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A search is presented for charged, long-lived supersymmetric particles in final states with one or more
disappearing tracks. The search is based on data from proton-proton collisions at a center-of-mass energy of
13 TeV collected with the CMS detector at the CERN LHC between 2016 and 2018, corresponding to an
integrated luminosity of 137 fb~!. The search is performed over final states characterized by varying
numbers of jets, b-tagged jets, electrons, and muons. The length of signal-candidate tracks in the plane
perpendicular to the beam axis is used to characterize the lifetimes of wino- and Higgsino-like charginos
produced in the context of the minimal supersymmetric standard model. The dE/dx energy loss of signal-
candidate tracks is used to increase the sensitivity to charginos with a large mass and thus a small Lorentz
boost. The observed results are found to be statistically consistent with the background-only hypothesis.
Limits on the pair-production cross section of gluinos and squarks are presented in the framework of
simplified models of supersymmetric particle production and decay, and for electroweakino production
based on models of wino and Higgsino dark matter. The limits presented are the most stringent to date for
scenarios with light third-generation squarks and a wino- or Higgsino-like dark matter candidate capable of

explaining the observed dark matter relic density.
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I. INTRODUCTION

Supersymmetry (SUSY) [1-9], a well-motivated exten-
sion of the standard model (SM) of particle physics,
addresses open questions of the SM such as dark matter
(DM) [10,11] and the fine-tuning [12—14] of the electro-
weak sector. Studies from the ATLAS [15] and CMS [16]
Collaborations at the CERN LHC have placed significant
constraints on the minimal supersymmetric SM (MSSM),
with no direct evidence as yet for the existence of SUSY
particles. Nonetheless, important regions of the MSSM
parameter space remain unexplored, such as regions with a
nearly pure wino- or Higgsino-like lightest supersymmetric
particle (LSP) that are consistent with the observed DM
relic density [17].

A DM candidate can arise in SUSY if the LSP is stable,
as occurs in models with R-parity [7,18] conservation. In
viable realizations of the R-parity conserving MSSM, the
LSP is a stable neutralino )?(1), namely, an electroweakino
mass eigenstate composed of a mixture of bino, wino, and
Higgsino states. To be consistent with the observed DM
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relic density, a nearly pure wino (Higgsino) LSP must
have a mass of approximately 2 (1) TeV in such realiza-
tions [19]. The constraint arises from the value of the
coannihilation cross section required to sufficiently
reduce the DM content of the early Universe before
thermal freeze-out [20,21]. The coannihilation cross
section depends on the masses of the LSP and its
coannihilation partner. For a pure wino- or Higgsino-like
LSP, this partner is a chargino 77 that is nearly degenerate
in mass with the LSP, having a mass only a few hundred
MeV larger. Because of the limited kinematic phase space
in 7 — 79n* decays, the 77 then has a macroscopic
lifetime, with a decay length at the LHC on the order of
several centimeters or more.

Long-lived charginos associated with pure wino or
Higgsino DM give rise to the distinctive experimental
signature known as a disappearing track (DTk). In 77 —
7% decays, the resulting pion has a momentum of only
a few hundred MeV, too low, in general, for it to be
reconstructed. The #{ in these decays escapes undetected
with most of the momentum. The chargino is reconstructed
as a track with hits up to its point of decay, beyond which
no hits or associated signals are recorded. This leads to the
DTk signature in which a reconstructed track emanating
from the beam collision region ends abruptly within the
sensitive tracking volume, with a continuation that has
“disappeared.” The DTk signature has been used in recent
searches to set the most stringent chargino mass limits to
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Representative diagrams for the simplified models considered in this analysis. From left to right: T6btLL, T6tbLL, and

T5btbtLL (upper); and TChiWZ, TChiWW, and TChiW (lower). The shaded circles at the production vertices represent a sum over

perturbative terms.

date for certain scenarios, e.g., wino or Higgsino LSP
scenarios with minimal neutralino mixing [22-24].

This paper presents a search for long-lived charginos,
probing a comprehensive set of final states relevant to the
R-parity conserving MSSM. The analysis is based on a
sample of proton-proton (pp) collision events collected at
center-of-mass energy /s = 13 TeV with the CMS detec-
tor in 2016-2018, corresponding to an integrated luminos-
ity of 137 fb~!. It expands on previous searches [22,23] by
introducing electron + DTk and muon + DTk channels, by
reanalyzing the fully hadronic channel, and by making use
of a machine-learning-based track classification method to
improve the DTk selection efficiency and background
rejection. The addition of the electron + DTk and muon +
DTk channels increases sensitivity to new-physics scenar-
ios with leptonic final states. Additional sensitivity to high-
mass LSP states is achieved by employing a measure of
the dE/dx ionization energy loss of signal-candidate
tracks, which takes large values for candidates with a small
Lorentz boost. The analysis targets both the electroweak
and strong production mechanisms, making use of jet and
b-tagged jet multiplicities to distinguish between different
production modes and decay chains. The incorporation of
new final states and observables improves the sensitivity to

TABLE L

relatively unexplored regions of the MSSM, including
scenarios with pure wino or Higgsino DM with masses
of 1 TeV or larger, or with light third-generation squarks
that yield leptons in the final state.

This paper is structured as follows. The signal models
considered for the analysis are presented in Sec. II.
The CMS detector is described in Sec. III and the event
reconstruction in Sec. IV. Section V discusses the simulated
event samples used in the study. The DTk selection
procedure is presented in Sec. VI and the definition of
the search regions (SRs) in Sec. VII. The methods used
to estimate SM backgrounds are presented in Sec. VIIL
Systematic uncertainties are discussed in Sec. IX. The
results and summary are presented in Secs. X and XI,
respectively. Tabulated results for the study are provided in
the HEPData record for this analysis [25].

II. SIMPLIFIED SIGNAL MODELS

A number of simplified models of SUSY [26-28] are
used to survey and characterize the sensitivity of the search.
These models, depicted by representative production dia-
grams in Fig. 1 and summarized in Table I, are effective-
Lagrangian descriptions defined by the SUSY particle

Overview of the simplified models of supersymmetry considered in this analysis.

Model name Description

Processes

T6btLL Top squark associated 77~ production - T byt

T6tbLL Bottom squark associated 7i production bb; b — bP), b — t7F
T5btbtLL Gluino associated 77 production 33, §— bbi, 170, thyy, by
TChiWZ Electroweakino production for wino or Higgsino LSP Y o A A i AL
TChiww i - e

TChiW vl il ALY
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masses and the production and decay processes. A sim-
plified model focuses on a specific small set of particles and
interactions, with all other new-physics particles consid-
ered to be irrelevant to that particular process. One model,
denoted T6btLL, features top squark pair production in
which the top squark decays as 7 — £ and 7 — by, each
with 50% probability. An analogous model with bottom
squark production is labeled T6tbLL. A third model,
denoted T5btbtLL, features gluino pair production in which
the gluino decays as § — bbp", 1179, thyy, or thy|, each
with 25% probability. Various proper decay lengths cz of
the chargino are considered. For the models with gluino
and squark pair production, we focus on a benchmark
model with ¢z = 10 cm, corresponding roughly to pure
wino and Higgsino-like states. We also consider a model
with ¢z = 200 c¢m, which can be realized in a scenario with
a binolike LSP and a wino coannihilation partner. The
chargino and LSP are required to be mass degenerate within
a few hundred MeV. We set this mass difference to
180 MeV. This choice has no direct impact on the
acceptance because the decay products of the chargino
are not reconstructed.

