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ers are hit. The weakly interacting LSP will escape detectiomommunity as an important signature to be considered at
and lead to missing transverse momentum, while the piofuture colliders 15].
from the chargino decay has insufbPcient momentum to be Previous searches for long-lived charginos resulting in
reconstructed as a track, resulting in a characteristic signatueedisappearing-track signature were performed by ATLAS
where the track from the chargino disappears a short distan§#6,17] using 36.1 ft¥1 of protonbproton collision data at
into the detector. The algorithms used to reconstruct these centre-of-mass energy ofs = 13 TeV. The previous
disappearing tracks need at least four pixel hits and therefo®TLAS results benebted from the addition of a new inner-
require charginos to have transverse path lengths that at leasbst pixel tracking layer which was installed at a radius
exceed the position of the fourth pixel layer al22 mm. of approximately 33 mm during the LHC long shutdown
This makes the higgsino-like scenarios considerably morbetween Run 1 and Run 2. The extra layer of pixels allowed
challenging than the wino-like models from an experimentathe previous Run-2 analyses to reconstruct tracks shorter than
perspective because of the extremely short chargino lifetimthose in the Run-1 analysid§| and to be more sensitive
predicted in the higgsino models. to shorter chargino lifetimes. The previous ATLAS results
This paper targets two production processes, the ele@xcluded winos with lifetimes of 0.2 ns for chargino masses
troweak production of charginos and neutralinos, and thep to 460 GeV, and pure higgsinos for chargino masses
strong production of gluinos after which charginos are proup to 152 GeV. For gluino production, gluino masses up
duced during the cascade decay of the gluino, as shown to 1.64 TeV were excluded for an assumed chargino mass
Fig.1. In both scenarios, the charginois long-lived and reconef 460 GeV and 0.2 ns lifetime. The CMS Collaboration
structed from energy deposits in the ATLAS pixel detectorhas searched for long-lived charginos at a centre-of-mass
For the electroweak production process, a high-momenturenergy of s = 13 TeV. For wino-like models, charginos
jet from initial-state radiation (ISR) is required in order to were excluded with masses below 474 GeV and a lifetime of
ensure that signibcant missing transverse momentumis avafl-2 ns [L9], while for models with prompt gluinos that pro-
able for event triggering. The events selected from the eleduce long-lived charginos in the decay of the gluino, CMS
troweak and strong production channels are characterised lexcluded gluinos up to 2.4 Te\2().
at least one and at least four jets, respectively, large missing In this paper, the sensitivity to charginos with theoreti-
transverse momentum, and at least one disappearing tracklly preferred wino and higgsino lifetimes is signibcantly
with large transverse momentum. improved due to the much larger dataset corresponding to
In addition to the SUSY-specibc wino and higgsino mod-an integrated luminosity of 136 ¥ and new analysis meth-
els studied in this paper, the disappearing-track signature ®ds. The new analysis methods include updated signal region
typical of a large class of DM models that predict a DM selection criteria and improved track-quality requirements.
thermal relic from a massive particle with only electroweakThe new track-quality criteria require the disappearing track
gauge interactions. The wino and higgsino models probed ito be isolated from calorimeter energy deposits. This signif-
this search are part of a more generic class of models comzantly enhances the rejection of dominant backgrounds and
taining spin-1/2 particles transforming under SU(2) symme-accounts for two-thirds of the total improvement in the mass
try, which give rise to a doublet or triplet of new particles. reach of the search in the electroweak pure-wino production
The neutral mass eigenstate is a DM candidate, while thehannel.
charged eigenstates give rise to the disappearing-track sig- The paper is structured as follows. A brief overview of
nature. These DM models have gained interest in the wideghe ATLAS detector is given in Sec. Section3 provides
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details about the data samples, trigger, and simulated signigvel-1 trigger followed by a software-based high-level trig-
processes used inthis analysis. The reconstruction algorithnger. An extensive software suitg] is used in the recon-
and event selection are presented in Setemd5, respec-  struction and analysis of real and simulated data, in detector
tively. Backgrounds are estimated in a fully data-driven maneperations, and in the trigger and data acquisition systems of
ner and described in Seét.The systematic uncertainties are the experiment.
described in Secfl. The observed events in the signal and
validation regions, and the statistical interpretation of the
results are presented in SeBt.Section9 is devoted to the 3 Dataset and simulated event samples
conclusions.
The dataset for this search was collected at a centre-of-mass
energy of s= 13 TeV during Run 2 of the LHC between
2 ATLAS detector 2015 and 2018 by the ATLAS experiment. The LHC collided
protons at bunch-crossing intervals of 25 ns, with the aver-

ATLAS [21] is a multipurpose detector with a forwardD age number of interactions per bunch crossjngranging

backward symmetric cylindrical geometry, covering nearlybetween 30 and 70 during the data-taking period.
the entire solid angle around an interaction point of the Eventsare required to have been taken during stable beam

LHC. The inner tracking detector (ID) consists of pixel conditions and when all the detector subsystems were oper-

and microstrip silicon detectors Covering the pseudorapidaﬂonal. In addition, Iuminosity b|0CkS, debned to be periods
ity region of| | < 2.5, surrounded by a transition radiation of stable data-taking conditions typically 60 s long, that have
tracker (TRT), which improves the momentum measuremerf?een identibed to contain inactive SCT elements due to a
and enhances electron identibcation capabilities. The pixglower-supply crate trip, module desynchronisation, or read-
detector spans the radius range from 3to 12 cm, the microstrigut problems are vetoed. This data quality requirement is
semiconductor tracker (SCT) spans 30D52 cm, and the TRtended to protect against fake disappearing tracks arising
spans 560108 cm. The pixel detector has four barrel layefeom readout problems in the SCT detector, and results in a
and three disks in each of the forward and backward region@.7 fo°* loss of data.

The barrel layers surround the beam pipe at radii of 33.3, After the application of additional requirements for beam
50.5, 88.5, and 122.5 mm, coverifg < 1.9. These lay- and detector conditions, an inactive-SCT-element veto, and
ers are equipped with pixels which have widths ofya®  general data-quality requiremen®5], the total integrated

in the transverse direction. The pixel sizes in the longitudiluminosity is 136 f&*. The uncertainty in the combined
nal direction are 25Qum for the brst layer and 400m for 201592018 integrated luminosity is 1.7%6], obtained

the other layers. The innermost layer, the insertable B-layesing the LUCID-2 detecto2[/] for the primary luminosity
[22], improves the reconstruction of tracks by adding an addimeasurements.

tional measurement close to the interaction point. The ID is Events were collected using either missing transverse
surrounded by a thin superconducting solenoid providing amomentum E{"*9) or single-lepton triggers. The selection
axial 2 T magnetic beld and by a Pne-granularity lead/liquidthresholds of theET"® triggers varied between 70 and
argon (LAr) electromagnetic calorimeter coverjngj< 3.2. 110 GeV depending on the data-taking peri@8]| while

The calorimeters in the region of B< | | < 4.9 are made the single-lepton triggers required a single electron or muon
of LAr active layers with either copper or tungsten as thewith varying thresholds for the transverse momentum and
absorber material. A steel/scintillator-tile calorimeter pro-isolation of the leptonZ9,30]. The ET"*® triggers are the
vides coverage for hadronic showers in the central pseudor&?ain triggers for the signal, control, and validation regions,
pidity range of | < 1.7. LAr hadronic endcap calorimeters, While the single-lepton triggers are used for measurements
which use copper as an absorber, cover the forward region 6f the EF"* trigger efPciency, transfer factors for the back-
1.5< | | < 3.2. The muon spectrometer (MS) with an air- ground estimations, and the smearing functions.

core toroid magnet system surrounds the calorimeters. The While all backgrounds are determined in a data-driven

ATLAS trigger system 23] consists of a hardware-based manner, samples of simulated Monte Carlo (MC) events are
used to cross check the background estimation and derive

