of terms related
to the systematic uncertainties in each background process
and the signal process,Lsyst = Ls

syst ×Le
syst ×Lμ

syst ×Lh
syst ×

Lc
syst. Each likelihood component is defined as below:

Ls
syst = G (σs; σs,�σs)

×G (αs;αs,�αs) ×
∏

R

G
(
nR
s ; nR

s ,�nR
s

)
, (12)

Lμ
syst = G

(
σμ; σμ,�σμ

) × G
(
αμ;αμ,�αμ

)

×
∏

R

G
(
nR

μ; nR
μ,�nR

μ

)
, (13)

Le
syst = G (σe; σe,�σe) × G (αe;αe,�αe)

×
∏

R

G
(
nR
e ; nR

e ,�nR
e

)
, (14)

Lh
syst = G (σh; σh,�σh) × G (αh;αh,�αh) , (15)

Lc
syst = G (rABCD; 1,�rABCD) , (16)

where G(a; b, c) represents a unit Gaussian function of a
with a mean of b and a standard deviation c. The expected
value and the uncertainty of a variable x are represented by
x and �x respectively.

The likelihood is maximised by minimising the negative
log-likelihood function with the MINUIT [75] package in
the RooFit framework [76]. The fit parameters are the nor-
malisations of the hadron and combinatorial fake-tracklet
backgrounds (nR

h and nR
c ), the p0 and p1 parameters of the

function modelling the fake-tracklet transverse momentum
distribution described in Sect. 6.4, and nuisance parameters.
Each nuisance parameter represents a source of systematic
uncertainty and is allowed to float in the fit with a Gaussian
constraint. The statistical uncertainty of the transfer factors
for electrons and muons is propagated into the final template.

7 Systematic uncertainties

Several sources of uncertainty are considered for this search,
and these can be divided into uncertainties affecting the
parameters in the background and signal fit model, and those
affecting the expected signal yields.

7.1 Fit model uncertainties

Uncertainties in the normalisation of the electron and muon
backgrounds are dominated by the statistical uncertainties in
the transfer factors. The shape uncertainty in the hadron and
charged-lepton backgrounds is dominated by uncertainties in
the smearing functions. The pile-up condition is the largest
source of uncertainty for the smearing function, especially
for lower-pT tracklets. The pile-up uncertainty is evaluated
by taking the difference between the nominal values of the
smearing parameters and the values obtained from events
with different pile-up conditions. This is done by splitting the
dataset into data taken in low (μ < 40) and high (μ > 40)
pile-up conditions, and the full parameter-value differences
between the datasets with low and high pile-up are assigned
as the systematic uncertainties of the pT-dependent smearing
parameters.

The uncertainties in rCD and rABCD are obtained from sta-
tistical uncertainties in the control regions used to calculate
these parameters. An additional uncertainty in the extrap-
olation of rABCD over d0/σ(d0) is obtained by evaluating
rABCD using pixel tracklets with 3 < |d0/σ(d0)| < 10 for

n
high-Emiss

T
c and n

low-Emiss
T

c in Eq. (11). Since fake tracklets are
the dominant backgrounds in the signal regions, variations
of these parameters are the leading source of uncertainty in
both the electroweak and strong production signal regions.
Similarly, the p0 and p1 parameters are varied up and down
by the statistical uncertainties obtained from the fit.

Table 5 summarises the effect of various sources of sys-
tematic uncertainty on the signal exclusion significance.

7.2 Signal uncertainties

A breakdown of the systematic uncertainties for the expected
number of signal events in the signal regions is shown in
Table 6.

Theoretical uncertainties in the signal cross-section are
estimated in a way similar to that for the previous result [16].
This is done by computing the changes in the cross-section
when the renormalisation and factorisation scales, the choice
of PDFs and the strong coupling constant, αs, are varied inde-
pendently. Renormalisation and factorisation scales are var-
ied by factors of 0.5 and 2 from their nominal value. The PDF
uncertainty is estimated as the maximum of the uncertainty
from the CTEQ6.6 [77] uncertainty band at 68% confidence
level and the difference between the results for the CTEQ6.6
and MSTW2008 NLO PDF [78] sets. Each uncertainty is
varied independently and their effects are added in quadra-
ture. Uncertainties in the modelling of ISR and final-state
radiation (FSR) are estimated by varying the renormalisa-
tion, factorisation and merging scales from 0.5 to 2 times
their nominal values. Jet modelling uncertainties related to
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Table 5 Effects of systematic
uncertainties on the signal
exclusion significance for a
representative signal point with
mχ̃±

1
= 600 GeV for the

electroweak channel and
mg̃ = 1400 GeV and
mχ̃±

1
= 1100 GeV for the strong

channel

Electroweak channel (%) Strong channel (%)

rABCD 5.2 0.9

rCD 3.2 0.6

σ parameter in signal pT smearing function 2.9 0.1

α parameter in signal pT smearing function 1.7 0.2

p0 parameter in the fake background pT function 0.3 < 0.1

p1 parameter in the fake background pT function 0.3 0.2

Normalisation of muon background 0.6 < 0.1

Normalisation of electron background < 0.1 < 0.1

α parameter in muon pT smearing function < 0.1 < 0.1

σ parameter in muon pT smearing function < 0.1 < 0.1

α parameter in electron pT smearing function < 0.1 < 0.1

σ parameter in electron pT smearing function < 0.1 < 0.1

α parameter in hadron pT smearing function 0.5 0.2

σ parameter in hadron pT smearing function 0.6 0.2

Table 6 Effects of systematic
uncertainties on the signal yields
for representative signal points
with τχ̃±

1
= 0.2 ns. Each value is

obtained by symmetrising the
larger of the upward and
downward deviations from the
nominal signal yield. The effects
of pixel tracklet efficiency and
luminosity uncertainties are
common to the two signal
regions

Electroweak channel (%) Strong channel (%)
mχ̃±

1
= 600 GeV mg̃ = 1400 GeV

mχ̃±
1

= 1100 GeV

Cross-section 7.6 14

Initial/final-state radiation 8.4 5.1

Jet energy scale 2.3 1.5

Jet energy resolution 0.6 0.3

Jet vertex tagging efficiency <0.1 <0.1

Pile-up modelling 0.7 <0.1

Emiss
T soft term 0.4 <0.1

Trigger efficiency 0.3 0.4

Tracklet reconstruction efficiency 5.9 5.9

Luminosity 1.7 1.7

Total 11 8.1

the energy scale and resolution, and jet vertex tagging uncer-
tainty, are estimated by comparing simulated events and data
as described in Ref. [66]. The pile-up modelling uncertainty
is estimated by varying the number of collisions per bunch
crossing in simulation by its uncertainty of 10% of the nomi-
nal value. The uncertainty in the Emiss

T soft-term modelling is
considered by comparing data and simulated samples using
Z → μμ + jets events as described in Ref. [66]. The uncer-
tainty in the trigger efficiency modelling is small because it
is measured from data as described in Sect. 5. Only the statis-
tical uncertainty in the efficiency measurement is taken into
account for the signal trigger efficiency uncertainty.

The uncertainty in the tracklet reconstruction efficiency is
evaluated by comparing efficiencies for muons in the colli-
sion data and simulation. Events containing muons from Z
boson decays are selected and muons are re-tracked using
only pixel hits as described in Sect. 6.2. The efficiency is

measured as the ratio of re-tracked pixel tracklets satisfying
all of the tracklet quality and selection criteria to the total
number of muon tracks. The difference between data and
simulation is assigned as a systematic uncertainty.