Sensitivity to the direct production of either a nearly
pure wino DM candidate or a nearly pure Higgsino DM
candidate is considered through the topologies denoted
TChiWZ, TChiWW, and TChiW. The ¥} particle depicted
for the TChiWZ diagram [Fig. 1 (lower left)] is the second
lightest neutralino, only present in the Higgsino scenario.
Relationships among the electroweakino masses, the 7i
lifetime, and the 7i decay width are constrained by
radiative corrections that account for a large difference
between the LSP mass and the SUSY-breaking scale. They
are characterized in Refs. [29,30] for the wino scenario and
in Refs. [31,32] for the Higgsino scenario. The mass
difference Am® = Am(73,77) between the two neutral
states is taken to be twice the mass difference Am* =
Am(7E,7%) between the charged and lightest states. This
choice corresponds to large tan /3, where tan f is the ratio of
the vacuum expectation values of the neutral components
of the two Higgs doublets in the MSSM [33]. The lifetime
of the 75, while not directly relevant for this study, is
taken from a tree-level calculation based on the program
SUSYHIT 1.5a [34]. The free parameters of the model are

Am?* and the chargino mass M.

III. THE CMS DETECTOR AND
ANALYSIS TRIGGERS

The CMS detector is structured around a cylindrical
superconducting solenoid with an inner diameter of 6 m.
The solenoid provides a nearly uniform 3.8 T magnetic
field within its volume. This volume contains a number of
nested particle detectors: from the innermost region out-
ward, a silicon pixel and strip tracking detector, a lead
tungstate crystal electromagnetic calorimeter (ECAL), and

a brass and scintillator hadron calorimeter (HCAL). The
ECAL and HCAL, each composed of a barrel and two
end cap sections, cover the pseudorapidity range || < 3.0.
Forward calorimeters extend the coverage to 3.0 < || <
5.2. Muons are measured with gas-ionization detectors
embedded in a steel flux-return yoke outside the solenoid,
allowing muon reconstruction within |n| < 2.4. The CMS
components taken together provide a nearly hermetic
detector, permitting accurate measurements of the missing
transverse momentum piiss,

The tracking detector is of special importance for this
analysis. The tracker consists of an inner pixel detector and
an outer strip detector. The tracker used for the 2016 data-
taking period, referred to as the “phase-0” tracker, mea-
sured particles within || < 2.5. At the beginning of 2017,
an upgraded pixel detector was installed [35]. The
upgraded tracker is referred to as the “phase-1” tracker.
The phase-1 tracker, used for the 2017 and 2018 data-
taking periods, measured particles within || < 3.0. Tracks
traversing the tracker system encounter 3 (4) pixel layers
within a radius of 102 (160) mm in the phase-0 (phase-1)
tracker. They encounter up to around 10 layers in the strip
detector within a radius of 1.2 m. Compared to the phase-0
tracker, the phase-1 tracker provides improved tracking and
vertex resolution, enhanced b-tagging performance, and a
better measurement of the dE/dx track energy loss [35].

Events of interest are selected using a two-tiered trigger
system [36]. The first level (L1), composed of custom
hardware processors, uses information from the calorim-
eters and muon detectors to select events at a rate of around
100 kHz within a fixed latency of about 4 ps [37]. The
second level, known as the high-level trigger, consists of a
farm of processors running a version of the full event
reconstruction software optimized for fast processing
and reduces the event rate to around 1 kHz before data
storage [36]. For the hadronic DTk channel, signal event
candidates were recorded by requiring p'T'** at the trigger
level to exceed a threshold that varied between 100 and
120 GeV, depending on the LHC instantaneous luminosity.
For the electron + DTk (muon + DTk) channel, signal
event candidates were recorded by requiring an electron
(muon) candidate with pr > 27 (24) GeV at the trigger
level, where pr is the transverse momentum. The trigger
efficiencies are measured in data using independent cross
triggers and are found to exceed 97% for events in the
hadronic DTk channel and 80 (90)% for pr > 40 GeV in
the electron + DTk (muon 4+ DTKk) channel, for events that
satisfy the selection criteria given below in Sec. VIL

A detailed description of the CMS detector, along
with definitions of the coordinate system and kinematic
variables, is given in Ref. [16].

IV. EVENT RECONSTRUCTION

Individual particles are reconstructed as particle-flow
(PF) objects with the CMS PF algorithm [38], which
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identifies them as photons, charged hadrons, neutral
hadrons, electrons, or muons. To improve the quality of
the electron reconstruction, additional criteria (beyond
those of the PF algorithm) are imposed on the o,
variable [39], which is a measure of the width of the
ECAL shower shape in the # coordinate, and on the ratio
H/E of energies associated with the electron candidate in
the HCAL and ECAL [39]. Specifically, small values of
Giyiy and H/E are required, with the criteria optimized
separately for the barrel and end caps [39]. For muon
candidates, additional criteria are imposed on the matching
between track segments reconstructed in the silicon tracker
and muon detector [40]. Electron and muon candidates are
required to have pr > 40 GeV and || < 2.4.

The primary vertex (PV) is taken to be the vertex
corresponding to the hardest scattering in the event,
evaluated using tracking information alone as described
in Sec. 9.4.1 of Ref. [41]. Charged-particle tracks asso-
ciated with vertices other than the PV are removed from
further consideration. The PV is required to lie within
24 cm of the center of the detector in the direction along the
beam axis and within 2 cm in the plane transverse to
that axis.

Jets are defined by clustering PF candidates using the
anti-k7 jet algorithm [42,43] with a distance parameter of
0.4. Jet quality criteria [44,45] are imposed to eliminate jets
from spurious sources such as electronics noise. The jet
energies are corrected for the nonlinear response of the
detector [46] and to account for the expected contributions
of neutral particles from extraneous pp interactions
(pileup) [47]. Jets are required to have pt > 30 GeV,
|n] < 2.4, and to not overlap with an identified lepton

within a cone of radius AR =./(A¢)> + (An)? =
around the jet direction, where ¢ is the azimuthal angle.
The number of selected jets in an event is denoted Ni.

The identification of b jets is performed by applying a
version of the combined secondary vertex algorithm based
on deep neural networks (DeepCSV)[48] to the selected jet
sample. The medium working point of this algorithm is
used. The tagging efficiency for b jets with pr ~ 30 GeV is
65%. The corresponding misidentification probability for
gluon and light-quark (u, d, s) jets is 1.6%, while that for
charm quark jets is 13%. The number of identified b jets in
an event is denoted N jq.

To suppress the contributions of jets erroneously iden-
tified as leptons as well as those due to genuine leptons
from hadron decays, electron and muon candidates are
subjected to a lepton-isolation requirement. This isolation
criterion is based on the variable I, which is the sum of the
scalar pr of charged hadron, neutral hadron, and photon PF
candidates within a cone of radius AR around the lepton
direction, divided by the lepton pt. The expected contri-
butions to this sum of neutral particles from pileup are
subtracted [47]. The radius AR of the cone is 0.2 for lepton
pr <50 GeV, 10 GeV/py for 50 < pr < 200 GeV, and

0.05 for pr > 200 GeV. The decrease in AR with
increasing lepton pt accounts for the increased collima-
tion of the decay products from the lepton’s parent
particle as the Lorentz boost of the parent particle
increases [49]. The isolation requirement is / < 0.1 (0.2)
for electrons (muons).