MS a right-handed coordinate system with its origin at the'vIC correction factors. The production of single electroweak

nominal interaction point in the centre of the detector. The positive POSONS plus jets was simulated with thieErpA 2.2.1 B1]
axis is debPned by the direction from the interaction point to the centrgjenerator using next-to-leading-order (NLO) matrix ele-
of the LHC ring, with the positivg/-axis pointing upwards, while the  ments (ME) for up to two partons, and leading-order (LO)

beam direction debnes tizeaxis. Cylindrical coordinatesr{ ) are 44y elements for up to four partons calculated with the
used in the transverse planebeing the azimuthal angle around the

z-axis. The pseudorapidityis debned in terms of the polar angley ~ COMiX [32] and OPENLoOPs [33EBY) libraries. They were
=S Intan(/ 2). matched with theSHERPA parton shower 36] using the
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MEPS @NLO prescription 87040] and a set of tuned param- ing ratios of the gluino decay are 1/3 for eaclgof qq {’,

eters developed by tH&HERPA authors. Samples of diboson g aq lS andg aq I . Only four Bavours of quarks

Pnal states were simulated with tBEERPA2.2.1 or 2.2.2 are considered for the strong production modelu, ¢ and

[31] generator depending on the process, including off-shels. The proper lifetime of the chargino is an assumed free

effects and Higgs boson contributions, where appropriatgparameter that is scanned up t(} <10ns.

Fully leptonic Pnal states and semileptonic Pnal states, where The production cross-sections for the AMSB wino-like

one boson decays leptonically and the other hadronicallynodels are computed usiRROSPINO2 [57] at NLO accu-

were generated using matrix elements at NLO accuracy imcy in the strong coupling constghfThe higgsino and

QCD for up to one additional parton and at LO accuracy forstrong production cross-sections are computed RiguM-

up to three additional parton emissions. MéPDF3.0NNLO  MINO [58,59] at NLO plus next-to-leading-log (NLL) preci-

set A1) of parton distribution functions (PDFs) was usedsion in the strong coupling, and assuming mass-degenerate

for both single and diboson samples, along with the dedi- 82 and f higgsino sparticles. All the other sparticles are

cated set of tuned parton-shower parameters developed by thesumed to be heavy and decoupléd,§1]. The cross-

SHERPA authors. The production af events was modelled sections for the higgsino models are approximately a fac-

using thePOWHEG Box v2 [42P45] generator at NLO withthe  tor of four smaller than in the AMSB wino-like models for

NNPDF3.0NLO [41] PDF set and thégamp parametet set  electroweak production. The nominal cross-section and its

to 1.5myop [46]. The events were interfaced BoTHIA8.230  uncertainty are derived using tHRDF4LHC PDF set, fol-

[47] to model the parton shower, hadronisation, and underlytowing the recommendations of Re67], considering only

ing event, with parameters set according tothe A14td46e [ brst- and second-generation squatksd, s, ¢). Uncertain-

and using the&VNPDF2.3L0 set of PDFs49]. The decays of ties due to the choice of renormalisation and factorisation

bottom and charm hadrons were performedbyGEN1.6.0  scales are included by varying the scales from their nominal

[50]. Finally, single electron, muon and pion events are genvalues by a factor of two or one half.

erated to study the simulated detector response. The particlesinelastic pp interactions modelled bPyTHiA 8.186 and

are generated uniformly intherangd & < L1.9andwith EvTGEN1.6.0 with theNNPDF2.3Lo PDF set were overlaid

transverse momentum in the range of<l(ot < 100 GeV.  onto the hard-scattering process to simulate the effect of pile-
Samples of simulated MC signal events were used to estitp. The MC events were reweighted to match the distribution

mate the experimental sensitivity to various SUSY mod-of the average number of interactions per bunch crossing

els. The SUSY mass spectrum, branching ratios, and decaypserved in the data.

widths were calculated usingASUGRA v7.80 [B1]. The

wino-like models were generated in the minimal AMSB

model B,10] with tan = 5 and with a positive sign of 4 Object reconstruction

the higgsino mass parameter. The signal MC samples were

generated usinIADGRAPHS v2.6.2 2] with up to tWo  primary vertices are reconstructed from at least two tracks

additional partons at leading order in the matrix elementyith transverse momentumpr > 500 MeV. All vertices

interfaced toPYTHIA 8.230 B3] and EVTGEN1.6.0 BQ] for  ithin the beam spot area are considered to be primary ver-

parton showering and hadronisation. The CKKW-L mergingices. The vertex with the largest summg#i of associated

scheme$4] was applied to combine the matrix elements withtracks is dePned to be the hard-scattering vertex. Events are

the parton shower. The A14 tunéf] of PYTHIA8 was used  required to have at least one hard-scatter vertex to be consid-

with theNNPDF2.3L0 PDF set. The response of the ATLAS gre(d for analysis.

detector to each MC event was modelled by a simulation  Ejectron candidates, used along with muons in the estima-

based orGEANT4 [55,56]. For electroweak production, two  tion of backgrounds and in the signal region event selection,

(three) modes with at least oneoch+argino are gonsidered fefre reconstructed using energy clusters in the electromag-

wino (higgsino) models:1 1, 1 1 (and 1 2).Forthe netic calorimeter which are matched to aninner detector track

chargino decay in the higgsino model, branching ratios of63]. They are required to havyer > 10 GeVand | < 2.47

95.5‘V+o for f * f, 3% for f et f and 1.5% and must satisfy the OLooseAndBLayerLLHO quality criteria
for 1 p* f are used 14, While the AMSB model [64]. In order to ensure that the trajectories of the electrons
used a 100% branching ratio foi * f . For strong  are consistent with originating from the hard-scatter vertex,

production, a simpliPed modelis used: itassumes the brancthe longitudinal impact parameter measured relative to the
hard-scatter vertexz§) must satisfy|z!Ssin | < 0.5 mm,