8 Results and interpretation

The transverse momentum spectra of the fitted pixel tracklets
in the low-Emiss

T CR, the calorimeter sideband and middle-
Emiss

T VRs, and the high-Emiss
T SR for the electroweak and

strong production channels are shown in Figs. 5 and 6, respec-
tively. The measured spectra show agreement with the sum
of all expected background. Examples of the expected-signal
prediction with mχ̃±

1
= 600 GeV and τχ̃±

1
= 0.2 ns for the

electroweak production channel, and with mg̃ = 1400 GeV,
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(a) (b)

(d)(c)

Fig. 5 Pixel tracklet pT spectrum fit results in the low-, middle- and
high-Emiss

T regions for the electroweak production channel. The fake-
tracklet, hadron, electron and muon templates are fitted to observed data
events in a background-only fit. An example of the expected-signal pre-

diction with mχ̃±
1

= 600 GeV and τχ̃±
1

= 0.2 ns is overlaid in red. The
last bin includes overflow entries. The bottom panel shows the ratio of
data to the background-only prediction

mχ̃±
1

= 1100 GeV and τχ̃±
1

= 0.2 ns for the strong produc-
tion channel are overlaid.

The numbers of events in the two middle-Emiss
T valida-

tion regions after the background fits described in Sect. 6.5
are shown in Table 7. Good agreement between data and
background predictions is observed in all validation regions.
No significant excess above the background predictions is
observed in the high-Emiss

T signal regions, as shown in
Table 8. The probability of a background-only experiment
being more signal-like than observed (p0), its equivalent for-

mulation in terms of the number of standard deviations (Z ),
and the upper limit on the model-independent visible cross-
section at 95% confidence level (CL) using the CLs technique
[79] are also shown in Table 8. For the evaluation of these
model-independent quantities, the tracklet is required to have
pT > 60 GeV.

Model-dependent exclusion limits at 95% CL are placed
on the various signal models. The likelihood function is
extended to contain both the signal and background compo-
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(a) (b)

(d)(c)

Fig. 6 Pixel tracklet pT spectrum fit results in the low-, middle- and
high-Emiss

T regions for the strong production channel. The fake-tracklet,
hadron, electron and muon templates are fitted to observed data events
in a background-only fit. An example of the expected-signal prediction

withmg̃ = 1400 GeV, mχ̃±
1

= 1100 GeV and τχ̃±
1

= 0.2 ns is overlaid
in red. The last bin includes overflow entries. The bottom panel shows
the ratio of data to the background-only prediction. The arrow indicates
a value outside of the range of the bottom inset

nents. The signal normalisation is the parameter of interest
and is unconstrained in the fit.

For the electroweak production of pure winos or pure hig-
gsinos, the exclusion limits are shown as a function of the
chargino lifetime and mass.

In the case of pure winos, the expected lower limit on
the mass of a chargino with a lifetime of 0.2 ns is improved
from 450 GeV in the previous search [16] to 680 GeV in this
search, while a simple scaling from the integrated luminosity
used in the previous search gives an expected mass limit of

530 GeV with the present integrated luminosity of 136 fb−1.
The observed limit excludes chargino masses up to 660 GeV
as shown in Fig. 7, in which the pure-wino lifetime is shown
by the grey dashed line.

For pure higgsinos, chargino masses are excluded up to
210 GeV as shown in Fig. 8. The lower sensitivity to higgsi-
nos in comparison with winos is explained by two factors: the
smaller production cross-section of higgsinos relative to the
wino case, and the extremely short lifetime of the higgsinos.
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Table 7 Expected and observed
numbers of events and
corresponding background
predictions in the middle-Emiss

T
validation regions. The
uncertainty in the total
background prediction differs
from the sum in quadrature of
the individual components due
to anti-correlation of fit
parameters between the
backgrounds

Electroweak channel Strong channel

Calo. sideband Low pT Calo. sideband Low pT
pT > 60 GeV pT < 60 GeV pT > 60 GeV pT < 60 GeV

Fake 4.3 ± 2.2 5.5 ± 1.5 3.2 ± 1.5 3.5 ± 1.0

Hadron 1.0 ± 0.8 23 ± 6 0.36 ± 0.23 13 ± 4

Electron 0.8 ± 0.5 1.2 ± 1.3 0.29 ± 0.20 0.5 ± 0.5

Muon 0.023 ± 0.007 0.25 ± 0.06 0.012 ± 0.004 0.129 ± 0.032

Total Expected 6.1 ± 1.9 29 ± 5 3.8 ± 1.5 17 ± 4

Observed 5 30 3 18

Table 8 Expected and observed numbers of events and corresponding
background predictions in the high-Emiss

T signal regions with transverse
momenta above 60 GeV. The uncertainty in the total background pre-
diction differs from the sum in quadrature of the individual components
due to anti-correlation of fit parameters between the backgrounds

Electroweak channel Strong channel

Fake 2.6 ± 0.8 0.77 ± 0.33

Hadron 0.26 ± 0.13 0.024 ± 0.031

Electron 0.021 ± 0.023 0.004 ± 0.004

Muon 0.17 ± 0.06 0.049 ± 0.018

Total expected 3.0 ± 0.7 0.84 ± 0.33

Observed 3 1

p0 (Z ) 0.5 (0) 0.38 (0.30)

Observed σvis95% (fb) 0.037 0.028

Expected σvis95% (fb) 0.038 +0.014
−0.009 0.024 +0.009

−0.003

For the strong production channels, the exclusion limits
are set as a function of the lightest chargino’s mass and the
gluino’s mass. The exclusion limits for charginos with life-
times fixed to 0.2 ns and 1.0 ns are shown in Fig. 9. The
observed limits from the electroweak wino model in Fig. 7
are shown by a green hatched line. Gluino masses below
2.1 TeV are excluded for a chargino mass of 300 GeV and a
chargino lifetime of 0.2 ns.

9 Conclusion

A search for long-lived charginos with a disappearing-track
signature was performed using

√
s = 13 TeV pp collision

data collected by the ATLAS experiment at the LHC, cor-
responding to an integrated luminosity of 136 fb−1. Pixel
tracklets with at least four hits in the pixel detector are used to
improve the sensitivity for short chargino lifetimes. A strong
disappearing-track condition, enforced by vetoes on SCT
hits and significant calorimeter energy along the tracklet’s
trajectory, was developed specifically for this search and is

Fig. 7 Exclusion limits at 95% CL obtained in the electroweak pro-
duction channel with the pure-wino scenario. The limits are shown as a
function of the chargino lifetime and mass. The black dashed line shows
the median expected value, and the yellow band shows the 1σ uncer-
tainty band around the expected limits. The red line shows the observed
limits and the red dotted lines show the 1σ uncertainty from the signal
cross-section. The blue and violet broken lines show the observed limits
from the ATLAS results in Refs. [16,18] respectively. The dashed gray
line shows the predicted chargino lifetime in the almost pure wino-LSP
scenario at the two-loop level [7]

used to reduce the backgrounds significantly. The improved
background rejection that this disappearing-track condition
offers, together with over a factor of three increase in inte-
grated luminosity, has allowed the ATLAS Collaboration to
significantly improve sensitivity to long-lived charginos. A
lower limit on the mass of long-lived charginos from elec-
troweak production in pure-wino (pure-higgsino) models is
set at 660 (210) GeV at 95% CL. If charginos with a proper
lifetime of 0.2 ns are produced in the decay cascade of pair-
produced gluinos, gluino masses below 2.1 TeV are excluded
for a chargino mass of 300 GeV.
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(a) (b)

Fig. 8 Exclusion limits at 95% CL obtained in the electroweak pro-
duction channel with the pure-higgsino scenario. The limits are shown
separately for the higgsino lifetime or mass splitting as a function of
the chargino mass. The black dashed line shows the median expected
value, and the yellow band shows the 1σ uncertainty band around the

expected limits. The red line shows the observed limits and the red dot-
ted lines show the 1σ uncertainty from the signal cross-section. The
violet broken line shows the observed limits from the previous ATLAS
result [17]. The dashed gray line shows the predicted chargino lifetime
in the pure higgsino-LSP scenario [14]