The analysis uses a measure of the missing transverse
momentum called the “hard p's*” piiss | defined as the
magnitude of the vector sum of pr over all PF jets with
pr > 30 GeV and |57| < 5.0, where the PF jets are defined
as outlined above but are clustered inclusively, meaning
that isolated leptons and photons are included as “jets.”
The lepton-isolation and jet-lepton overlap rejection
criteria described above are not applied to jets used to
compute piiss . Hard pXiss is more robust against pileup

and soft radiation than the pT* variable calculated
through a sum over individual particles in an event rather
than jets.

V. SIMULATED EVENT SAMPLES

Simulated events are used to train boosted decision tree
(BDT) multivariate binary classifiers and to estimate the
signal acceptance in the SRs. The BDTs are used to help
identify DTk candidates, as discussed in Sec. VL.

The SM production of 7, W + jet, and Z + jet events,
as well as of multijet events produced through quantum
chromodynamics (QCD) processes, is simulated at
leading order (LO) precision using the MadGraph 5_aMC@NLO

2.2.2 [50,51] event generator. The ¢7 events are generated
with up to three additional partons in the matrix element
calculation. The W + jet and Z + jet events are generated
with up to four additional partons. Single top quark events
produced through the s channel, diboson events such as
those originating from WW, ZZ, or ZH production (where
H is the SM Higgs boson), and rare events such as those
from ftW, (tZ, and WWZ production, are generated with
the MadGraph 5 aMC@NLO generator at next-to-leading
order (NLO) [52], with the exception of WW events when
both W bosons decay leptonically, which are generated
with the POWHEG v2.0 [53-57] generator at NLO. This
same POWHEG generator is used to describe single top
quark event production through the ¢ and W channels.
Normalization of the simulated background samples is
based on the cross section calculations of Refs. [50,56-66],
which generally correspond to NLO or next-to-NLO
(NNLO) precision. The detector response is based on
the Geant4 [67] suite of programs.

With the exception of the pure wino and Higgsino
models, simulated signal events are generated at LO using
the MadGraph 5_aMC@NLO generator, with up to two addi-
tional partons included. The production cross sections are
determined with approximate NNLO plus next-to-next-to-
leading logarithmic (NNLL) accuracy [68—79]. Events with
gluino (squark) pair production are generated for a range
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of gluino my (squark m;) and LSP My Mass values, with
My < my (m)?? < mg). The ranges of mass considered

vary according to the model, but are generally from around
600-2500 GeV for mg 200-1700 GeV for m;, and
0-1500 GeV for my. The gluinos and squarks decay
according to the phase space model of Ref. [80]. For the
pure wino and Higgsino models, simulated signal events
are generated at LO using the PYTHIA 8205 generator [80].

To render the computational requirements manageable,
the detector response for signal events is based on the
CMS fast simulation program [81,82], which yields
results that are generally consistent with those from
Geant4. To improve the consistency with Geantd, we apply
a correction of 1% to the fast simulation samples to
account for differences in the efficiency of the jet quality
requirements [44,45] and corrections of 5%—12% to
account for differences in the b jet tagging efficiency.
Additional corrections are applied to account for
differences in the efficiency of tagging charginos with
the phase-0 and -1 trackers.

Parton showering and hadronization are simulated
with the PYTHIA 8205 generator [80]. For background
events, the phase-0 samples use the CUETP8M1 [83] tune
while the phase-1 samples use the CP5 [84] tune. For signal
events, the CP2 [84] tune is used. Simulated samples
generated at LO (NLO) with the CUETP8MI1 tune use
the NNPDF3.0LO (NNPDF3.0NLO) [85] parton distribu-
tion function (PDF). Those generated with the CP2 or CP5
tune use the NNPDF3.1LO (NNPDF3.1NNLO) [86] PDF.

To improve the MadGraph 5_aMC@NLO modeling of the
jet multiplicity from initial-state radiation (ISR), we
follow the procedure introduced in Refs. [87,88]. A
control sample enriched in 7 events is selected in both
data and simulation by requiring two lepton candidates
(ee, up, or eu) and two tagged b jets. The number of all
other jets in an event is denoted NiS¥. Reweighting
factors are applied to the simulated {7 events so that

the NiSR distribution in simulation agrees with that in

data. The same reweighting factors are also applied to
the simulated signal events. The reweighting factors
are 0.920, 0.821, 0.715, 0.662, 0.561, and 0.511 for
NBSR = 1,2 3, 4,5, and >6, respectively.

jet

TABLE II.
candidate for the SR and CR samples discussed in Sec. VIIIL.

VI. SELECTION OF DISAPPEARING
TRACK CANDIDATES

Two categories of DTk are defined: short tracks and long
tracks. Short tracks have hits recorded only in the pixel
detector. Long tracks have hits in both the pixel and strip
detectors. The track pr is required to exceed 25 (40) GeV
for the short (long) category. The pseudorapidity is required
to satisfy || < 2.0. This latter requirement reduces the
background from spurious tracks (Sec. VIII), which
appears preferentially in the forward region. To ensure
that the tracks are isolated, we calculate the relative
isolation /., defined by the sum of the scalar pt of other
tracks within a cone of radius AR = 0.3 around the track
direction, divided by the track pt. We require 1, < 0.2.
The impact parameter d,, of the track in the transverse
plane and the impact parameter d, in the direction along the
beam axis must both be less than 0.1 cm, where d,, and d
are measured relative to the PV. The track is required to
have at least three hits, one of which must be on the
innermost pixel layer. Studies of simulated data show that
charginos that decay within the tracker are rarely recon-
structed as PF candidates. We therefore require the track to
lie at least AR = 0.01 away from any reconstructed particle
and at least AR = 0.4 away from any reconstructed jet
with pr > 15 GeV.

To select tracks that are consistent with a DTk, long
tracks are required to not have hits in the outermost two
layers of the strip detector, while short tracks are required to
not have any hits whatsoever in the strip detector. In
addition, tracks must not be identified as an electron,
muon, or hadron. To ensure that DTk candidates are not
associated with a large deposit of calorimetric energy, we
calculate the quantity Eq.p, which is the sum of ECAL and
HCAL cluster energies deposited within AR = 0.4 of the
candidate track. Different criteria on Ege, and Eqep/ p (With
p the track momentum) are used to define SRs and control
regions (CRs) for short and long tracks, respectively, and
for the phase-0 and -1 detectors, as indicated in Table II. We
use Egp/p for long tracks because the resulting signal
distribution peaks near 1, which is convenient for the
selection process. However, because the uncertainty in p is
larger for short tracks, the Eg.,/p distribution for short

Selection criteria on the BDT classifier score and on the calorimetric energy Eg., associated with a disappearing track

Phase/category Phase 0/short Phase 0/long Phase 1/short Phase 1/long
BDT for SR samples >0.1 >0.12 >0.15 >0.08
E4ep for SR samples <15 GeV <0.2p <15 GeV <0.2p
Egep for CRE™M samples [30, 300] GeV [0.3,1.2]p [30, 300] GeV [0.3,1.2]p
BDT for CRE™i" samples >0.1 >0.05 >0.05 >0.08
BDT for CR®P°U samples [-0.10, —0.05] [-0.1,0.0] [-0.10,0.05] [-0.1,0.0]
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FIG. 2. The distributions of simulated events used to train and validate the BDT classifiers. The left (right) column corresponds to the
phase-0 (phase-1) detector and the upper (lower) row to the short-(long) track category. The uncertainty bars shown for the training
samples indicate the Poisson uncertainties. No events appear outside of the regions shown.

tracks does not exhibit a clear peak, making it simpler to
use Eg.p. (The momentum resolution for long tracks is 10%
or better, while for short tracks it is 20% or worse,
depending on the number of hits associated with the track.)
To further reduce background from electrons, additional
criteria are applied to reject tracks that enter detector
regions with an ECAL crystal with anomalously low light
yield, a disabled crystal, or a noisy channel. These addi-
tional criteria reduce the signal efficiency by less than 2%.