2 The hgampparameter is a resummation damping factor and one ofthne

parameters that controls the matchingPofwHEG matrix elements to 3 A comparison withRESuMMINO at NLO+NLL accuracy was per-
the parton shower and thus effectively regulates the Ipghadiation ~ formed and the deviations from tifeospINO2 result were found to be
against which theét system recoils. smaller than the combined scale and PDF uncertainties.
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and for the transverse impact parameigrthe signibcance The second-pass track reconstruction is seeded by four hits
[do/ ¢,| must be less than 5. Electrons are required to bén the innermost pixel system, and the tracks are extended
isolated from other objects by using a combination of trackinto the SCT and TRT detectors. Such tracks are referred to
and calorimeter-based information. The sum of the transversaspixel trackletsand are reconstructed from at least four hits
energy withina cone ofsizeR= /() 2+ () 2= 0.4 inthe ATLAS pixel detector.
around the electron candidate, divided by the electronOs trans-Pixel tracklets are required to satisfy a series of qual-
verse energy, is required to be less than 0.15 (0.20) for trackty and selection criteria in order to be distinguished from
based (calorimeter-based) isolation criteria. fake tracklets. The selection of pixel tracklets was developed
Muons are reconstructed by combining an inner detectospecibcally for this search and is optimised to maintain high
track with a muon spectrometer tra@d]. They are required signal selection efbciency and good background rejection.
to satisfy the OmediumO quality requirements describedlimaddition to the requirement of four pixel hits on different
Ref. [65 and havept > 10GeVand | < 2.7. Muontracks pixel layers, the pixel tracklet must have a pixel hit on the
that originate from the hard-scatter vertex of the event arenermost pixel layer and must not have any hits that deviate
selected by requiringzgssin | < 0.5 mm and|dy/ ¢, < signibcantly from the trackletOs trajectory. All four pixel hits
3. The muons must satisfy the same isolation requirementaust be recorded on consecutive pixel layers.
as applied to electrons. Muons reconstructed by using only The chi-squared probability for each tracklet, which is cal-
information from the muon spectrometer are used to estimateulated from bt-result locations and the measured hit loca-
muon backgrounds as described in SBé@,.and are referred tions, must be greater than 0.1. The transverse momentum
to as stand-alone muons. No constraint is placed on tracknd the pseudorapidity of the tracklet must satigfy >
impact parameters during the reconstruction of stand-alon20 GeVand QL < | | < 1.9, respectively. Impact parameter
muons. requirements are applied to the pixel tracklets to ensure that
Jet candidates are reconstructed from three-dimensiontiiey originate from the hard-scatter interaction. The require-
topological energy cluster$§] by using the antk algo-  ments arddo/ g,| < 1.5 andlzgssin | < 0.5 mm.
rithm [67,68] with radius parameteR = 0.4. Jets are cor- Finally, the tracklet is required to be isolated from other
rected to particle level by application of a jet energy scaldracks in the event: the sum of track momenta withiR =
(JES) calibration derived from simulation and by in situ cor-0.4 of the pixel tracklet is required to be less than 4% of the
rections obtained from 13 TeV datéd]. Jets are required tracklet momentum. Overlap removal is applied to the track-
to havept > 20 GeV and| | < 2.8. In order to reduce let: if an electron or a stand-alone muon track is separated
contributions from pile-up jets, all jets with| < 25and fromitby R < 0.4, the tracklet candidate is discarded.
pt < 60 GeV are required to satisfy the jet-to-vertex tagger The pixel tracklets for the signal events are characterised
(JVT) [69] requirements. The tagger is conbgured to have &y an absence of hits in the outermost silicon layers and no
92% efbciency to identify jets from the hard-scatter vertex.associated calorimeter activity. Together, these two require-
An overlap removal procedure is applied to all objects toments debne thdisappearing-trackconditions. The brst
avoid double counting. If an electron and a jet are separatecbndition is enforced by a veto on pixel tracklets with any
by R < 0.2, the electron candidate is kept and the jet isSCT hits. The second condition is a new selection criterion
discarded. For jets surviving this requirement, if an electrordeveloped after the previous ATLAS analys&§,L7]. Since
or muon is separated from the jet byR < 0.4, the jetis electron and hadron backgrounds tend to deposit a signibcant
kept and the electron or muon is discarded. amount of energy in the calorimeters, limiting the calorime-
The missing transverse momentum is reconstructed as thier energy allowed along the trajectory of the pixel tracklet
negative vector sum of the transverse momenta of photonis effective in separating signal from the electron and hadron
electrons, muons and jets, and a soft term. The soft term isackgrounds.
reconstructed from tracks that are associated with the hard- Due to the short lever arm of pixel tracklets, their momen-
scatter vertex but not with any object already coun?@i{1]. = tum and spatial resolutions are worse than those of tracks
The primary ATLAS tracking algorithm reconstructs eachfrom the primary track reconstruction. For charginos with
track from a combination of at least seven hits in the pixel andor > 60 GeV, theg/ pt resolution, where is the electric
SCT detectorsq2,73]. The majority of simulated charginos charge of the candidate chargino, and the azimuthal angle
decay before passing through enough detector layers to saesolution of pixel tracklets are measured in simulation to
isfy the minimum number of silicon detector hits required forbe 828+ 0.05 Te\®! and 04065+ 0.0027 mrad, respec-
track reconstruction. To bPnd these chargino tracks, a secontively. Similarly, chargino tracks reconstructed in the pri-
pass track reconstruction is performed after masking the hitsary reconstruction and having at least seven SCT hits are
used by the primary track reconstruction to avoid the lossneasured to have/ pr and azimuthal angle resolutions of
of efbciency that would result from mis-reconstructed track®.532+ 0.005 Te\P! and 00801+ 0.0008 mrad, respec-
that accidentally include hits from other charged particlestively.
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Fig. 2 Distribution of
calorimeter energy found within

R = 0.2 of the pixel tracklet
for a simulated signal with
me: = 600 GeV and

s = 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
pr < 60 GeV and
EMiSS> 100 GeV with no
requirement orEP° “S*T Al 107
predictions are normalised to
unity. The last bin includes
entries from the overf3ow bins
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The calorimeter energlg; is calculated from the In order to evaluate thE?"iss trigger efbciency for signal-
sum of topological energy clusters in the calorimeter whosdike events, a control sample consisting of data events with
angular separation from the pixel tracklet iR < 0.2. The exactly one muon, witlpr > 27 GeV, matched to the single-
pointing resolution of the pixel tracklets in bothand is  muon trigger is used. Muon candidates are not included as
found to be better than 1 mrad in all regions of the detectowisible objects in the hardware-based leveE]'Ss trigger,

A requirement o P° custere 5 Gev is applied to all pixel  SOW W events, which have a signature similar to that of
tracklets. Figure shows a comparison of calorimeter ener-signal events, can be used to assess the trigger performance.
gies for the simulated signal and the data-driven backgrouni order to select events consistent with\a 1 decay,
predictions obtained as described in Séct. events are required to have 30 GeVint < 100 GeV, where

mr is the transverse mass debned by

5 Signal region selection mr = \/2p$ EMsS[1S cos (4, EMS9].

Signal events for this analysis are characterised by a distinc- The E’Tniss trigger efpciency is calculated by dividing the
tive signature composed of a disappearing track and largeumber of these events passing Eﬂé‘sstrigger by the total
missing transverse momentum. The disappearing-track crirumber of these events. The efbciencies depend onthe trigger
teria are implemented by vetoing pixel tracklets with anythresholds used during a given data-taking period, and all
SCT hits or signibcant calorimeter energy along their traplateau aE%"issvalues above 200 GeV. In the signal regions
jectory as described in the previous section. Signal regionahere theE%niss requirements are greater than 200 GeV or
are designed to target the electroweak and strong productid@b0 GeV, as described below, the trigger efbciency is nearly
models shown separately in Fity. 100%. The efbciencies are determined in binE@i‘isswith

A common preselection is applied to all events selectedvidths of 10 GeV.
for the signal regions. Events are required to contain at least In order to factor out efpciency differences between data
one high-momentum jet witlpr > 100 GeV and satisfy and simulation, all simulated-signal predictions use the efp-
the EMSStrigger requirements described in S&tin events  ciencies measured in data. For selections V&S below
containing multiple pixel tracklets satisfying all of the qual- 200 GeV, such as those for the control and validation regions
ity criteria described in Sec#, the tracklet with the highest described in Sec6.1, the event selection efbciency is signif-
transverse momentum is chosen. In order to reduce contrieantly impacted by the trigger efbciency turn-on. The efp-
butions from backgrounds such as top-pair &MdZ + jets  ciency differences between data and simulation do not affect
production, events are vetoed if they contain any electron dihe background estimations because the efpciencies are based
muon candidates. on data satisfying the san‘::e%“iss trigger requirements, and

In this analysis, thE?iss trigger efpciency is measured the contamination of the control regions by signal events is
in data and used instead of the simulated triggerOs efbcieneypected to be small.
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Table 1 Signal region selection

for electroweak and strong Signal region Electroweak production Strong production
pr_odqctign_ ch_annels. Entries Number of electrons and muons 0 0
with OPO indicate that no .
requirement is placed on the Number of pixel tracklets 1 1
variable ET'3[GeV] > 200 > 250
Number of jets pr > 20 GeV) 1 3
Leading jetpr [GeV] > 100 > 100
Second and third jept [GeV] b > 20
SER™ (Upto 4th jet withpr > 50 GeV) > 1.0 > 0.4
-sr%t:ZIZevEﬁ?se;tfiedr ZL;T: i; ?ge Signal production channel Electroweak production Strong production
selection requirements listed in N 0.2 ns 1.0 ns 0.2 ns 1.0 ns
Sect.5 for the electroweak and !
strong production channels as  gmissyrigger 770.8: 6.8 7753t 52 3177+ 22 3177+ 22
Zvﬁ:rgﬁ]goﬂfg&‘l'gegg;al Lepton veto 760.4 6.8 7742t 52 3165t 22 3165 22
predictions are normalised to an  E{"S*> 200 GeV 394.% 5.2 390.9t 4.0 b b
T e e sasicas ST 23006 ° ° o7 s
only ' Leading jetpr > 100 GeV 389.% 5.2 384.9+ 4.0 1848+ 17 1848+ 17
Third jet pr > 20 GeV b b 1834 17 1834+ 17
BEFTS 10 366.7+ 5.0 3623 3.9 D )
SETS S 04 ) ) 157& 16 1578+ 16
Pixel tracklet selectionftr > 60 GeV) 8.6+ 0.6 27.3+ 0.8 16.0+ 1.3 105.0t 3.3