(a) (b)

Fig. 9 Exclusion limits at 95% CL obtained in the strong production
channel. The limits are shown as a function of the lightest chargino’s
mass versus the gluino’s mass, for chargino lifetimes of a 0.2 ns and b
1.0 ns. The black dashed line shows the median expected value, and the
yellow band shows the 1σ uncertainty around the expected limits. The
red line shows the observed limits and the red dotted lines show the 1σ

uncertainty from the signal cross-section. The observed exclusion lim-
its from this search in the direct electroweak wino production channel
in the minimal AMSB model with a τχ̃±

1
= 0.2 ns and b τχ̃±

1
= 1.0 ns

are overlaid in green. The violet broken line shows the observed limits
from the previous ATLAS result [16]

123



Eur. Phys. J. C (2022) 82 :606 Page 19 of 34 606

Acknowledgements We thank CERN for the very successful opera-
tion of the LHC, as well as the support staff from our institutions with-
out whom ATLAS could not be operated efficiently. We acknowledge
the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia;
BMWFW and FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq
and FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN; ANID,
Chile; CAS, MOST and NSFC, China; Minciencias, Colombia; MSMT
CR, MPO CR and VSC CR, Czech Republic; DNRF and DNSRC, Den-
mark; IN2P3-CNRS and CEA-DRF/IRFU, France; SRNSFG, Georgia;
BMBF, HGF and MPG, Germany; GSRI, Greece; RGC and Hong Kong
SAR, China; ISF and Benoziyo Center, Israel; INFN, Italy; MEXT and
JSPS, Japan; CNRST, Morocco; NWO, Netherlands; RCN, Norway;
MEiN, Poland; FCT, Portugal; MNE/IFA, Romania; JINR; MES of
Russia and NRC KI, Russian Federation; MESTD, Serbia; MSSR, Slo-
vakia; ARRS and MIZŠ, Slovenia; DSI/NRF, South Africa; MICINN,
Spain; SRC and Wallenberg Foundation, Sweden; SERI, SNSF and
Cantons of Bern and Geneva, Switzerland; MOST, Taiwan; TAEK,
Turkey; STFC, UK; DOE and NSF, USA. In addition, individual groups
and members have received support from BCKDF, CANARIE, Com-
pute Canada and CRC, Canada; 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 pro-
grammes co-financed by EU-ESF and the Greek NSRF, Greece; BSF-
NSF and GIF, Israel; Norwegian Financial Mechanism 2014-2021, Nor-
way; NCN and NAWA, Poland; La Caixa Banking Foundation, CERCA
Programme Generalitat de Catalunya and PROMETEO and GenT Pro-
grammes Generalitat Valenciana, Spain; Göran Gustafssons Stiftelse,
Sweden; The Royal Society and Leverhulme Trust, UK. The crucial
computing support from all WLCG partners is acknowledged grate-
fully, in particular from CERN, the ATLAS Tier-1 facilities at TRIUMF
(Canada), NDGF (Denmark, Norway, Sweden), CC-IN2P3 (France),
KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Netherlands),
PIC (Spain), ASGC (Taiwan), RAL (UK) and BNL (USA), the Tier-2
facilities worldwide and large non-WLCG resource providers. Major
contributors of computing resources are listed in Ref. [80].

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: All ATLAS
scientific output is published in journals, and preliminary results are
made available in Conference Notes. All are openly available, with-
out restriction on use by external parties beyond copyright law and
the standard conditions agreed by CERN. Data associated with journal
publications are also made available: tables and data from plots (e.g.
cross section values, likelihood profiles, selection efficiencies, cross sec-
tion limits, ...) are stored in appropriate repositories such as HEPDATA
(http://hepdata.cedar.ac.uk/). ATLAS also strives to make additional
material related to the paper available that allows a reinterpretation
of the data in the context of new theoretical models. For example, an
extended encapsulation of the analysis is often provided for measure-
ments in the framework of RIVET (http://rivet.hepforge.org/).]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3. SCOAP3 supports the goals of the International
Year of Basic Sciences for Sustainable Development.

References

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

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

3. J. Wess, B. Zumino, Supergauge transformations in four dimen-
sions. Nucl. Phys. B 70, 39 (1974)

4. J. Wess, B. Zumino, Supergauge invariant extension of quantum
electrodynamics. Nucl. Phys. B 78, 1 (1974)

5. S. Ferrara, B. Zumino, Supergauge invariant Yang-Mills theories.
Nucl. Phys. B 79, 413 (1974)

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

7. M. Ibe, S. Matsumoto, R. Sato, Mass splitting between charged
and neutral winos at two-loop level. Phys. Lett. B 721, 252 (2013).
arXiv:1212.5989 [hep-ph]

8. H. Fukuda, N. Nagata, H. Otono, S. Shirai, Higgsino dark matter
or not: role of disappearing track searches at the LHC and future
colliders. Phys. Lett. B 781, 306 (2018). arXiv:1703.09675 [hep-
ph]

9. G.F. Giudice, M.A. Luty, H. Murayama, R. Rattazzi, Gaugino mass
without singlets. JHEP 12, 027 (1998). arXiv:hep-ph/9810442

10. L. Randall, R. Sundrum, Out of this world supersymmetry break-
ing. Nucl. Phys. B 557, 79 (1999). arXiv:hep-th/9810155

11. M. Papucci, J.T. Ruderman, A. Weiler, Natural SUSY endures.
JHEP 09, 035 (2012). arXiv:1110.6926 [hep-ph]

12. R. Barbieri, G. Giudice, Upper bounds on supersymmetric particle
masses. Nucl. Phys. B 306, 63 (1988)

13. B. de Carlos, J. Casas, One-loop analysis of the electroweak break-
ing in supersymmetric models and the fine-tuning problem. Phys.
Lett. B 309, 320 (1993). arXiv:hep-ph/9303291

14. S. Thomas, J.D. Wells, Phenomenology of massive vectorlike dou-
blet leptons. Phys. Rev. Lett. 81, 34 (1998)

15. R.K. Ellis et al., Physics briefing book: input for the European
strategy for particle physics update 2020. CERN-ESU-004 (2019).
arXiv:1910.11775. https://cds.cern.ch/record/2691414

16. ATLAS Collaboration, Search for long-lived charginos based on a
disappearing-track signature in pp collisions at

√
s = 13 TeV with

the ATLAS detector. JHEP 06, 022 (2018). arXiv:1712.02118 [hep-
ex]

17. ATLAS Collaboration, Search for direct pair production of hig-
gsinos by reinterpretation of the disappearing track analysis with
36:1 f b−1 of

√
s = 13 TeV data collected with the ATLAS

experiment. ATL-PHYS-PUB-2017-019 (2017). https://cds.cern.
ch/record/2297480

18. ATLAS Collaboration, Search for charginos nearly mass degen-
erate with the lightest neutralino based on a disappearing-track
signature in pp collisions at

√
s = 8 TeV with the ATLAS detector.

Phys. Rev. D 88, 112006 (2013). arXiv:1310.3675 [hep-ex]
19. CMS Collaboration, Search for disappearing tracks in proton–

proton collisions at
√
s = 13 TeV. Phys. Lett. B 806, 135502 (2020).

arXiv:2004.05153 [hep-ex]
20. A.M. Sirunyan et al., Searches for physics beyond the standard

model with the MT2 variable in hadronic final states with and with-
out disappearing tracks in proton-proton collisions at

√
s = 13 TeV.