A BDT classifier is used to improve the purity of the
DTk candidate sample. For the signal training, chargino-
matched tracks from simulated gluino and top squark pair-
production events are used. The matching criterion is
AR(track, 7 .,) < 0.01, where 7i ., represents a gener-
ator-level chargino. For the background training, tracks
from all simulated SM processes are used. The input
variables to the classifier are d,,, d., I, Apr/ P3,
x%/ngq (with Apy the uncertainty in the reconstructed pr
value and ny the number of degrees of freedom), the
number of pixel hits, and, for long tracks, the number of
strip hits and the number of missing outer strip hits, where
this latter quantity is the number of strip layers between
the outermost strip hit and the outermost strip layer for
which no hit is recorded. Separate BDTs are trained for the

short- and long-track categories and for the phase-0 and -1
detectors. Distributions of the BDT output scores for
these categories are shown in Fig. 2. Thresholds on the
classifier output values are applied in defining SRs and
CRs for the phase-0 and -1 detectors, as indicated in
Table II. The classifier significantly improves the selec-
tion performance compared to so-called ‘“cut-based”
approaches, increasing the signal efficiency for short
tracks by a factor ranging from 2 to 4, depending on
the data-taking period, and of long tracks by around 50%,
for an equivalent background rejection.

These requirements select 45%—-55% of charginos that
decay after the second tracker layer and before the
penultimate one, depending on the length of the track.

A novel technique is used to validate the DTk selection
efficiency. First, well reconstructed, isolated muons are
selected from both data and simulation. Tracker hits
associated with the muon are iteratively removed from
the event one by one, starting with the outermost hit and
working inward, until only three tracker hits remain. These
shortened track segments are used as a proxy for long-lived
charged particles. After each step in the process, the
complete event reconstruction procedure is reapplied
and the efficiency for the tracking algorithm and DTk
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classifier to identify the shortened segments as a DTk
candidate is determined. This efficiency ranges from 45%
to 55% depending on the length of the shortened muon
track, similar to the reconstruction efficiency for charginos
mentioned above. The procedure is applied to samples
corresponding to the various data-taking periods.
Comparisons of the results between data and simulation
are used to derive scale factors that are applied to the DTk
selection efficiencies from simulation. The scale factors are
consistent with unity with uncertainties, of statistical origin,
that vary between 10% and 17%.

The DTk candidates are further classified on the basis of
their dE/dx energy loss value in the pixel detector. As the
measure of the dE/dx, we use the so-called “harmonic-2”
hit-weighted average /;, [89,90], which is an estimate of the
linear stopping power of a particle that is robust with respect
to outlier measurements. The [, variable is defined by

1 N

n= (A aea2) )

i=1

where AE is the energy loss estimated from the charge
collected by a pixel hit, Ax is the length of the track segment
corresponding to that hit, and N is the number of pixel hits
on the track. We define two intervals in /;,: I}, < 4.0 and
I, > 4.0 MeV/cm. In the following, the term “dE/dx”
refers to the 7;, value.

Time-dependent calibration of the dE/dx measurement
is performed in data using the position of the center of a
Gaussian fit to the minimum-ionizing-particle peak of well-
reconstructed muons, separately for the barrel and end cap
regions. The dE/dx values from all data-taking periods are
scaled to be consistent with the result from simulation, with
a fit mean of 2.87 MeV/cm.

The dE/dx value can further be used to estimate the mass
of the DTk, through the relation (with m the charged-
particle mass)

m2
dE/dx = K— + C, (2)
p

which is valid for singly charged particles [89]. The
constants K and C are determined as described in
Ref. [90] to be 2.684+0.001 and 3.375+0.001 MeV/cm,
respectively. We refer to the DTk mass value determined in
this manner as mpryqp/q- We do not use the mprycag/ax
variable for quantitative purposes but merely examine its
distribution in Sec. X.

VII. EVENT SELECTION AND SEARCH REGIONS

The number of DTk candidates in an event is denoted
Nprk. Signal events are required to have Npp > 1,
Nje 2 1, and p%iﬁgrd > 30 GeV. At least one DTk candi-

date must satisfy mr(DTk, piss ;) > 20 GeV, where mr is

the transverse mass [91] formed from the two quantities in
parentheses. For Npt = 1, the search is performed inclu-
sively in the hadronic DTk, electron 4+ DTk, and muon +
DTk channels. We also search in a channel with Npp, > 2.
For this latter channel, events are required to satisfy the
hadronic trigger requirements in the case of zero leptons or
the trigger requirements for the electron (muon) channel in
the case of N, > 1 (N, > 1), where N, (N,) is the number
of electron (muon) candidates in an event. The different
search channels are defined as follows.

(1) Hadronic channel:

(@) Nprx =1,

() N.=N, =0,

(©) PThaa > 150 GeV.

(2) Muon channel:

(@) Nprx =1,

(b) N, =0,

(© N, 21,

(d) mpri, > 120 GeV,

(e) my(u, pTisa) > 110 GeV.

(3) Electron channel:

(@) Nprx =1,

b) N, > 1,

(c) mpry., > 120 GeV,

(d mT(e,p%‘_ig;rd) > 110 GeV.

(4) Nptx = 2 channel:

(a) Satisfies the criteria given above for either the
hadronic, muon, or electron channel, except for
the Nppy requirement,

(b) Npry = 2.

The invariant mass mpry ¢ is formed from the DTk and the
highest pr electron or muon candidate in the event. The
mprk. . and my requirements suppress the Drell-Yan (DY)
and W + jet backgrounds, respectively. For the mpyy .
calculation, the mass of the DTk is assumed to be zero.
Note that we require N, = 0 for the muon channel in order
to render it orthogonal to the electron channel, but do not
require N, =0 for the electron channel because it is
unnecessary for the analysis.

The above requirements define the global SR, referred to
as the “baseline” region. Events in the baseline region are
divided into nonoverlapping SRs as follows. Events with
Nptx = 1 are sorted into 48 SRs based on the DTk length
category, the dE/dx interval, and the values of Nie, Np.jer,
and P?,iﬁgrd- The choice of binning is designed to provide
sensitivity to a wide range of scenarios, covering strong and
electroweak production and the presence of all three
generations of fermions. Events with Npp, > 2 are grouped
into a single SR, bringing the total number of SRs to 49.
The definition of the SRs is given in Tables III and IV.

VIII. BACKGROUND ESTIMATION

Disappearing track signatures are rare in the SM but can
occasionally arise because of an instrumental effect, either
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TABLE III.
channel.

Definition of the search regions for the hadronic

TABLE 1V. Definition of the search regions for the muon,
electron, and Npy, > 2 channels.