Signal regions are designed for the electroweak anthterpretation of the results, the pixel tracklet is required to
strong production modes. For the signal regions targetingavepr > 60 GeV as shown in Se@.
the electroweak (strong) production mode, the off3ine miss- Table2 shows the expected number of signal events, nor-
ing transverse momentum is required to be greater thamalised to 136 B!, satisfying the selections of the elec-
200 (250) GeV. The two signal regions are not orthogonaltroweak and strong production channels. The electroweak
The higherE%niss requirement is found to be optimal for the and strong production signals assume: = 600 GeV and
strong production channel, due to the large Lorentz boogimg, m 11) = (1.4, 1.1) TeV respectively. Unless otherwise
of the neutralinos produced in the decay of a heavy gluinoindicated, the wino LSP model is assumed for the bench-
Additionally, the strong production signal region requires atmark signal points. The dominant inefbciency in the pixel
least three jets witlpr > 20 GeV. In order to reduce contri- tracklet selection arises from the requirement that the track-
butions from processes for which fake instrume&t#li*can  let can be reconstructed, and thus has propagated at least to
be produced by jet mismeasurements, the azimuthal angthe fourth pixel layer at a radius of 122.5 mm. Such arequire-

IESEF™  debned as the smallest of thelirection differ-  mentimplies that charginos have a signiPcant Lorentz boost.
ences between the missing transverse momentum and eatfe overall acceptance and efbciency for those benchmark
of the four highestpr jets with pr > 50 GeV, is required to  Signal points in the case of a chargino lifetime of 0.2 ns are
be greater than 1.0 (0.4) for the electroweak (strong) produd 74% (1.5%) and 40% (37%), respectively, for the elec-
tion signal regions. The signal region selection criteria ardroweak (strong) production channel. The acceptance is cal-
summarised in Tablé. culated by counting the number of events passing the event

The transverse momentum distribution of the selectegectionin Tabld atgenerator level. Additionally, atleast one
pixel tracklets is ptted to estimate the backgrounds and sefhargino is required to have a decay radius after the fourth
sitivity to the signals. Since the signal is characterised by ®ixel layer ¢ > 1225 mm) and before the brst SCT layer
high-momentum chargino, the majority of the signal event$r €nd-cap (¢ 299 mm,|z| < 934 mm), transverse momen-

contain a highpr pixel tracklet. For the model-independent tum greater than 60 GeV, its pseudorapidity 8 | | < 1.9,
and an angular separation ofR > 0.5 for the four high-
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est pr jets with transverse momentum greater than 50 GeVand applied to the electron, muon and hadron CRs in order
The efbciency term accounts for any additional effects ato estimate the relative compositions of the templates for the
reconstructed level, including the trigger and pixel trackletcharged-particle scattering backgrounds. In the CR, a lepton
reconstruction inefpciencies. orinner-detector track is used as a proxy for the pixel tracklet,
and its momentum is smeared to match the pixel trackletOs
transverse momentum as described in S&&1.
6 Background estimation Combinatorial fake backgrounds arise from random com-
binations of unassociated pixel hits that are in close proxim-
Backgrounds arise from several sources and can be classibiggdand reconstructed into a pixel tracklet. The shape of the
into two categoriescharged-particle scatteringndcombi-  combinatorial fake background is estimated using the fake-
natorial fakebackgrounds. All backgrounds are estimated inenriched highdp| CRs described in Seds.1 The relative
a fully data-driven manner using an unbinned likelihood Ptcontributions of the charged-particle scattering and combi-
of background templates to the pixel trackfgt spectrum national fake backgrounds are constrained in a combined bt
as described in Sed.5. Backgrounds templates are derived as described in Sed.5.
from data for the charged-particle scattering and combina-
torial fake backgrounds as described in Se6t8.and6.4,
respectively. The likelihood bt is then performed simultane6.1 Control and validation regions
ously in background enriched control regions (CRs) and the
signal region. Additional bts are performed with the vali-In order to estimate scattering backgrounds, IEW—SS,
dation regions in place of the signal region for the purposeniddle—E%"iSS, and highE?“SS CRs are debned. Events
of validating the background modelling. A schematic represelected for the CRs must satisfy tﬁé‘iss trigger require-
sentation of the various background processes contributingients and pass all kinematic selections of the signal regions
to this analysis, as well as the expected signal signature, exceptthe pixel trackletrequirement. The pixel tracklet selec-
shown in Fig.3. tion is replaced with a well-identibed electron, muon or
The charged-particle scattering background arises primainner-detector track, in order to estimate contributions from
ily from events in which a lepton changes its direction afterelectron, muon or hadron scattering backgrounds, respec-
traversing the inner pixel layers, through interaction with thetively. The leading electron or muon is excluded from the
material or bremsstrahlung, so that its reconstructed trackalculation of the missing transverse momentum, in order
does not have any associated hits in the SCT and TRT detet reproduce the treatment of the pixel tracklets when cal-
tors. The dominant underlying processes contributing to theulating the ofI’SineE’T“iSS. Energy deposited by electrons in
scattering backgrounds ar¢ andtt production. Con-  the calorimeters may be included in tEé‘isscalculation via
tributions from electrons, muons and charged hadrons armther objects in the event, but is treated in a similar manner
estimated separately. The latterincludes all physics processts events with pixel tracklets or when electrons are excluded
that generate a hadronic bPnal state, such as jets originatifiggm the off3ine E?‘iss calculation. The low- and middle-
from the hadronisation of quarks and gluons. Transfer facE!SS requirements are 100 Ge¥ EM'SS < 150 GeV and
tors, debned in Seck.3, are measured i@ events 150 GeV< E?‘iss< 200 GeV, respectively. The higlﬁ%1iss

—— - —

ggﬁet Calorimeter S

Fig. 3 A pictorial representation of signal and background processesOFake®, OMuon® and OElectron or hadrond in the bgure represent the
Detectors are not to scale and for illustration purposes only. The signdhke-tracklet background, the muon background and electron or hadron

chargino (1) decays into a charged pion ¥) and neutralino ().  backgrounds respectively
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Table 3 Debnitions of control and validation regions. The track condi- scattering backgrounds. The electron, muon and hadron control regions
tion corresponds to the modibed selection on the pixel tracklet, or trackare dePned for each of the low-, middle- and higi*s selections as
used as a proxy for the pixel tracklet to estimate background processedescribed in the text