Eur. Phys. J. C 80, 3 (2020). arXiv:1909.03460 [hep-ex]
21. ATLAS Collaboration, The ATLAS experiment at the CERN large

hadron collider. JINST 3, S08003 (2008)

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1212.5989
http://arxiv.org/abs/1703.09675
http://arxiv.org/abs/hep-ph/9810442
http://arxiv.org/abs/hep-th/9810155
http://arxiv.org/abs/1110.6926
http://arxiv.org/abs/hep-ph/9303291
http://arxiv.org/abs/1910.11775
https://cds.cern.ch/record/2691414
http://arxiv.org/abs/1712.02118
https://cds.cern.ch/record/2297480
https://cds.cern.ch/record/2297480
http://arxiv.org/abs/1310.3675
http://arxiv.org/abs/2004.05153
http://arxiv.org/abs/1909.03460


606 Page 20 of 34 Eur. Phys. J. C (2022) 82 :606

22. ATLAS Collaboration, ATLAS insertable B-layer technical design
report. ATLAS-TDR-19, CERN-LHCC-2010-013 (2010). https://
cds.cern.ch/record/1291633 [Addendum: ATLAS-TDR-19-ADD-
1, CERN-LHCC-2012-009 (2012). https://cds.cern.ch/record/
1451888]

23. ATLAS Collaboration, Performance of the ATLAS trigger system
in 2015. Eur. Phys. J. C 77, 317 (2017). arXiv:1611.09661 [hep-ex]

24. ATLAS Collaboration, The ATLAS Collaboration software and
firmware. ATL-SOFT-PUB-2021-001 (2021). https://cds.cern.ch/
record/2767187

25. ATLAS Collaboration, ATLAS data quality operations and per-
formance for 2015–2018 data-taking. JINST 15, P04003 (2020).
arXiv:1911.04632 [physics.ins-det]

26. ATLAS Collaboration, Luminosity determination in pp collisions
at

√
s = 13 TeV using the ATLAS detector at the LHC. ATLAS-

CONF-2019-021 (2019). https://cds.cern.ch/record/2677054
27. G. Avoni et al., The new LUCID-2 detector for luminosity mea-

surement and monitoring in ATLAS. JINST 13, P07017 (2018)
28. ATLAS Collaboration, Performance of the missing transverse

momentum triggers for the ATLAS detector during Run-2 data
taking. JHEP 08, 080 (2020). arXiv:2005.09554 [hep-ex]

29. ATLAS Collaboration, Performance of the ATLAS muon triggers
in Run 2. JINST 15, P09015 (2020). arXiv:2004.13447 [hep-ex]

30. ATLAS Collaboration, Performance of electron and photon trig-
gers in ATLAS during LHC Run 2. Eur. Phys. J. C 80, 47 (2020).
arXiv:1909.00761 [hep-ex]

31. E. Bothmann et al., Event generation with Sherpa 2.2. SciPost Phys.
7, 034 (2019). arXiv:1905.09127 [hep-ph]

32. T. Gleisberg, S. Höche, Comix, a new matrix element generator.
JHEP 12, 039 (2008). arXiv:0808.3674 [hep-ph]

33. F. Buccioni et al., OpenLoops 2. Eur. Phys. J. C 79, 866 (2019).
arXiv:1907.13071 [hep-ph]

34. F. Cascioli, P. Maierhöfer, S. Pozzorini, Scattering amplitudes with
open loops. Phys. Rev. Lett. 108, 111601 (2012). arXiv:1111.5206
[hep-ph]

35. A. Denner, S. Dittmaier, L. Hofer, Collier: a Fortran-based com-
plex one-loop library in extended regularizations. Comput. Phys.
Commun. 212, 220 (2017). arXiv:1604.06792 [hep-ph]

36. S. Schumann, F. Krauss, A parton shower algorithm based
on Catani–Seymour dipole factorisation. JHEP 03, 038 (2008).
arXiv:0709.1027 [hep-ph]

37. S. Höche, F. Krauss, M. Schönherr, F. Siegert, A critical
appraisal of NLO+PS matching methods. JHEP 09, 049 (2012).
arXiv:1111.1220 [hep-ph]

38. S. Höche, F. Krauss, M. Schönherr, F. Siegert, QCD matrix ele-
ments + parton showers. The NLO case. JHEP 04, 027 (2013).
arXiv:1207.5030 [hep-ph]

39. S. Catani, F. Krauss, B.R. Webber, R. Kuhn, QCD
matrix elements + parton showers. JHEP 11, 063 (2001).
arXiv:hep-ph/0109231

40. S. Höche, F. Krauss, S. Schumann, F. Siegert, QCD matrix elements
and truncated showers. JHEP 05, 053 (2009). arXiv:0903.1219
[hep-ph]

41. R.D. Ball et al., Parton distributions for the LHC run II. JHEP 04,
040 (2015). arXiv:1410.8849 [hep-ph]

42. S. Frixione, P. Nason, G. Ridolfi, A positive-weight next-to-
leading-order Monte Carlo for heavy flavour hadroproduction.
JHEP 09, 126 (2007). arXiv:0707.3088 [hep-ph]

43. P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms. JHEP 11, 040 (2004).
arXiv:hep-ph/0409146

44. S. Frixione, P. Nason, C. Oleari, Matching NLO QCD computations
with parton shower simulations: the POWHEG method. JHEP 11,
070 (2007). arXiv:0709.2092 [hep-ph]

45. S. Alioli, P. Nason, C. Oleari, E. Re, A general framework for
implementing NLO calculations in shower Monte Carlo programs:

the POWHEG BOX. JHEP 06, 043 (2010). arXiv:1002.2581 [hep-
ph]

46. ATLAS Collaboration, Studies on top-quark Monte Carlo mod-
elling for Top2016. ATL-PHYS-PUB-2016-020 (2016). https://
cds.cern.ch/record/2216168

47. T. Sjöstrand et al., An introduction to PYTHIA 8.2. Comput. Phys.
Commun. 191, 159 (2015). arXiv:1410.3012 [hep-ph]

48. ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data. ATL-
PHYS-PUB-2014-021 (2014). https://cds.cern.ch/record/1966419

49. R.D. Ball et al., Parton distributions with LHC data. Nucl. Phys. B
867, 244 (2013). arXiv:1207.1303 [hep-ph]

50. D.J. Lange, The EvtGen particle decay simulation package. Nucl.
Instrum. Methods A 462, 152 (2001)

51. F.E. Paige, S.D. Protopopescu, H. Baer, X. Tata, ISAJET 7.69: a
Monte Carlo event generator for pp; p̄ p, and e+e− reactions (2003).
arXiv:hep-ph/0312045

52. J. Alwall et al., The automated computation of tree-level and next-
to-leading order differential cross sections, and their matching to
parton shower simulations. JHEP 07, 079 (2014). arXiv:1405.0301
[hep-ph]

53. T. Sjöstrand, S. Mrenna, P. Skands, A brief introduction to PYTHIA
8.1. Comput. Phys. Commun. 178, 852 (2008). arXiv:0710.3820
[hep-ph]

54. L. Lönnblad, S. Prestel, Matching tree-level matrix elements with
interleaved showers. JHEP 03, 019 (2012). arXiv:1109.4829 [hep-
ph]

55. GEANT4 Collaboration, S. Agostinelli et al., GEANT4-a simula-
tion toolkit. Nucl. Instrum. Methods A 506, 250 (2003)

56. ATLAS Collaboration, The ATLAS simulation infrastructure. Eur.
Phys. J. C 70, 823 (2010). arXiv:1005.4568 [physics.ins-det]

57. W. Beenakker, R. Hopker, M. Spira, P.M. Zerwas, Squark and
gluino production at hadron colliders. Nucl. Phys. B 492, 51 (1997).
arXiv:hep-ph/9610490

58. J. Debove, B. Fuks, M. Klasen, Threshold resummation for gaugino
pair production at hadron colliders. Nucl. Phys. B 842, 51 (2011).
arXiv:1005.2909 [hep-ph]