Hadronic channel (Np =1, N, =0, N, = 0)

Muon channel (Npry =1, N, > 1, N, =0)

PThard dE/dx
(GCV) Nb—jet Njet Nshort Nlong (MeV/cm) SR
150-300 0 1-2 0 1 <4.0 1
>4.0 2
1 0 <4.0 3
>4.0 4
>3 0 1 <4.0 5
>4.0 6
1 0 <4.0 7
>4.0 8
>1 1-2 0 1 <4.0 9
>4.0 10
1 0 <4.0 11
>4.0 12
>3 0 1 <4.0 13
>4.0 14
1 0 <4.0 15
>4.0 16
>300 Any 1-2 0 1 <4.0 17
>4.0 18
1 0 <4.0 19
>4.0 20
>3 0 1 <4.0 21
>4.0 22
1 0 <4.0 23
>4.0 24

from the misreconstruction of a charged particle or from
the coincidental alignment of hits from different tracks.
We refer to these backgrounds as the “genuine-particle”
background and the “spurious-particle” background,
respectively. We use methods based entirely on data to
evaluate these backgrounds, as described below. These
methods employ the so-called “ABCD” technique, for
which a basic description is given in Ref. [92].

A. Genuine-particle background

In a typical case, genuine-particle background might
arise from a track that showers in a crack between ECAL
crystals or into a crystal with anomalously low light yield,
yielding a significantly undermeasured deposited energy
that degrades the consistency between the measured track
pr and associated calorimetric energy, leading to a failure
in the PF particle reconstruction. In other cases, a particle
might emit a highly energetic photon, causing a recoil that
similarly degrades this consistency. Concomitantly, the two
outermost layers of the silicon tracker may not have hits
associated with the track, which can arise through rare
inefficiencies or from misassociation of hits in the strip

PThard dE/dx
(GeV) Nb»jet Njet Nshort Nlong (MeV/cm) SR
30-100 0 >1 0 1 <4.0 25
>4.0 26
1 0 <4.0 27
>4.0 28
>1 0 1 <4.0 29
>4.0 30
1 0 <4.0 31
>4.0 32
>100 Any 0 1 <4.0 33
>4.0 34
1 0 <4.0 35
>4.0 36

Electron channel (Npp, =1, N, > 1)

30-100 0 >1 0 1 <4.0 37
>4.0 38
1 0 <4.0 39
>4.0 40
>1 0 1 <4.0 41
>4.0 42
1 0 <4.0 43
>4.0 44
>100 Any 0 1 <4.0 45
>4.0 46
1 0 <4.0 47
>4.0 48
Nprx = 2 channel
>30 Any >1 Any 49

detector. We refer to this type of background as the
“genuine-particle showering” background. Less often,
genuine-particle background can arise from a muon if
there is a large or otherwise anomalous occupancy in the
muon system or as a result of a rare misalignment between
the track segment in the tracker with that in the muon
system, again in conjunction with missing hits in the two
outermost layers of the silicon tracker. We refer to this
background as the “genuine-particle muon” background.
These genuine-particle backgrounds represent the domi-
nant background for the long-track category of DTks.
The genuine-particle showering background is evaluated
using sideband control regions CR&™"  one for each SR,
and a separate “DY measurement” CR of Drell-Yan events.
The CRE™i" samples are defined by the intervals in Egep
and the BDT classifier listed in the third and fourth rows of
Table II. These criteria yield a high purity for genuine-
particle showering events and thus negligible contamina-
tion. The CR&™i" samples are selected using a loosened
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TABLE V. The transfer factors x°% and Kﬂy:]::zh used for the evaluation of the genuine-particle backgrounds. The “Genuine shower”

ow

columns refer to the o factors, while the “Genuine muon” columns refer to the KV factors. The genuine-particle muon background

o match

is negligible for the short category of DTks. The uncertainties are statistical only.

Phase 0 Phase 1 Combined phase 0 and 1
K{l‘;gh, ﬂ:f;fch: Genuine shower ~ Genuine muon  Genuine shower  Genuine muon  Genuine shower  Genuine muon
Short 0.65 £0.11 - 0.435 £0.049 e 0.492 + 0.046 e
Long 0.247 £0.020  0.00099 £ 0.00017  0.389 +0.032  0.00047 £0.00012  0.307 4+ 0.018  0.00074 + 0.00011

isolation requirement on the DTks compared to the SRs.
Specifically, the DTk candidate must only lie at least
AR =0.1 away from any reconstructed jet with
pr > 15 GeV, rather than at least AR=04 as in
Sec. VI. The reason for this loosened restriction is to
increase the statistical precision of the background esti-
mate. Other than these differences, the criteria used to select
the CR&™i" samples are the same as for the SR samples.

The DY measurement CR is selected by requiring events
to contain an electron and a DTk candidate of opposite
charge. The DTk candidate must satisfy the selection
criteria for either the SR or CR&™i"® samples. The invariant
mass m(DTk, e) formed from the DTk and electron must be
consistent with a Z boson, namely lie in a range from 65 to
110 GeV. For this calculation, the DTk is assigned a mass
of zero. To improve the purity, we require mr(e, p%‘fﬁgrd) <
100 GeV and that there be a relatively small difference A¢
in the azimuthal angle between the DTk and piis .
A¢ < r/2 for long tracks and A¢ < z/4 for short tracks.
The A¢ requirement is imposed because genuine-particle
DTks correspond to particles that are not reconstructed,
which can lead to significant piss | along the direction of
the DTk.

A transfer factor KL?}c,”h is derived from the DY measure-
ment CR, given by the ratio of the number of events with
small and large values of the fq, variable,

1 _ DY DY
Kh(igh = Nfluw/thigh’ (3)
dep dep

where fge, = Eqep/p for long tracks and f4e, = Egep, for

short tracks. The Eg, requirements for the fi (fgie‘%)h)

region are the same as those listed for the SR (CReenvine)
samples in Table II. The transfer factor is determined
separately for short and long tracks and for the phase-0
and -1 detectors. The DY measurement CR is nearly 100%
pure in genuine-particle showering events except for the
short-track category at low fg.,, where approximately
50% of the events arise from spurious tracks. The
spurious-track contamination in this sample is evaluated
using the method described in Sec. VIIIB and is then
subtracted before the KL‘}gh factors are calculated, with an

associated systematic uncertainty evaluated as described

in Sec. IX. The values of the K{ggh factors are reported in

the genuine shower columns of Table V.

genuine

The estimate Ngg ~ of the number of genuine-particle

showering background events in the ith SR is
genuine | »
NSR, —_— Kh?ghNCRLgCnL““C ) (4)

with N genine the number of events in the ith CR&enuine

sample.

An analogous procedure is employed to evaluate the
much smaller genuine-particle muon background, making
use of sideband control regions CRE™"*# defined analo-
gously to the SRs but inverting the requirement from
Sec. VI that the DTk not be identified as a PF muon,
namely the track must be identified as a muon. We call this
track a “DTk-proxy” track. A DY measurement CR is
defined in the same manner as described above for the
genuine-particle showering background except with the Z
boson candidate formed from a muon and the DTk-proxy
track. The CRe™ire# and this DY measurement CR are
essentially 100% pure in genuine-particle muon events
and thus have negligible contamination. A transfer factor

K e 18 derived from the DY measurement CR as the ratio
of the number of events with the muon veto of Sec. VI
applied to the corresponding number with the veto inverted.
The values of the transfer factors Kﬁ;f;?ch are listed in the
genuine muon columns of Table V. Note that this back-
ground is negligible for short tracks because of the high
efficiency of the combined strip tracker and muon systems.

The estimate N “é‘;’;f"me"‘ of the number of genuine-particle

muon background events in the ith SR is
genuine-yu veto )
NSRI- - KJ; matChNCR?cnumcw N (5)

with N CREMineH the number of events in the ith CRgenuine-#

sample.