The table shows the treatment of tB&"S for the estimation of the

Region EIMsS condition Track condition

Control regions

Electron e-SubtractecEss Well-identibed electron

Muon H-SubtractedEiss Well-identiPed muon

Hadron StandardM'ss Inner-detector track

Fake-tracklet Standar‘n‘:l’Tniss Pixel tracklet with|do/ ¢,| > 10

Low-E{'SS control region

Low-EMiss StandardEMiss Pixel tracklet

Middle - EF"'sS validation regions

Low-pr Standardeiss Pixel tracklet withpr < 60 GeV

Calorimeter sideband Standaggss Pixel tracklet with 5 Ge\k E°P°“US*®'< 10 Gev

requirements are the same as for the signal region for whicé.2 Smearing functions
the backgrounds are being estimatEQ‘.iss > 200 GeV and
E?‘i53> 250 GeV for the electroweak and strong productionThe transverse momentum resolution of a track scales as
signal regions, respectively. Events in the CRs are used topy/ pr 1/ L2, whereLt is the transverse length of the
calculate the number of pixel tracklets from scattering protrack. Since pixel tracklets have only pixel hits, they are sig-
cesses as described in S8 nibcantly shorter than tracks with a full set of pixel, SCT
A high-purity control sample of fake pixel tracklets is and TRT hits, and thus the transverse momentum resolution
obtained by applying the same kinematic selection requireef the pixel tracklets is signibcantly worse than that of full-
ments as in the signal regions, but with an inverted requirelength tracks. Therefore, the tracks in the CRs need to be
ment of |do/ 4,] > 10 on the transverse impact parame-smeared to match the pixel tracklet momentum resolution.
ter. Events selected for the fake-tracklet CR must satisfy thAdditionally, the tracklety/ pt resolution that is measured
E’T“isstrigger requirements, but to increase the sample size nasing observed data samples is worse than that predicted by
of3ine ErT“issseIection is applied. Events in the fake-trackletsimulation, and measurements in data are used to correct
CR are used to estimate the trackfgt shape and number those from simulation.
of fake pixel tracklets in the signal regions as described in The g/ pt resolution has a strong dependence on the
Sect.6.4 momentum of the track: at low momentum, multiple scat-
A low- EISs pixel-tracklet CR is used in the simultane- tering effects are dominant, while at higher momentum the
ous bt described in Sed.5. This CR has the same selec- alignment of the detector can affect the resolution. Since a
tion as the signal region, except for tE@“S‘S requirement btis applied to the shape of the pixel tracktetspectrum, it
to enrich in background contributions. Validation regionsis important to have a good description of the different com-
(VR) debned in the context of the middlﬁ%‘issselection are ponents of the spectrum. The measured tracklet resolution in
used to validate the background model constructed for thdata is used to correct the shapes of the tyactemplates in
bt. A low-pt pixel tracklet selection is used to validate the the CRs, and additionally to correct the expeaégr reso-
background predictions. In the lowr VR, the pixel track- lution of the simulated-signal predictions to match the data.
let is required to haveyr < 60 GeV in order to reduce the  Smearing functions are derived using pp and
contamination from signal at high transverse momentum. Irz  eeevents. Events are required to satisfy the data quality
order to validate the bt results across the ergirspectrum  criteria described in Secs, and contain two opposite-sign,
in a region with low signal contamination, a midﬂJiss same-Ravour leptons with an invariant mass between 81 and
calorimeter-based sideband validation region is used. Th&01 GeV. The transverse momenta of the leading and sub-
calorimeter sideband selection requires the pixel tracklet tteading leptons are required to be greater 25 GeV to satisfy
have 5 Ge\k EtTOpo clusterc 10 GeV. The number of signal the single lepton trigger requirements. A specialised track
events in the control and validation regions is less than onegconstruction conbguration is then used to re-bt the leptons

quarter of the estimated background uncertainty. using pixel hits only, and the re-btted leptons are used to
A summary of the control and validation regions is shownderive aq/ pr smearing function with respect to the lepton
in Table3. four-momentum.
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The ( g/ pr) distribution is btted using the ExpGaussExp bPed using clusters reconstructed from energy deposits in the

function [74]: calorimeters, a muon track reconstructed only in the muon
B spectrometer, or a high-quality inner-detector track, depend-
exp((z+ /2) (z<9S) ing on the measurement as described below. Transfer factors
f(z ,) = {expS7z%/2) (S < z<), (1) are debned so as to represent the probability that a lepton
expS (zS 1 2) (z>) is misidentibPed as a pixel tracklet and fulPls the full set of
(a/pr) S pixel tracklet selection criteria. They are used to scale the
z= ——— (2)  number of events in the electron or muon CRs debned in

Table3 to obtain an estimate of the number of events from

where is a parameter that re3ects the slope of the tail, andharged-particle scattering in the signal regions.

and are parameters that control the mean and resolution, All probe leptons are required to hapg > 10 GeV and
respectively, of the core of the distribution. The parametef | < 2.5. In order to select events originating fra

has a signibcarpr dependence, and parameters are mea-*  decays, the probe lepton and tag lepton are required to
sured in data fopt > 25 GeV using data collected with have opposite-sign charges, and the invariant mass of the tag-
single lepton triggers. Below this threshold, the smearingaind-probe pair is required to satisfy 81 G&VMiag, probe<
functions are estimated using detector simulation for track401 GeV. For both the electron and muon transfer factors,
with transverse momentum down @ = 10 GeV. The the charge of the probe lepton is obtained from its associated
parameters derived aboyg > 25 GeV agree well between track. Backgrounds in this measurement are accounted for by
data and detector simulation up to a constant overall differsubtracting same-sign tag-and-probe pairs from the opposite-
ence of approximately 10% across all track momenta. Thisign selection.
difference is used to correct the parameters derived with the The templates for the shapes of electron scattering back-
detector simulation for tracks with 18 pr < 25 GeV . grounds are estimated by multiplying the number of events
The uncertainties on the and terms are 8.2% and 9.4% in the single-electron CR by a set of transfer factors. The
for muons and 8.4% and 11.5% for electrons, respectivelyelectron transfer factors are factorised into two components:
These uncertainties include statistical errors added togethpixel tracklet and calorimeter isolation selections, and the
in quadrature with the maximum deviation of the smearing~nal estimate is given by
parameters across different data taking conditions. fFhe
dependent smearing function parameters derived for elec-fSR(pr; o, o) = Né?ﬁ,?gnal(m, ) X TRoelony (PT )
trc_Jns_ and muons are shown in Ta#lalong with their uncer- X TR owverolPTs )X F(Z= Zian e o) ©)
tainties. These values are used for the full data set.

CR

WhereNe’signal is the number of events in the single-electron

6.3 Charged-particle background templates CR, TR ier-only IS @ transfer factor for an electron failing to
satisfy the electron identibcation and being instead mistak-
Backgrounds arising from charged particles are estimateenly categorised as a pixel tracklet, angJ ., ... the trans-
using a fully data-driven method. Transfer factors are deriveder factor representing the probability for an electron track to
using aZ tag-and-probe method. In this method, be isolated from a calorimeter cluster. Additionally, the tem-
a good-quality tag electron or muon wity > 30 GeV  platesare smearedto accountforthe differentmomentumres-
that is matched to any of the single-lepton triggers describedlution of the full-length track and the pixel-tracklets by the
in Sect.3 is selected for analysis. Probe leptons are identi-f (z= zan;, e, e) term. The smearing function depends on

Table 4 The pr-dependent

f Transverse momentum (GeV) Muon Electron

and smearing parameters for

muons and electrons. The (Tevsy) ( TeVSy)

uncertainties include both

statistical and systematic 10< pr< 15 170+ 1.4 17+ 0.1 209+ 1.8 19+ 0.2

sources 15< pr< 20 155+ 1.3 17+ 0.1 195+ 1.6 19+ 0.2
20< pr< 25 149+ 1.2 17+ 0.1 183+ 1.5 19+ 0.2
25< pr< 35 148+ 1.2 17+ 0.1 170+ 14 19+ 0.2
35< pr< 45 142+ 1.2 17+ 0.1 154+ 1.3 18+ 0.2
45< pr < 60 136+ 1.1 16+ 0.1 145+ 1.2 17+ 0.2
60< pr < 100 134+ 11 17+ 0.1 139+ 1.2 15+ 0.2
100< pr 132+ 1.1 16+ 0.1 140+ 1.2 16+ 0.2
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the electron smearing parameteggind ¢ shown in Table, X TR ws wack(» )
and is evaluated at a random valagf) using Eq.2. x £(2= Zam ) 4)