59. J. Fiaschi, M. Klasen, Higgsino and gaugino pair production at the
LHC with aNNLO + NNLL precision. Phys. Rev. D 102, 095021
(2020). https://link.aps.org/doi/10.1103/PhysRevD.102.095021

60. B. Fuks, M. Klasen, D.R. Lamprea, M. Rothering, Gaugino pro-
duction in proton-proton collisions at a center-of-mass energy of
8 TeV. JHEP 10, 081 (2012). arXiv:1207.2159 [hep-ph]

61. B. Fuks, M. Klasen, D.R. Lamprea, M. Rothering, Precision predic-
tions for electroweak superpartner production at hadron colliders
with resummino. Eur. Phys. J. C 73, 2480 (2013). arXiv:1304.0790
[hep-ph]

62. J. Butterworth et al., PDF4LHC recommendations for LHC Run
II. J. Phys. G 43, 023001 (2016). arXiv:1510.03865 [hep-ph]

63. ATLAS Collaboration, Electron and photon performance measure-
ments with the ATLAS detector using the 2015–2017 LHC proton–
proton collision data. JINST 14, P12006 (2019). arXiv:1908.00005
[hep-ex]

64. ATLAS Collaboration, Electron reconstruction and identification
in the ATLAS experiment using the 2015 and 2016 LHC proton–
proton collision data at

√
s = 13 TeV. Eur. Phys. J. C 79, 639 (2019).

arXiv:1902.04655 [hep-ex]
65. ATLAS Collaboration, Muon reconstruction and identification effi-

ciency in ATLAS using the full Run 2 pp collision data set at
√
s =

13 TeV. Eur. Phys. J. C 81, 578 (2020). arXiv:2012.00578 [hep-ex]
66. ATLAS Collaboration, Jet energy scale and resolution measured in

proton–proton collisions at
√
s = 13 TeV with the ATLAS detector.

Eur. Phys. J. C 81, 689 (2020). arXiv:2007.02645 [hep-ex]
67. M. Cacciari, G.P. Salam, G. Soyez, The anti-kt jet clustering algo-

rithm. JHEP 04, 063 (2008). arXiv:0802.1189 [hep-ph]
68. M. Cacciari, G.P. Salam, G. Soyez, FastJet user manual. Eur. Phys.

J. C 72, 1896 (2012). arXiv:1111.6097 [hep-ph]

123

https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
https://cds.cern.ch/record/1451888
http://arxiv.org/abs/1611.09661
https://cds.cern.ch/record/2767187
https://cds.cern.ch/record/2767187
http://arxiv.org/abs/1911.04632
https://cds.cern.ch/record/2677054
http://arxiv.org/abs/2005.09554
http://arxiv.org/abs/2004.13447
http://arxiv.org/abs/1909.00761
http://arxiv.org/abs/1905.09127
http://arxiv.org/abs/0808.3674
http://arxiv.org/abs/1907.13071
http://arxiv.org/abs/1111.5206
http://arxiv.org/abs/1604.06792
http://arxiv.org/abs/0709.1027
http://arxiv.org/abs/1111.1220
http://arxiv.org/abs/1207.5030
http://arxiv.org/abs/hep-ph/0109231
http://arxiv.org/abs/0903.1219
http://arxiv.org/abs/1410.8849
http://arxiv.org/abs/0707.3088
http://arxiv.org/abs/hep-ph/0409146
http://arxiv.org/abs/0709.2092
http://arxiv.org/abs/1002.2581
https://cds.cern.ch/record/2216168
https://cds.cern.ch/record/2216168
http://arxiv.org/abs/1410.3012
https://cds.cern.ch/record/1966419
http://arxiv.org/abs/1207.1303
http://arxiv.org/abs/hep-ph/0312045
http://arxiv.org/abs/1405.0301
http://arxiv.org/abs/0710.3820
http://arxiv.org/abs/1109.4829
http://arxiv.org/abs/1005.4568
http://arxiv.org/abs/hep-ph/9610490
http://arxiv.org/abs/1005.2909
https://link.aps.org/doi/10.1103/PhysRevD.102.095021
http://arxiv.org/abs/1207.2159
http://arxiv.org/abs/1304.0790
http://arxiv.org/abs/1510.03865
http://arxiv.org/abs/1908.00005
http://arxiv.org/abs/1902.04655
http://arxiv.org/abs/2012.00578
http://arxiv.org/abs/2007.02645
http://arxiv.org/abs/0802.1189
http://arxiv.org/abs/1111.6097


Eur. Phys. J. C (2022) 82 :606 Page 21 of 34 606

71. ATLAS Collaboration, Emiss
T performance in the ATLAS detec-

tor using 2015-2016 LHC pp collisions. ATLAS-CONF-2018-023
(2018). https://cds.cern.ch/record/2625233

72. ATLAS Collaboration, The expected performance of the ATLAS
inner detector. ATL-PHYS-PUB-2009-002 (2008). https://cds.
cern.ch/record/1118445

73. ATLAS Collaboration, Track reconstruction performance of the
ATLAS inner detector at

√
s = 13 TeV. ATL-PHYS-PUB-2015-

018 (2015). https://cds.cern.ch/record/2037683
74. S. Das, A simple alternative to the Crystal Ball function (2016).

arXiv:1603.08591 [hep-ex]

75. F. James, M. Winkler, MINUIT user’s guide (2004). http://seal.
web.cern.ch/seal/documents/minuit/mnusersguide.pdf

76. W. Verkerke, D. Kirkby, The RooFit toolkit for data modeling
(2003). arXiv:physics/0306116 [physics.data-an]

77. J. Pumplin et al., New generation of parton distributions with
uncertainties from global QCD analysis. JHEP 07, 012 (2002).
arXiv:hep-ph/0201195

78. A.D. Martin, W.J. Stirling, R.S. Thorne, G. Watt, Parton distribu-
tions for the LHC. Eur. Phys. J. C 63, 189 (2009). arXiv:0901.0002
[hep-ph]