We study the dependence of the transfer factors KL‘;gWh and
"'vane;?ch on the kinematic properties of the tracks. It is found
that the pt spectra of DTks in the DY measurement CRs

are predicted reasonably well, with statistically significant
deviations within 20% for the showering background
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FIG. 3. Comparison of the pr distributions of DTks in the KL‘}Q’h DY measurement control region for the data and background prediction
for long (upper) and short (middle) showering tracks and in the K””Vme;fch DY measurement control region for long muon tracks (lower). The
left (right) column corresponds to the phase-0 (phase-1) detector. The uncertainty bars on the ratios in the lower panels indicate the
fractional Poisson uncertainties in the observed counts. The gray bands show the fractional Poisson uncertainties in the sideband region

counts, added in quadrature with the systematic uncertainties. The leftmost (rightmost) bin includes underflow (overflow).

tracks. Comparisons between the predicted and observed  agreement between the predicted and observed results to
pt spectra of the tracks in the two DY measurement CRs  within the statistical and systematic uncertainties.

are presented in Fig. 3. Tests of the method are performed
in high-mt validation regions defined in the same manner
as the corresponding DY measurement CR but with the
inverted requirement my > 110 GeV. The results in the
validation regions are shown in Fig. 4 and indicate

B. Spurious-particle background

The spurious-particle background arises when hits in the
silicon tracker from two or more particles align to form a
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FIG. 4. Comparison of the pt distributions of DTks in the high-m validation region for the data and background prediction for
long (upper) and short (middle) showering tracks and for long muon tracks (lower). The left (right) column corresponds to the phase-0
(phase-1) detector. The uncertainty bars on the ratios in the lower panels indicate the fractional Poisson uncertainties in the observed
counts. The gray bands show the fractional Poisson uncertainties in the sideband region counts, added in quadrature with the systematic
uncertainties. The leftmost (rightmost) bin includes underflow (overflow).

pattern that mimics the signature of a single particle. Such
combinatoric patterns typically do not have associated
calorimetric or muon system activity. They thereby can
satisfy the selection criteria for DTks and appear as
background in our search. The spurious-particle back-
ground depends primarily on the level of activity in an

event, particularly the occupancy of the tracker. It forms the
dominant background for the short-track category of DTks.

The spurious-particle background is evaluated using
sideband control regions CRsPUrious gne for each SR, and
a “QCD measurement CR” enhanced in QCD multijet
events. The CRPU°% samples are selected using the same
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TABLE VI. The transfer factor 0{25}1 used for the evaluation of

the spurious-particle background. The uncertainties are statistical
only.

Spurious particle

6’{';%:’: Phase 0 Phase 1 Combined phase 0 and 1
Short 0.722 £0.079 0.210 £ 0.020 0.346 £ 0.025
Long 0.089 4 0.015 0.042 4 0.021 0.080 £ 0.013

criteria as for the corresponding SRs except with lower
ranges in the BDT variable. These ranges are listed in the
last row of Table II. The ranges are chosen so as to yield
sufficiently populated samples, a high purity of spurious
tracks, and a phase space similar to the SRs.

The QCD measurement CR is selected by requiring
N, =N, =Npje =0 and 30 < pg{iggrd < 60 GeV. It is
essentially 100% pure in spurious-track events, with
i8h s derived

negligible contamination. A transfer factor @,

from the QCD measurement CR sample as
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high _ »,QCD QCD
elow =N BDThigh / N BDTlow? (6)

: CD CD .
with NSDThigh and ngDT"’W the number of events satisfying

the BDT selection criteria in Table II for the SR and
CR®PUos gelections, respectively. The values of the transfer
EM are listed in Table VI.

The estimate N ;’;{‘iﬁous of the number of spurious-particle

background events in the ith SR is

factors @

spurious
N p

high

low (7)

CRs:purious N
i

with N gpurious the number of events in the ith CRSPurious

event sample.

Because of the limited size of the data sample, six SRs in
the large dE/dx category have no events in the correspond-
ing CRspurious sample: these are bins 18, 22, 34, 42, 44, and
46 (see Tables III and IV). To obtain a prediction for these
bins, an extrapolation is made based on the predicted
spurious-track background in the adjacent SR, namely, the
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FIG. 5. Comparison of the pt distributions of DTks in the Qigih QCD measurement control region for the data and background

prediction for long (upper) and short (lower) tracks. The left (right) column corresponds to the phase-O (phase-1) detector. The
uncertainty bars on the ratios in the lower panels indicate the fractional Poisson uncertainties in the observed counts. The gray bands
show the fractional Poisson uncertainties in the control region counts, added in quadrature with the systematic uncertainties. The
leftmost (rightmost) bin includes underflow (overflow).
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equivalent SR in the low dE/dx category. The predictionis  also accounts for genuine-particle background that
made as might be present in the spurious-particle sample. The
results, shown in Fig. 6, again demonstrate general
1 h h 1 . . . .
(NR™")a Jdxhigh = e (Ner ™) aE Jaclows  (8)  agreement within the uncertainties.

low
where the transfer factor ¢i’;§,h is studied in various CRs and IX. SYSTEMATIC UNCERTAINTIES
is found to be 0.18 4 0.05 for both long and short tracks, We consider the following sources of systematic uncer-

indepel}de‘nt of any analys‘is variable. Relative systematic tainty in the signal event yields. Nuisance parameters
uncertainties associated with the extrapolated counts are  ,qqociated with systematic uncertainties are treated as
taken from the bin from which the value is extrapolated,  .,related across all search bins.

in addition to the uncertainty in ¢il;§,h. (i) DTk selection efficiency: The uncertainty in the DTk
Comparisons between the predicted and observed pr selection efficiency is taken to be the uncertainty in
spectra of DTk candidates in the QCD measurement the DTk selection efficiency scale factors mentioned
CR are shown in Fig. 5. The spectra are seen to be in Sec. VL.
reasonably well modeled, with statistically significant (i1) Integrated luminosity: The systematic uncertainty in
deviations below around 30%, within the total uncer- the determination of the integrated luminosity is
tainty. Tests of the spurious-particle background evalu- 1.6% [93-96].
ation procedure are performed in a validation region (iii) Jet energy scale and resolution: Uncertainties in the
defined by requiring the presence of one electron and jet energy scale and resolution are evaluated as a
one DTk, with the restrictions mt < 110 GeV and function of jet pr and n and propagated to higher
mprk.s & [65.110] GeV. Note that this validation region level quantities such as Nj, and p%iﬁzrd [45,46,97].
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FIG. 6. Comparison of the pt distributions of DTks in events with one electron and one DT, in a validation region with mr <
110 GeV and mpry » & [65, 110] GeV, for the data and background prediction for long (upper) and short (lower) tracks. The left (right)
column corresponds to the phase-0 (phase-1) detector. The uncertainty bars on the ratios in the lower panels indicate the fractional
Poisson uncertainties in the observed counts. The gray bands show the fractional Poisson uncertainties in the control region counts,
added in quadrature with the systematic uncertainties. The leftmost (rightmost) bin includes underflow (overflow).
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(iv) b jet tagging efficiency and mistagging: pr, #, and
flavor-dependent uncertainties in the b jet tagging
and light-quark jet mistagging scale factors, ac-
counting both for data-versus-Geant4-simulation
differences and for Geantd-versus-fast-simulation
differences, are derived from control samples of 7
and QCD multijet events.

(v) Renormalization and factorization scales: Uncer-
tainties associated with the renormalization (ug)
and factorization (up) scales are evaluated by
independently varying ur and pup by a factor of
2.0 and 0.5 [98-100].