In the pixel tracklet transfer-factor measurement, the
probe lepton is a calorimeter cluster, and the transfewhereNCR, . is the number of events in the single-muon
factor TFei.ony IS calculated as the number of probesCR, TFI;ier-onlyiSthe transfer factor representing the proba-
matched to a pixel tracklet divided by the number of probesbility for a muon to be misidentibed as a pixel tracklet, and
matched to an electron. An object is considered matched TfFﬁo s track!S the transfer factor accounting for the proba-

R(probe objec) < 0.2. Both the pixel tracklet and the bility that a muon with a good inner-detector track does not
track matched to the electron must pass the requirements fbave an associated MS track. Similar to the electron template,
the pixel tracklet dePned in Sedtwithout application ofthe  the muon template is smeared using theand |, smearing
disappearing-track condition for the electron. The calorimeparameters found in Table
ter isolation transfer factor TE,, IS calculated using a In the muon pixel-tracklet measurement, the probe lepton
high-quality inner-detector track as the probe. The inneris a muon track reconstructed only in the muon spectrometer.
detector track is required to satisfy the same quality criteThe transfer factor Tgfxepomy is calculated in the same way
ria as the pixel tracklets, except that instead of meeting thas the electron pixel-tracklet transfer factor, but the denomi-
disappearing-track condition, the track is required to have atator is the number of events where the probe is matched to
least eight SCT hits. This measurement assesses the ratiosfmuon. The no-MS-track transfer factorﬁ[;lﬁ,IS track USES
the number of inner-detector tracks passing the calorimetet high-quality inner-detector track as the probe. It repre-
isolation requirementz*"° ©“*'**'< 5 GeV, to the number  sents the probability for an MS track not to be geometrically
failing this requirement. Both transfer factors are paramematched to an inner-detector track. In order to account for the
terised as a function ofir and . Detector simulations are detector geometry, the transfer factor is measured as a func-
used to correct for the change in the isolation transfer faction of and . No signibPcanipr dependence is observed.
tor when the track selection requires at least eight SCT hits
instead of imposing the disappearing-track condition. Thesg.4 Combinatorial fake backgrounds
simulation-based corrections can be upd.0>4) for tracks
with pr> 30 GeV. However, since the isolation transfer fac-Fake tracklets are reconstructed from a combination of
tor is already very small in this region, these correction facunassociated hits. These tracklets can have high transverse
tors have a small impact on the resulting template and Pnghomentum and can mimic the signal. Since theiris
results. broadly distributed, and the higpr chargino tracks have

Since the electron and hadron scattering backgrounds hag@od pointing resolution and originate from the primary
similar pixel trackletpr distribution shapes, the electron interaction region, the higldg| sidebands can be used as a
transfer factors are used to obtain templates for the hadraoR that is pure in fake tracklets. A pure fake-tracklet control
scattering backgrounds. The number of events in a singl&sample is obtained by applying the same kinematic selection
inner-detector-track CRis used instead\§fS | jin Eq. @).  requirements as in the signal region, but without the ofRine
Similarly to the electron TE,, ¢, detector simulations are EI'SS selection, so as to increase the sample size, and with
used to correct for track-length differences between the twan inverted requirement ¢dio/ ¢,] > 10 on the transverse
CRs. Corrections are derived using simulated single-pioimpact parameter.
events for the hadron scattering backgrounds. The correc- The pr spectrum of mismeasured pixel tracklets in the
tion factors can range from approximately 10 to 100, buffake-tracklet CR is modelled with the following functional
only have a marginal effect on the pixel tracklgt tem-  form:
plate shape. As the normalization of the hadron scattering
backgrounds is extracted from the combined bt described in fe (PT; Po, P1)

Sect.6.5, these correction factors have a small impact on the = exp(S po - log(pr) $ pr - (log( pT))2> . (5)
resulting background prediction and Pnal results.

Similarly to the electron measurement, the muon transfer In order to remove any correlations betwegrandp; in
factors are factorised into two components: pixel tracklet¢he bt described in Se@.5, the parameters are rotated by an
and those with no MS track association, and they are mulangle and redePned g% = po cos S p; sin andp; =
tiplied by the number of events in the single-muon CR topo sin + py cos . The value is chosen such that the two
estimate the muon scattering background, parameters are uncorrelated, and is found tobes 0.0973.

The pg and p; parameters are determined in the combined
SRy .. . _ CR bt described in Sec6.5. The parametep; is found to be
f(ers we ) = Nyfsignai(Pr. ) p1 = 0.171+ 0.002 in the signal regions of both channels,
X TFhetony (PT ) andpp = 1.172+ 0.113 (0996 0.110) in the electroweak
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Fig. 4 Fitin the fake-tracklet CR foa the electroweak production channel anthe strong production channel. The black points show data. The
blue line and the hatched band show the bt function and its uncertainty. The bottom insert shows the ratio of the data to the btted prediction

(strong) channel. The data and btted fake background are + nf. fo(pr; Po. p1)>- (7)
shown in Fig.4 for the electroweak and strong production

fake-tracklet CRs and show good agreement between the bt The £Fake CRterm is depned as:

and the data. shape

S Fake C
[FakeCR_ exp(Sng )

6.5 Fitting procedure shape ~ NFake CR

Fake CR .
The backgrounds are estimated by btting the model below < ] ( c  fe(PT; PO, pl)) : (8)
to the data in the highEss signal region or in each of Nie® R

the middleE?‘issvaIidation regions, simultaneously with the

_EMmiss _ i i
lOV\./ Ey™>>and fakg tracklgt CRS descnbgd n Seﬁ:p_ Th_e cess and the electron, muon, hadron and combinatorial fake-
bt is performed using the likelihood function described mthetracklet backgrounds respectivelitR _is the number of
obs

fqllow%gijs,sw.here theillkellhood function |s.des.cr|bed'for the observed events in each of the btted regidtis high-E{ss
high-E7"**signal region setup. For the validation region bts, MiSS panminm-nR i )
. miss : o . or low-E7"*°region;n;" is the estimated number of events of
the high£7"**signal region is replaced with the correspond- . ; ! .
process inregionR; ; and ; arethe smearing parameters

ing validation region. of process ; po and p; are the parameters for the combi-
The likelihood functionl for the trackletpr in a sam- pro  Po PL P : :
) - natorial fake-tracklet background bt described in Se.
ple of observed eventNgpg) is dePned ag = LshapeX f. is the ch d-particl ina back d-sh
£FkeCRy £ The shape terms represent the probabil-" is the charged-particle scattering background-shape tem-
syst plate for process described in Sect§.3and6.2 nf is the

shape
H miss miss .

ity to observeNops events in the lowes™* and highE7 estimated number of combinatorial fake-tracklet events in
regionR. For region R = lowE{"s%, the number of combi-

Here s, e, 4, h and c are subscripts of the signal pro-

region. TheLghapeterm is debned as:

: low-Eiss, .
low-/high-EMiss natorial fake-tracklet eventsn(fw T )is a free parameter
Lshape= 1‘[ ‘Cshape (6) inthe likelihood bt gnd ex_tracted from the _data. Usmgsthls,
R the number of combinatorial fake-tracklets in the higf*
) region is calculated from:
with
high-EMiss low- Em|ss
exp(S ysen hep, ) ne T = rep - exp(faBeD) - Mo , ()]
shape R ; .
Nopd with rcp debPned as:
s.ep, h high-EMSSFake CR
R.¢R o n i
X 1_[ Z ( f (pr5 is ')) rcp = c (20)
[

NR

low-EMsSFake CR’
obs Ne
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andragcp debned as: 7.1 Fit model uncertainties
high-EI'sS  high-ENSSFake CR o o
Nc _ I nc _ _ (11) Uncertainties in the normalisation of the electron and muon
nLOW-E%“'SS/ nL()W-E’T”'SSFake CR 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
relative to that in the lowe"**regions: thecp termis used  g;rce of uncertainty for the smearing function, especially
for the low-E7">*control and highEf"**signal region, while ¢, |o\ver-p; tracklets. The pile-up uncertainty is evaluated
therascp term is used to constrain the extrapolation romy,, oying the difference between the nominal values of the
the highdo signibcance side fake enriched regions into they o a1ing parameters and the values obtained from events
low- Ep_ss C_OerI and h|ghE$'SSS|gnal regions. with different pile-up conditions. This is done by splitting the
The likelihoodLsystconsists of a product of terms related y.:2set into data taken in low & 40) and highji > 40)