79. A.L. Read, Presentation of search results: the CLS technique. J.
Phys. G 28, 2693 (2002)

80. ATLAS Collaboration, ATLAS computing acknowledgements.
ATL-SOFT-PUB-2021-003. https://cds.cern.ch/record/2776662

ATLAS Collaboration�

G. Aad99 , B. Abbott124 , D. C. Abbott100 , A. Abed Abud34 , K. Abeling51 , D. K. Abhayasinghe91 ,
S. H. Abidi27 , H. Abramowicz157 , H. Abreu156 , Y. Abulaiti5 , A. C. Abusleme Hoffman142a ,
B. S. Acharya64a,64b,p , B. Achkar51 , L. Adam97 , C. Adam Bourdarios4 , L. Adamczyk81a , L. Adamek162 ,
J. Adelman117 , A. Adiguzel11c,ae , S. Adorni52 , T. Adye139 , A. A. Affolder141 , Y. Afik156 , C. Agapopoulou62 ,
M. N. Agaras12 , J. Agarwala68a,68b , A. Aggarwal115 , C. Agheorghiesei25c , J. A. Aguilar-Saavedra135a,135f,ad ,
A. Ahmad34 , F. Ahmadov77,ab , W. S. Ahmed101 , X. Ai44 , G. Aielli71a,71b , S. Akatsuka83 ,
M. Akbiyik97 , T. P. A. Åkesson94 , A. V. Akimov108 , K. Al Khoury37 , G. L. Alberghi21b , J. Albert171 ,
M. J. Alconada Verzini86 , S. Alderweireldt48 , M. Aleksa34 , I. N. Aleksandrov77 , C. Alexa25b , T. Alexopoulos9 ,
A. Alfonsi116 , F. Alfonsi21a,21b , M. Alhroob124 , B. Ali137 , S. Ali154 , M. Aliev161 , G. Alimonti66a ,
C. Allaire34 , B. M. M. Allbrooke152 , P. P. Allport19 , A. Aloisio67a,67b , F. Alonso86 , C. Alpigiani144 ,
E. Alunno Camelia71a,71b, M. Alvarez Estevez96 , M. G. Alviggi67a,67b , Y. Amaral Coutinho78b , A. Ambler101 ,
L. Ambroz130 , C. Amelung34, D. Amidei103 , S. P. Amor Dos Santos135a , S. Amoroso44 , C. S. Amrouche52,
C. Anastopoulos145 , N. Andari140 , T. Andeen10 , J. K. Anders18 , S. Y. Andrean43a,43b , A. Andreazza66a,66b ,
V. Andrei59a, S. Angelidakis8 , A. Angerami37 , A. V. Anisenkov118a,118b , A. Annovi69a , C. Antel52 ,
M. T. Anthony145 , E. Antipov125 , M. Antonelli49 , D. J. A. Antrim16 , F. Anulli70a , M. Aoki79 ,
J. A. Aparisi Pozo169 , M. A. Aparo152 , L. Aperio Bella44 , N. Aranzabal34 , V. Araujo Ferraz78a ,
C. Arcangeletti49 , A. T. H. Arce47 , E. Arena88 , J.-F. Arguin107 , S. Argyropoulos50 , J.-H. Arling44 ,
A. J. Armbruster34 , A. Armstrong166 , O. Arnaez162 , H. Arnold34 , Z. P. Arrubarrena Tame111, G. Artoni130 ,
H. Asada113 , K. Asai122 , S. Asai159 , N. A. Asbah57 , E. M. Asimakopoulou167 , L. Asquith152 ,
J. Assahsah33d , K. Assamagan27 , R. Astalos26a , R. J. Atkin31a , M. Atkinson168, N. B. Atlay17 , H. Atmani58b,
P. A. Atmasiddha103 , K. Augsten137 , S. Auricchio67a,67b , V. A. Austrup177 , G. Avolio34 , M. K. Ayoub13c ,
G. Azuelos107,al , D. Babal26a , H. Bachacou140 , K. Bachas158 , F. Backman43a,43b , A. Badea57 ,
P. Bagnaia70a,70b , H. Bahrasemani148, A. J. Bailey169 , V. R. Bailey168 , J. T. Baines139 , C. Bakalis9 ,
O. K. Baker178 , P. J. Bakker116 , E. Bakos14 , D. Bakshi Gupta7 , S. Balaji153 , R. Balasubramanian116 ,
E. M. Baldin118a,118b , P. Balek138 , E. Ballabene66a,66b , F. Balli140 , W. K. Balunas130 , J. Balz97 ,
E. Banas82 , M. Bandieramonte134 , A. Bandyopadhyay17 , L. Barak157 , E. L. Barberio102 , D. Barberis53a,53b ,
M. Barbero99 , G. Barbour92, K. N. Barends31a , T. Barillari112 , M.-S. Barisits34 , J. Barkeloo127 , T. Barklow149 ,
B. M. Barnett139 , R. M. Barnett16 , A. Baroncelli58a , G. Barone27 , A. J. Barr130 , L. Barranco Navarro43a,43b ,
F. Barreiro96 , J. Barreiro Guimarães da Costa13a , U. Barron157 , S. Barsov133 , F. Bartels59a , R. Bartoldus149 ,
G. Bartolini99 , A. E. Barton87 , P. Bartos26a , A. Basalaev44 , A. Basan97 , I. Bashta72a,72b , A. Bassalat62,ai ,
M. J. Basso162 , C. R. Basson98 , R. L. Bates55 , S. Batlamous33e, J. R. Batley30 , B. Batool147 , M. Battaglia141 ,
M. Bauce70a,70b , F. Bauer140,* , P. Bauer22 , H. S. Bawa29, A. Bayirli11c , J. B. Beacham47 , T. Beau131 ,
P. H. Beauchemin165 , F. Becherer50 , P. Bechtle22 , H. P. Beck18,r , K. Becker173 , C. Becot44 , A. J. Beddall11a ,
V. A. Bednyakov77 , C. P. Bee151 , T. A. Beermann177 , M. Begalli78b , M. Begel27 , A. Behera151 , J. K. Behr44 ,
C. Beirao Da Cruz E Silva34 , J. F. Beirer34,51 , F. Beisiegel22 , M. Belfkir4 , G. Bella157 , L. Bellagamba21b ,
A. Bellerive32 , P. Bellos19 , K. Beloborodov118a,118b , K. Belotskiy109 , N. L. Belyaev109 , D. Benchekroun33a ,
Y. Benhammou157 , D. P. Benjamin27 , M. Benoit27 , J. R. Bensinger24 , S. Bentvelsen116 , L. Beresford34 ,