(vi) Initial-state radiation: The uncertainty in the model-
ing of initial-state radiation is taken to be one half of
the deviation from unity in the ISR reweighting
factors presented in Sec. V.

(vii) Pileup modeling: The uncertainty associated with
pileup reweighting is evaluated by varying the value
of the total inelastic cross section by 4.6% [101]
from its nominal value of 69.2 mb.

(viii) Trigger efficiency: The uncertainty in the trigger
efficiency of the hadronic channel is assessed from
its observed dependence on jet multiplicity and of
the leptonic channels from the observed difference
relative to an alternative trigger. In addition, the
2016 and 2017 data-taking periods were affected by
an erroneous “prefiring” of the L1 trigger on the
previous bunch crossing, prohibiting the triggering
of some fraction of potential signal events. We
evaluate the resulting uncertainty in the trigger
efficiency using a preliminary L1 prefiring effi-
ciency map based on the end of the 2017 data-
taking period, representing a worst case scenario.

(ix) dE/dx calibration: A time-dependent calibration of
the dE/dx measurement is performed using tracks
associated with a muon, with the dE/dx value
extracted from a Gaussian fit around the peak of
the dE/dx distribution. A similar set of calibration
factors is derived using low-pr protons from A
baryon decays. The difference in the calibration
factors derived from the muons and protons is used
to determine a systematic uncertainty in the dE/dx
calibration.

The following systematic uncertainties are evaluated for the

estimates of the number of background events.

(i) Spurious-particle contamination: An uncertainty of
100% is assigned to the estimated number of
genuine-particle short-track background events to
account for the presence of spurious-particle con-
tamination in the DY CR used to calculate the KL‘;‘g"h

transfer factors for this category. A 100% uncer-
tainty is assigned because the measurement region
for short tracks is dominated by spurious tracks and,
after the subtraction, this is the order of how well the
transfer factor is known. This uncertainty does not

TABLE VII. The considered sources of systematic uncertainty in
the predicted signal yield and the corresponding range of values
over the 49 search regions (a value of O is reported when the
relative uncertainty is determined to be less than 0.5%) and the
ranges for the total prefit uncertainty in the predicted background
counts with respect to the respective background contribution.

Relative uncertainty

Uncertainty source in yield (%)

Signal
DTk selection efficiency 10-17
Integrated luminosity 1.6
Jet energy scale and resolution 0-24
b jet tagging 04
Renormalization and factorization scales 0-2
Initial-state radiation 0-3
Pileup modeling 0-2
Trigger efficiency 04
dE/dx calibration 3-8

Background
Genuine particle showering long 20-28
Genuine particle showering short 100-104
Genuine particle muon long 25-38
Spurious particle long 5-52
Spurious particle short 6-28

impact the sensitivity because this background is
nearly negligible in the short-track SRs.

(i) Residual pr dependence: Differences in the pre-
dicted and observed pr spectra of DTks in the
transfer factor CRs are used to assess uncertainties
of 30% and 20% in the number of spurious-particle
long-track and genuine-particle long-track back-
ground events, respectively.

Statistical uncertainties in the SRs and CRs are accounted
for in the fit described in Sec. X.

The sources of systematic uncertainty and their assessed
ranges across the 49 SRs are summarized in Table VII.

X. RESULTS AND INTERPRETATION

Figures 7 and 8 show a comparison in the baseline region
between the data and prefit background prediction for the
Niet» Npers p%iﬁjrd, N,, N,, and mpry.qg/q, distributions.
The results for long tracks are shown in Fig. 7 and for short
tracks in Fig. 8. Figure 9 presents the prefit (left) and postfit
(right) background predictions in comparison to the data in
the 49 individual SRs. The corresponding numerical results
for the prefit predictions are given in Table VIII. For
purposes of illustration, these figures and table include
example results for the T6tbLL and T5btbtLL models, with
choices for squark (or gluino) mass, LSP mass, and
chargino ¢z value as indicated in the legends or table
header. The data are found to be consistent with the
background-only hypothesis, and therefore no evidence
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FIG. 7. Comparison in the baseline region for the long-track DTk category between the data and prefit predicted SM background

for the Nj (upper left), Ny e (upper right), p%iﬁ;d (middle left),

N, (middle right), N, (lower left), and mpryap/a; (lower right)

distributions. The uncertainty bars on the ratios in the lower panels indicate the fractional Poisson uncertainties in the observed counts.

The gray bands show the fractional Poisson uncertainties in the

control region counts, added in quadrature with the systematic

uncertainties. The leftmost (rightmost) bin includes underflow (overflow). For purposes of illustration, results from the T6tbLL and
T5btbtLL models are shown, where the first and second numbers in parentheses indicate the squark (or gluino) mass and the LSP mass,

respectively, in GeV.

for new physics is observed. A slight systematic over-
prediction is seen in the short-track category, consistent
with the presence of spurious-particle contamination in the
showering background sidebands. The background uncer-
tainty model accounts for this effect via a nuisance

parameter that reduces the total genuine-particle back-
ground yield for short-track bins to nearly zero.

Upper limits on the production cross sections of the
considered simplified models are computed using a maxi-
mum likelihood fit. The likelihood is a product of Poisson
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FIG. 8. Comparison in the baseline region for the short-track DTk category between the data and prefit predicted SM background
for the Nj (upper left), N, e (upper right), p‘{iﬁgrd (middle left), N, (middle right), N, (lower left), and mpyy.qg/q, (lower right)
distributions. The uncertainty bars on the ratios in the lower panels indicate the fractional Poisson uncertainties in the observed counts.
The gray bands show the fractional Poisson uncertainties in the control region counts, added in quadrature with the systematic
uncertainties. The leftmost (rightmost) bin includes underflow (overflow). For purposes of illustration, results from the T6tbLL and
T5btbtLL models are shown, where the first and second numbers in parentheses indicate the squark (or gluino) mass and the LSP mass,
respectively, in GeV.

functions, one for each SR, accounting for the expected  simulated signal event counts. Other sources of uncertainty
yields and evaluated using the observed event counts. The  are accounted for using log-normal functions, with one
mean expected background and signal yields are con-  nuisance parameter per source of uncertainty. Limits are
strained using y functions that account for the observed  determined under the asymptotic approximation [102] of
event counts in each sideband control region and for the the CL criterion described in Refs. [103,104]. All 49 SRs
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FIG. 9. Comparison between the data and SM background predictions for the 49 search regions. The left (right) plot shows the
prefit (postfit) background predictions. The uncertainty bars on the ratios in the lower panels, shown for bins with nonzero entries,
indicate the fractional Poisson uncertainties in the observed counts. The gray bands show the fractional Poisson uncertainties in the
control region counts, added in quadrature with the systematic uncertainties. For purposes of illustration, results from the T6tbLL
and T5btbtLL models are shown, where the first and second numbers in parentheses indicate the squark (or gluino) mass and the
LSP mass, respectively, in GeV.

TABLE VIII. Predicted prefit background and uncertainties in the 49 search regions. Statistical and binwise systematic uncertainties
are added in quadrature. The control region counts corresponding to each background category are given in the column to the left of the
respective column. The numbers in parentheses for the signal points indicate the squark (or gluino) mass in GeV, the LSP mass in GeV,
and ct for the chargino in centimeters, respectively.