(o the sy§tematic uncertainties in each backgrour:]d proceﬁ"le—up conditions, and the full parameter-value differences
andthe >one ! p-rOCESSSVSt - Lgysﬁ Loys £ SS’Stx Lsyst® between the datasets with low and high pile-up are assigned
Lgysr Each likelihood component is debned as below: as the systematic uncertainties of fhedependent smearing
List= G(s7s s) parameters.

fascp = In

Herercp andragep are terms to constrain the combi-
natorial fake-tracklet background in the hi@®° regions

syst — A . .
o — R The uncertainties incp andr pogcp are obtained from sta-
xG(ss sx]]G (“s ; &, ”s) . (12)  tistical uncertainties in the control regions used to calculate
R these parameters. An additional uncertainty in the extrap-
ﬁﬁyst: G(wm wWxG(wHw u olation of ragcp overdo/ ( do) is obtained by evaluating
—= r using pixel tracklets with & |do/ ( dp)| < 10 for
<16 (W, nf). (13 e e P tack 106/ { )
R nc- ' andnc ' in Eg. 11). Since fake tracklets are
gyst: G(e & o%XG(e o e the dominant backgrounds in thg signal regions, varigtion_s
R =R R of these parameters are the leading source of uncertainty in
x H G (“e§ Ne, ”e) , (14)  hoth the electroweak and strong production signal regions.
R Similarly, the pg and p; parameters are varied up and down
Lyq=G(nmh nNXG(nm 1), (15) Dby the statistical uncertainties obtained from the pt.
Syst= G(rascp; 1, raeco), (16) Table5 summarises the effect of various sources of sys-

i i . tematic uncertainty on the signal exclusion signibcance.
where G(a; b, ¢) represents a unit Gaussian functionaof

with a mean ob and a standard deviatian The expected
value and the uncertainty of a variabdere represented by 7.2 Signal uncertainties
X and X respectively.

The likelihood is maximised by minimising the negative A breakdown of the systematic uncertainties for the expected
log-likelihood function with the MINUIT [F5] package in  number of signal events in the signal regions is shown in
the RooFit framework76]. The bt parameters are the nor- Table6.
malisations of the hadron and combinatorial fake-tracklet Theoretical uncertainties in the signal cross-section are
backgroundsr(,f‘ and n§), the pp and p; parameters of the estimated in a way similar to that for the previous resifi] [
function modelling the fake-tracklet transverse momentunThis is done by computing the changes in the cross-section
distribution described in Sed.4, and nuisance parameters. when the renormalisation and factorisation scales, the choice
Each nuisance parameter represents a source of systemaif®DFs and the strong coupling constant,are varied inde-
uncertainty and is allowed to Boat in the bt with a Gaussiapendently. Renormalisation and factorisation scales are var-
constraint. The statistical uncertainty of the transfer factorsed by factors of 0.5 and 2 from their nominal value. The PDF
for electrons and muons is propagated into the Pnal templatancertainty is estimated as the maximum of the uncertainty

from the CTEQ®6.6 7] uncertainty band at 68% conbdence

level and the difference between the results for the CTEQ6.6
7 Systematic uncertainties and MSTW2008 NLO PDF78] sets. Each uncertainty is

varied independently and their effects are added in quadra-
Several sources of uncertainty are considered for this searcture. Uncertainties in the modelling of ISR and Pnal-state
and these can be divided into uncertainties affecting theadiation (FSR) are estimated by varying the renormalisa-
parameters in the background and signal bt model, and thosien, factorisation and merging scales from 0.5 to 2 times
affecting the expected signal yields. their nominal values. Jet modelling uncertainties related to
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Table 5 Effects of systematic

e g Electroweak channel (%) Strong channel (%)
uncertainties on the signal
exclusion si_gnib_cance fc_Jr a. FABCD 52 0.9
representative signal point with
m = = 600 GeV for the reo 3.2 06
elelctroweak channel and parameter in signgbr smearing function 3 0.1
mg = 1400 GeV and parameter in signgbr smearing function xr 0.2
”;]f = IllOO GeV for the strong po parameter in the fake backgroupd function Q3 <01
channe . .
p1 parameter in the fake backgroupg function Q3 0.2
Normalisation of muon background .80 <01
Normalisation of electron background <01 <01
parameter in muompt smearing function <01 <01
parameter in muompt smearing function <01 <01
parameter in electropr smearing function <01 <01
parameter in electropr smearing function <01 <01
parameter in hadropt smearing function () 0.2
parameter in hadropt smearing function ® 0.2
Iﬁgfrtgirﬁlescgi%zy;tenn;?tlicel ds Electroweak channel (%) Strong channel (%)
gnaty m : = 600 GeV my = 1400 GeV

for representative signal points 1
with £ = 0.2 ns. Each value is

obtained by symmetrising the

ms = 1100 GeV

larger of the upward and Cross-section 7.6 14

downward deviations from the Initial/bPnal-state radiation 8.4 5.1

nominal Signal yleld The effects Jet energy scale 23 1.5

of pixel tracklet efbciency and .

S L Jet energy resolution 0.6 0.3

luminosity uncertainties are ] )

common to the two signal Jet vertex tagging efbciency <0.1 <0.1

regions Pile-up modelling 0.7 <0.1
EMsS soft term 0.4 <0.1
Trigger efbciency 0.3 0.4
Tracklet reconstruction efpciency 5.9 5.9
Luminosity 1.7 1.7
Total 11 8.1

the energy scale and resolution, and jet vertex tagging uncemeasured as the ratio of re-tracked pixel tracklets satisfying

tainty, are estimated by comparing simulated events and datdl of the tracklet quality and selection criteria to the total

as described in Ref6p]. The pile-up modelling uncertainty number of muon tracks. The difference between data and

is estimated by varying the number of collisions per buncksimulation is assigned as a systematic uncertainty.

crossing in simulation by its uncertainty of 10% of the nomi-

nal value. The uncertainty in tHe"sSsoft-term modelling is

considered by comparing data and simulated samples using

Z Py +jets events as described in R&§6]. The uncer- 8 Results and interpretation

tainty in the trigger efpciency modelling is small because it

is measured from data as described in Senly the statis- The transverse momentum spectra of the btted pixel tracklets

tical uncertainty in the efPciency measurement is taken into miss b _ piXete

account for the signal trigger efbciency uncertainty. In the low-E7™CR, the calorimeter sideband and middle-
The uncertainty in the tracklet reconstruction efbciency isquISS VRs, and the highEy™™ SR for the electroweak and

evaluated by comparing efbciencies for muons in the coIIi-Strong production channels are shown in Fgend, respec-

. . . - tively. The measured spectra show agreement with the sum
sion data and simulation. Events containing muons fi&om .
of all expected background. Examples of the expected-signal
boson decays are selected and muons are re-tracked us

in
. . ; . . . pt%diction withm : = 600 GeV and : = 0.2 ns for the
only pixel hits as described in Se@&.2 The efbciency is electroweak prodbction channel, andl\/\mig = 1400 GeV,
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Fig. 5 Pixel trackletpr spectrum bt results in the low-, middle- and diction withm £ = 600 GeV and : 0.2 nsisoverlaid inred. The
high-EY"* regions for the electroweak production channel. The fake+ast bin includés overBow entries. The bottom panel shows the ratio of
tracklet, hadron, electron and muon templates are btted to observed dajgta to the background-only prediction

events in a background-only bt. An example of the expected-signal pre-

m : = 1100 GeVand : = 0.2 ns for the strong produc-

: : mulation in terms of the number of standard deviatian)y (
tion channel are overlaid.