123

https://cds.cern.ch/record/2625233
https://cds.cern.ch/record/1118445
https://cds.cern.ch/record/1118445
https://cds.cern.ch/record/2037683
http://arxiv.org/abs/1603.08591
http://seal.web.cern.ch/seal/documents/minuit/mnusersguide.pdf
http://seal.web.cern.ch/seal/documents/minuit/mnusersguide.pdf
http://arxiv.org/abs/physics.data-an/0306116
http://arxiv.org/abs/hep-ph/0201195
http://arxiv.org/abs/0901.0002
https://cds.cern.ch/record/2776662
http://orcid.org/0000-0002-6665-4934
http://orcid.org/0000-0002-5888-2734
http://orcid.org/0000-0002-7248-3203
http://orcid.org/0000-0002-2788-3822
http://orcid.org/0000-0002-1002-1652
http://orcid.org/0000-0002-2987-4006
http://orcid.org/0000-0002-8496-9294
http://orcid.org/0000-0001-5329-6640
http://orcid.org/0000-0002-1599-2896
http://orcid.org/0000-0003-0403-3697
http://orcid.org/0000-0003-0762-7204
http://orcid.org/0000-0002-8588-9157
http://orcid.org/0000-0002-0288-2567
http://orcid.org/0000-0001-6005-2812
http://orcid.org/0000-0002-2634-4958
http://orcid.org/0000-0002-5859-2075
http://orcid.org/0000-0003-1562-3502
http://orcid.org/0000-0002-1041-3496
http://orcid.org/0000-0001-6644-0517
http://orcid.org/0000-0003-3620-1149
http://orcid.org/0000-0003-0627-5059
http://orcid.org/0000-0002-9058-7217
http://orcid.org/0000-0001-8102-356X
http://orcid.org/0000-0002-2368-0147
http://orcid.org/0000-0002-4355-5589
http://orcid.org/0000-0002-4754-7455
http://orcid.org/0000-0002-1922-2039
http://orcid.org/0000-0003-3695-1847
http://orcid.org/0000-0002-5475-8920
http://orcid.org/0000-0001-8638-0582
http://orcid.org/0000-0003-3644-540X
http://orcid.org/0000-0003-0128-3279
http://orcid.org/0000-0003-3856-2415
http://orcid.org/0000-0002-0573-8114
http://orcid.org/0000-0002-1681-6405
http://orcid.org/0000-0002-7342-3130
http://orcid.org/0000-0003-4141-5408
http://orcid.org/0000-0002-2846-2958
http://orcid.org/0000-0002-0547-8199
http://orcid.org/0000-0003-2388-987X
http://orcid.org/0000-0003-0253-2505
http://orcid.org/0000-0003-2212-7830
http://orcid.org/0000-0002-8224-7036
http://orcid.org/0000-0002-1936-9217
http://orcid.org/0000-0001-7381-6762
http://orcid.org/0000-0003-0922-7669
http://orcid.org/0000-0002-8977-279X
http://orcid.org/0000-0001-7406-4531
http://orcid.org/0000-0002-0966-0211
http://orcid.org/0000-0001-7569-7111
http://orcid.org/0000-0001-8653-5556
http://orcid.org/0000-0001-5216-3133
http://orcid.org/0000-0002-9012-3746
http://orcid.org/0000-0002-7128-9046
http://orcid.org/0000-0003-4745-538X
http://orcid.org/0000-0002-5738-2471
http://orcid.org/0000-0001-7303-2570
http://orcid.org/0000-0002-3883-6693
http://orcid.org/0000-0001-9431-8156
http://orcid.org/0000-0002-7641-5814
http://orcid.org/0000-0002-8181-6532
http://orcid.org/0000-0003-0026-982X
http://orcid.org/0000-0002-1798-7230
http://orcid.org/0000-0003-2184-3480
http://orcid.org/0000-0002-0987-6637
http://orcid.org/0000-0002-6814-0355
http://orcid.org/0000-0001-7566-6067
http://orcid.org/0000-0001-5450-0447
http://orcid.org/0000-0003-1587-5830
http://orcid.org/0000-0002-4935-4753
http://orcid.org/0000-0002-4413-871X
http://orcid.org/0000-0002-1846-0262
http://orcid.org/0000-0002-9766-2670
http://orcid.org/0000-0001-5161-5759
http://orcid.org/0000-0002-8274-6118
http://orcid.org/0000-0001-7834-8750
http://orcid.org/0000-0002-7201-5936
http://orcid.org/0000-0002-4649-4398
http://orcid.org/0000-0001-9683-0890
http://orcid.org/0000-0002-5270-0143
http://orcid.org/0000-0002-6678-7665
http://orcid.org/0000-0002-2293-5726
http://orcid.org/0000-0001-8084-7786
http://orcid.org/0000-0003-2734-130X
http://orcid.org/0000-0001-7498-0097
http://orcid.org/0000-0001-7401-4331
http://orcid.org/0000-0003-4675-7810
http://orcid.org/0000-0003-3942-1702
http://orcid.org/0000-0001-9013-2274
http://orcid.org/0000-0003-1177-7563
http://orcid.org/0000-0001-8648-2896
http://orcid.org/0000-0002-7255-0832
http://orcid.org/0000-0001-5970-8677
http://orcid.org/0000-0003-0229-3858
http://orcid.org/0000-0001-7748-1429
http://orcid.org/0000-0002-1577-5090
http://orcid.org/0000-0002-9007-530X
http://orcid.org/0000-0001-8505-4232
http://orcid.org/0000-0002-6096-0893
http://orcid.org/0000-0003-3578-2228
http://orcid.org/0000-0002-3477-4499
http://orcid.org/0000-0003-1420-4955
http://orcid.org/0000-0002-3670-6908
http://orcid.org/0000-0001-5279-2298
http://orcid.org/0000-0001-8381-2255
http://orcid.org/0000-0003-2127-373X
http://orcid.org/0000-0001-8035-7162
http://orcid.org/0000-0002-3207-9783
http://orcid.org/0000-0002-4826-2662
http://orcid.org/0000-0001-5095-605X
http://orcid.org/0000-0002-1972-1006
http://orcid.org/0000-0003-1094-4825
http://orcid.org/0000-0002-7639-9703
http://orcid.org/0000-0001-8324-0576
http://orcid.org/0000-0001-7599-7712
http://orcid.org/0000-0001-6918-9065
http://orcid.org/0000-0003-2664-3437
http://orcid.org/0000-0001-5265-2674
http://orcid.org/0000-0003-4241-022X
http://orcid.org/0000-0001-7657-6004
http://orcid.org/0000-0002-2256-4515
http://orcid.org/0000-0002-9047-6517
http://orcid.org/0000-0001-7489-9184
http://orcid.org/0000-0001-5199-9588
http://orcid.org/0000-0003-4578-2651
http://orcid.org/0000-0002-3301-2986
http://orcid.org/0000-0001-8291-5711
http://orcid.org/0000-0003-0770-2702
http://orcid.org/0000-0002-9931-7379
http://orcid.org/0000-0003-1346-5774
http://orcid.org/0000-0002-3479-1125
http://orcid.org/0000-0002-1110-4433
http://orcid.org/0000-0002-6580-008X
http://orcid.org/0000-0002-5364-2109
http://orcid.org/0000-0001-5840-1788
http://orcid.org/0000-0002-9854-975X
http://orcid.org/0000-0002-0942-1966
http://orcid.org/0000-0001-9700-2587
http://orcid.org/0000-0003-0844-4207
http://orcid.org/0000-0002-7048-4915
http://orcid.org/0000-0003-2866-9446
http://orcid.org/0000-0001-5325-6040
http://orcid.org/0000-0003-2014-9489
http://orcid.org/0000-0002-5256-839X
http://orcid.org/0000-0002-3436-2726
http://orcid.org/0000-0002-3111-0910
http://orcid.org/0000-0002-3938-4553
http://orcid.org/0000-0002-7824-3358
http://orcid.org/0000-0002-9165-9331
http://orcid.org/0000-0001-7326-0565
http://orcid.org/0000-0003-0253-106X
http://orcid.org/0000-0002-5132-4887
http://orcid.org/0000-0002-7709-037X
http://orcid.org/0000-0002-5361-2823
http://orcid.org/0000-0002-7210-9887
http://orcid.org/0000-0001-7090-7474
http://orcid.org/0000-0001-5163-5936
http://orcid.org/0000-0002-3533-3740
http://orcid.org/0000-0002-3380-8167
http://orcid.org/0000-0002-3021-0258
http://orcid.org/0000-0003-2387-0386
http://orcid.org/0000-0002-3455-7208
http://orcid.org/0000-0003-2872-7116
http://orcid.org/0000-0002-3407-0918
http://orcid.org/0000-0001-5317-9794
http://orcid.org/0000-0002-9313-7019
http://orcid.org/0000-0001-9696-9497
http://orcid.org/0000-0003-1419-3213
http://orcid.org/0000-0001-5623-2853
http://orcid.org/0000-0001-8021-8525
http://orcid.org/0000-0002-2961-2735
http://orcid.org/0000-0002-0129-1423
http://orcid.org/0000-0001-9278-3863
http://orcid.org/0000-0003-1693-5946
http://orcid.org/0000-0002-6923-5372
http://orcid.org/0000-0001-7658-7766
http://orcid.org/0000-0001-6544-9376
http://orcid.org/0000-0001-9608-543X
http://orcid.org/0000-0002-9148-4658
http://orcid.org/0000-0003-2258-2892
http://orcid.org/0000-0002-4568-5360
http://orcid.org/0000-0003-3542-7242
http://orcid.org/0000-0003-3623-3335
http://orcid.org/0000-0002-2022-2140
http://orcid.org/0000-0003-4889-8748
http://orcid.org/0000-0003-0562-4616
http://orcid.org/0000-0003-3479-2221
http://orcid.org/0000-0001-7212-1096
http://orcid.org/0000-0002-6691-6498
http://orcid.org/0000-0003-0473-512X
http://orcid.org/0000-0002-8451-9672
http://orcid.org/0000-0003-4864-8909
http://orcid.org/0000-0001-6294-6561
http://orcid.org/0000-0001-9805-2893
http://orcid.org/0000-0003-4868-6059
http://orcid.org/0000-0002-1634-4399
http://orcid.org/0000-0002-7739-295X
http://orcid.org/0000-0002-5501-4640
http://orcid.org/0000-0002-1231-3819
http://orcid.org/0000-0001-9024-4989
http://orcid.org/0000-0002-7659-8948
http://orcid.org/0000-0001-9974-1527
http://orcid.org/0000-0002-4009-0990
http://orcid.org/0000-0001-7098-9393
http://orcid.org/0000-0001-6775-0111
http://orcid.org/0000-0003-2049-9622
http://orcid.org/0000-0003-0945-4087
http://orcid.org/0000-0003-4617-8819
http://orcid.org/0000-0002-1131-7121
http://orcid.org/0000-0001-5196-8327
http://orcid.org/0000-0002-0392-1783
http://orcid.org/0000-0001-9338-4581
http://orcid.org/0000-0002-8623-1699
http://orcid.org/0000-0002-6117-4536
http://orcid.org/0000-0003-3280-0953
http://orcid.org/0000-0002-3080-1824