and the upper limit on the model-independent visible cross-
The numbers of events in the two midﬂJiss valida-  section at 95% conbdence level (CL) using the &chnique
tion regions after the background bts described in $e6t. [79] are also shown in Tabl8. For the evaluation of these
are shown in Tablg. Good agreement between data andmodel-independent quantities, the trackletis required to have
background predictions is observed in all validation regionspt > 60 GeV.
No signibcant excess above the background predictions is Model-dependent exclusion limits at 95% CL are placed
observed in the higrETmiss signal regions, as shown in on the various signal models. The likelihood function is
Table 8. The probability of a background-only experiment extended to contain both the signal and background compo-
being more signal-like than observeab], its equivalent for-
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Fig. 6 Pixel trackletpr spectrum bt results in the low-, middle- and withmg = 1400 GeVm : = 1100 GeV and £ = 0.2 nsis overlaid

l
high-Efs*regions for the strong production channel. The fake-trackletin red. The last bin includes overBow entries. The bottom panel shows
hadron, electron and muon templates are ptted to observed data evetg ratio of data to the background-only prediction. The arrow indicates
in a background-only bt. An example of the expected-signal predictior value outside of the range of the bottom inset

nents. The signal normalisation is the parameter of intere&30 GeV with the present integrated luminosity of 138%b

and is unconstrained in the bt. The observed limit excludes chargino masses up to 660 GeV
For the electroweak production of pure winos or pure hig-as shown in Fig7, in which the pure-wino lifetime is shown

gsinos, the exclusion limits are shown as a function of thdy the grey dashed line.

chargino lifetime and mass. For pure higgsinos, chargino masses are excluded up to
In the case of pure winos, the expected lower limit on210 GeV as shown in Fi@. The lower sensitivity to higgsi-

the mass of a chargino with a lifetime of 0.2 ns is improvednos in comparison with winos is explained by two factors: the

from 450 GeV in the previous searctq to 680 GeV inthis  smaller production cross-section of higgsinos relative to the

search, while a simple scaling from the integrated luminositywino case, and the extremely short lifetime of the higgsinos.

used in the previous search gives an expected mass limit of
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Table 7 Expected and observed

numbers of events and Electroweak channel Strong channel
corresponding background Calo. sideband Lovpr Calo. sideband Lovpr
predictions in the middId={" pr > 60 GeV pr < 60 GeV pr > 60 GeV pr < 60 GeV
validation regions. The
uncertainty in the total Fake 4.3 2.2 5.5+ 1.5 3.2+ 15 3.5+ 1.0
background prediction differs ;40 1.0: 0.8 23+ 6 0.36+ 0.23 13+ 4
from the sum in quadrature of
the individual components due Electron 0.8t 0.5 1.2+ 1.3 0.29+ 0.20 0.5+ 0.5
to anti-correlation of bt Muon 0.023+ 0.007 0.25- 0.06 0.012+ 0.004 0.12% 0.032
Eafimetefz between the Total Expected 6.% 1.9 29+ 5 3.8+ 15 17+ 4
ackgroundas Observed 5 30 3 18
Table 8 Expected and observed numbers of events and correspondin %, ')Z?, %, X, production (wino) tanB=5,1>0
background predictions in the higBI"s*signal regions with transverse iy - L R R L
momenta above 60 GeV. The uncertainty in the total background pre- = | ¢ .
diction differs from the sum in quadrature of the individual components &3 Y E
due to anti-correlation of bt parameters between the backgrounds < 3r i b
2f i ) .
Electroweak channel  Strong channel i v
1= s ‘ =
Fake 2.6t 0.8 0.77+ 0.33 . .
Hadron 0.26+ 0.13 0.024+ 0.031 C o ]
Electron 0.021 0.023 0.004 0.004 03F™ . i
Muon 0.17+ 0.06 0.049 0.018 0.2r ---------------------- s .
Total expected 3.6 0.7 0.84+ 0.33 0.1 ATLAS —
Observed 3 1 (s=13TeV, 136 fb" 7
P (2) 05 0) 038 (030) ooaf T g )
Observed ;o5 (fb) 0.037 0.028 ’ LT ATLAS (13 TeV, 36.1 fb™!, EW prod. Obs.)
vis 0.02f . —m—— ATLAS (8 TeV, 20.3 fb™", EW prod. Obs.) |
Expected ;5% (fb) 0.038%8:8%3 0.02458:883 ‘ I o TheoreTical line for pure v‘vino
0017500 200 600 800 ‘+ 1000
m(x,) [GeV]

For the strong pmduc“on channels, the exclusion IImIt%ig. 7 Exclusion limits at 95% CL obtained in the electroweak pro-

are set as a function of the lightest charginoOs mass and HiRtion channel with the pure-wino scenario. The limits are shown as a
gluinoOs mass. The exclusion limits for charginos with lifefunction of the chargino lifetime and mass. The black dashed line shows

times Pxed to 0.2 ns and 1.0 ns are shown in BigThe the median expected value, and the yellow band shows thenter-

. . . tainty band around the expected limits. The red line shows the observed
observed limits from the electroweak wino model in Fig. limits and the red dotted lines show the @incertainty from the signal

are shown by a green hatched line. Gluino masses belogyoss-section. The blue and violet broken lines show the observed limits

2.1 TeV are excluded for a chargino mass of 300 GeV and fiom the ATLAS results in Refs 16, 18] respectively. The dashed gray

chargino lifetime of 0.2 ns. line shows the predicted chargino lifetime in the almost pure wino-LSP
scenario at the two-loop level]

9 Conclusion used to reduce the backgrounds signibcantly. The improved

background rejection that this disappearing-track condition
A search for long-lived charginos with a disappearing-trackoffers, together with over a factor of three increase in inte-
signature was performed usings = 13 TeV pp collision  grated luminosity, has allowed the ATLAS Collaboration to
data collected by the ATLAS experiment at the LHC, cor-signibcantly improve sensitivity to long-lived charginos. A
responding to an integrated luminosity of 13¢ b Pixel  lower limit on the mass of long-lived charginos from elec-
tracklets with at least four hits in the pixel detector are used téeroweak production in pure-wino (pure-higgsino) models is
improve the sensitivity for short chargino lifetimes. A strongset at 660 (210) GeV at 95% CL. If charginos with a proper
disappearing-track condition, enforced by vetoes on SCTifetime of 0.2 ns are produced in the decay cascade of pair-
hits and signibcant calorimeter energy along the tracklet@soduced gluinos, gluino masses below 2.1 TeV are excluded
trajectory, was developed specibcally for this search and i®r a chargino mass of 300 GeV.
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Fig. 8 Exclusion limits at 95% CL obtained in the electroweak pro- expected limits. The red line shows the observed limits and the red dot-
duction channel with the pure-higgsino scenario. The limits are showtted lines show the 1 uncertainty from the signal cross-section. The
separately for the higgsino lifetime or mass splitting as a function ofviolet broken line shows the observed limits from the previous ATLAS
the chargino mass. The black dashed line shows the median expectegsult [L7]. The dashed gray line shows the predicted chargino lifetime
value, and the yellow band shows the @incertainty band around the in the pure higgsino-LSP scenarit/]
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Fig. 9 Exclusion limits at 95% CL obtained in the strong production uncertainty from the signal cross-section. The observed exclusion lim-
channel. The limits are shown as a function of the lightest chargino@s from this search in the direct electroweak wino production channel
mass versus the gluinoOs mass, for chargino lifetime8 @&ns and in the minimal AMSB model witha s = 0.2 ns and £ = 1.0ns

1.0 ns. The black dashed line shows the median expected value, and th&: overlaid in green. The violet broken line shows the observed limits
yellow band shows the luncertainty around the expected limits. The from the previous ATLAS resultl[6]

red line shows the observed limits and the red dotted lines show the 1
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