606 Page 22 of 34 Eur. Phys. J. C (2022) 82 :606

M. Beretta49 , D. Berge17 , E. Bergeaas Kuutmann167 , N. Berger4 , B. Bergmann137 , L. J. Bergsten24 ,
J. Beringer16 , S. Berlendis6 , G. Bernardi131 , C. Bernius149 , F. U. Bernlochner22 , T. Berry91 , P. Berta44 ,
A. Berthold46 , I. A. Bertram87 , O. Bessidskaia Bylund177 , S. Bethke112 , A. Betti40 , A. J. Bevan90 ,
S. Bhatta151 , D. S. Bhattacharya172 , P. Bhattarai24, V. S. Bhopatkar5 , R. Bi134, R. M. Bianchi134 , O. Biebel111 ,
R. Bielski34 , N. V. Biesuz69a,69b , M. Biglietti72a , T. R. V. Billoud137 , M. Bindi51 , A. Bingul11d ,
C. Bini70a,70b , S. Biondi21a,21b , C. J. Birch-sykes98 , G. A. Bird19,139 , M. Birman175 , T. Bisanz34,
J. P. Biswal2 , D. Biswas176,k , A. Bitadze98 , C. Bittrich46 , K. Bjørke129 , I. Bloch44 , C. Blocker24 ,
A. Blue55 , U. Blumenschein90 , J. Blumenthal97 , G. J. Bobbink116 , V. S. Bobrovnikov118a,118b , D. Bogavac12 ,
A. G. Bogdanchikov118a,118b , C. Bohm43a, V. Boisvert91 , P. Bokan44 , T. Bold81a , M. Bomben131 ,
M. Bona90 , M. Boonekamp140 , C. D. Booth91 , A. G. Borbély55 , H. M. Borecka-Bielska107 , L. S. Borgna92 ,
G. Borissov87 , D. Bortoletto130 , D. Boscherini21b , M. Bosman12 , J. D. Bossio Sola101 , K. Bouaouda33a ,
J. Boudreau134 , E. V. Bouhova-Thacker87 , D. Boumediene36 , R. Bouquet131 , A. Boveia123 , J. Boyd34 ,
D. Boye27 , I. R. Boyko77 , A. J. Bozson91 , J. Bracinik19 , N. Brahimi58c,58d , G. Brandt177 , O. Brandt30 ,
F. Braren44 , B. Brau100 , J. E. Brau127 , W. D. Breaden Madden55, K. Brendlinger44 , R. Brener175 ,
L. Brenner34 , R. Brenner167 , S. Bressler175 , B. Brickwedde97 , D. L. Briglin19 , D. Britton55 , D. Britzger112 ,
I. Brock22 , R. Brock104 , G. Brooijmans37 , W. K. Brooks142d , E. Brost27 , P. A. Bruckman de Renstrom82 ,
B. Brüers44 , D. Bruncko26b , A. Bruni21b , G. Bruni21b , M. Bruschi21b , N. Bruscino70a,70b ,
L. Bryngemark149 , T. Buanes15 , Q. Buat151 , P. Buchholz147 , A. G. Buckley55 , I. A. Budagov77 ,
M. K. Bugge129 , O. Bulekov109 , B. A. Bullard57 , T. J. Burch117 , S. Burdin88 , C. D. Burgard44 ,
A. M. Burger125 , B. Burghgrave7 , J. T. P. Burr44 , C. D. Burton10 , J. C. Burzynski100 , V. Büscher97 ,
P. J. Bussey55 , J. M. Butler23 , C. M. Buttar55 , J. M. Butterworth92 , W. Buttinger139 , C. J. Buxo Vazquez104,
A. R. Buzykaev118a,118b , G. Cabras21b , S. Cabrera Urbán169 , D. Caforio54 , H. Cai134 , V. M. M. Cairo149 ,
O. Cakir3a , N. Calace34 , P. Calafiura16 , G. Calderini131 , P. Calfayan63 , G. Callea55 , L. P. Caloba78b,
A. Caltabiano71a,71b, S. Calvente Lopez96 , D. Calvet36 , S. Calvet36 , T. P. Calvet99 , M. Calvetti69a,69b ,
R. Camacho Toro131 , S. Camarda34 , D. Camarero Munoz96 , P. Camarri71a,71b , M. T. Camerlingo72a,72b ,
D. Cameron129 , C. Camincher171 , M. Campanelli92 , A. Camplani38 , V. Canale67a,67b , A. Canesse101 ,
M. Cano Bret75 , J. Cantero125 , Y. Cao168 , M. Capua39a,39b , A. Carbone66a,66b , R. Cardarelli71a ,
F. Cardillo169 , G. Carducci39a,39b , T. Carli34 , G. Carlino67a , B. T. Carlson134 , E. M. Carlson163a,171 ,
L. Carminati66a,66b , M. Carnesale70a,70b , R. M. D. Carney149 , S. Caron115 , E. Carquin142d , S. Carrá44 ,
G. Carratta21a,21b , J. W. S. Carter162 , T. M. Carter48 , D. Casadei31c , M. P. Casado12,h , A. F. Casha162,
E. G. Castiglia178 , F. L. Castillo59a , L. Castillo Garcia12 , V. Castillo Gimenez169 , N. F. Castro135a,135e ,
A. Catinaccio34 , J. R. Catmore129 , A. Cattai34, V. Cavaliere27 , N. Cavalli21a,21b , V. Cavasinni69a,69b ,
E. Celebi11b , F. Celli130 , K. Cerny126 , A. S. Cerqueira78a , A. Cerri152 , L. Cerrito71a,71b , F. Cerutti16 ,
A. Cervelli21b , S. A. Cetin11b , Z. Chadi33a , D. Chakraborty117 , M. Chala135f , J. Chan176 , W. S. Chan116 ,
W. Y. Chan88 , J. D. Chapman30 , B. Chargeishvili155b , D. G. Charlton19 , T. P. Charman90 , M. Chatterjee18 ,
C. C. Chau32 , S. Chekanov5 , S. V. Chekulaev163a , G. A. Chelkov77,ag , A. Chen103 , B. Chen157 ,
C. Chen58a, C. H. Chen76 , H. Chen13c , H. Chen27 , J. Chen58a , J. Chen37 , J. Chen24 , S. Chen132 ,
S. J. Chen13c , X. Chen13b , Y. Chen58a , Y.-H. Chen44 , C. L. Cheng176 , H. C. Cheng60a , H. J. Cheng13a ,
A. Cheplakov77 , E. Cheremushkina44 , R. Cherkaoui El Moursli33e , E. Cheu6 , K. Cheung61 , L. Chevalier140 ,
V. Chiarella49 , G. Chiarelli69a , G. Chiodini65a , A. S. Chisholm19 , A. Chitan25b , I. Chiu159 , Y. H. Chiu171 ,
M. V. Chizhov77,t , K. Choi10 , A. R. Chomont70a,70b , Y. Chou100 , Y. S. Chow116, L. D. Christopher31f ,
M. C. Chu60a , X. Chu13a,13d , J. Chudoba136 , J. J. Chwastowski82 , D. Cieri112 , K. M. Ciesla82 , V. Cindro89 ,
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