T6tbLL T5btbtLL
SR no. CR Spurious CR  Showering CR Muon Total bkg. (1000, 900, 200) (1500, 1100, 10) Observed
1 80 640+0.72 56 17.2+23 313 023+0.01 239+24 0.10 + 0.06 0.00 + 0.00 33
2 14 1124030 4 123+£061 17 0.01+0.01 2.36+0.68 0.80 +0.17 0.00 + 0.00 3
3 170 589+45 33 8.1+14 0 0.00+£0.00 67.0+4.7 0.04 +0.03 0.00 + 0.00 51
4 23 80+1.7 3 0.74+043 0 0.00£000 87+1.7 0.17 +0.07 0.00 + 0.00 5
5 44 352+053 24 74+15 183 0.13+£001 11.0£1.6 0.77 £ 0.16 0.03 +0.03 10
6 7 0.56+0.21 1 031+0.31 9 0.01+£0.01 0.87+0.37 4.86 +0.38 0.00 + 0.00 1
7 92 319433 23 57+1.2 0 0.00+£000 375+£35 0.19 +0.07 0.00 + 0.00 25
8 10 35+1.1 2 049+0.35 0 0.00£000 40+12 1.02 +0.15 0.03 +0.02 1
9 4 032+£016 8 246+£087 37 0.03+0.03 2.81+0.88 0.00 = 0.00 0.00 + 0.00 3
10 1 008+£008 0 o,oojggg 0 0.00£0.00 (),ogjg:gg 0.06 +0.04 0.00 + 0.00 0
11 10 35411 4 098 +0.49 0 000£000 45+12 0.00 + 0.00 0.00 + 0.00 4
12 2 069049 0 0.005350 0 000+0.00 0759 0.00 = 0.00 0.11+0.11 0
13 10 0.80+025 15 46412 157 0.12£001 55412 0.14 +0.07 0.18 +0.10 7
14 1 0.08+£008 O o_oojggg 5 0.00+£0.00 o_ogjg:gg 1.19 £0.18 0.96 +0.27 0
15 31 10719 12 295+0.85 0 0.00£0.00 13.7+2.1 0.03 +0.02 0.61 +0.17 9
16 5 1.73£077 O 0.00fg'gg 0 0.00£000 1.7£12 0.18 +£0.06 3.41+£042 3
17 1 008+£008 4 123+0.61 186 0.144+0.01 1.45+0.62 0.07 +0.05 0.00 + 0.00 0
18 0 0.01£0.01 0 o,oojg-gg 12 0.01 £0.01 0_02j8:327 0.67 +0.18 0.00 + 0.00 0
19 7 242+092 2 049+0.35 0 0.00+0.00 2.92+0098 0.00 £+ 0.00 0.00 £ 0.00 4
20 3 1.04+£0.60 1 025+£0.25 0 0.00£0.00 1.28+0.65 0.07 +£0.04 0.00 + 0.00 1
21 2 0.16+£0.11 4 123+£061 198 0.15+0.01 1.54+0.63 0.61 +£0.14 1.19+0.35 2
22 0 003+£003 0 o_oojg-gg 10 0.01 +0.01 0_04j8:3} 4.81 +0.40 1.91 +0.40 0
23 9 31+£10 5 1.23+£0.55 0 0.00£0.00 44+12 0.10 £ 0.05 0.94 +£0.16 6
24 1 035+£035 0 0.00f8’88 0 0.00 £0.00 0,35jg:3957 1.22 £0.19 4.10+0.51 0
25 6 048 +0.20 1 031+£031 23 0.024+0.02 0.80+0.36 0.02 +0.02 0.09 +0.09 3
26 4 0324016 O o,oojggg 1 0.00 £ 0.00 0,323‘)’:3529 0.08 +0.05 0.00 £ 0.00 0
27 42 146+22 4 098+049 0 0.00+£000 155+23 0.00 + 0.00 0.00 + 0.00 13

(Table continued)
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TABLE VIIL (Continued)

T6tbLL T5btbtLL
SR no. CR Spurious  CR  Showering CR Muon Total bkg. (1000, 900, 200) (1500, 1100, 10) Observed
28 8 2774098 1 025+025 0 0004000 3.0+1.0 0.02 4 0.02 0.03 +0.03 2
29 3 0244014 0 000707 19 001£001 025103 0.00 4 0.00 0.00 £ 0.00 0
30 3 .024£014 0 00007 0 0.00+£0.00 0245038 0.00 4 0.00 0.00 + 0.00 0
31 8 2774098 1 025+025 0 0.004+0.00 3.0+1.0 0.00 4 0.00 0.00 £ 0.00 2
32 3 1.04+£060 0  0.00°0% 0 0.00£0.00 1.0 0.00 £ 0.00 0.03 £ 0.02 0
33 3 0244014 4 1234061 155 0.11+0.01 1.58+0.63  0.06 +0.04 0.48 +0.25 2
34 0 004+£004 0 00010 6 0.00+0.00 0.05:037 0.71 +0.16 0.59 +0.27 0
35 20 69+1.6 2 0494035 0 000+0.00 74+16 0.00 4 0.00 0.31 +0.18 4
36 2 0694049 1 0254025 0 0.00+0.00 094+0.55  0.12+0.06 0.76 +0.22 1
37 9 072+£024 0  0.001%3 7 0.014+001 073+0.61  0.0340.03 0.00 + 0.00 0
38 3 .024£0.14 0 00007 1 0004+000 0241038 0.04 4 0.04 0.01 4+ 0.01 1
39 39 135422 5 1234055 0 000+£000 147+22  0.00+0.00 0.00 £ 0.00 0
40 2 0694049 1 0254025 0 0.00+0.00 094+0.55  0.00+0.00 0.00 £ 0.00 2
41 1 0084008 1 0314031 12 001+001 0404032  0.00+0.00 0.00 £ 0.00 0
42 0 0014£001 0 00010 0 0.00+0.00 001037 0.00 4 0.00 0.00 £ 0.00 0
43 6 208+085 3 074+043 0 0.00+0.00 2.82+0.95  0.00+0.00 0.00 £ 0.00 4
44 0 0374037 0 00055, 0 000£0.00 03713 0.00 +0.00 0.03 +0.02 0
45 5 040+0.18 3 092+0.53 47 0.03+001 136+0.56  0.27+0.10 0.14 4+ 0.05 0
46 0 0074£007 0 00010 3 0.00+£0.00 007037 1.124+0.22 0.72+0.22 0
47 13 45+13 2 0494035 0 000+0.00 50+13 0.00 4 0.00 0.37+0.14 3
48 2 069+049 0 0.0070% 0 0.00+£000 079 0.27 4+ 0.09 0.91 +0.19 0
49 1 0354035 0  0.00%0) 1 0.004+000 035506 4.57 +0.39 0.66 + 0.24 0

are used in evaluating the limits for each signal model
point. For the models of gluino pair production and top or
bottom squark pair production, limits are derived in the
mass plane of the mother particle and the LSP for different
choices of chargino cr. We evaluate 95% confidence level
(C.L.) upper limits on the signal cross sections. The
approximate NNLO + NNLL cross section is used to
determine corresponding mass exclusion curves. Expected
limits are computed using the background-only hypothesis
in place of the observed numbers of events.

For the strong production models, the sensitivity of our
results depends on the mass difference Am; ;)1 sp between
the gluino or squark and the LSP. The limits weaken when
Am; z)-Lsp 18 small because of the resulting small boost
(and thus short decay length) of the chargino in the detector
frame. The limits also weaken for small LSP masses
because of the significant boost of the chargino, which
increasingly fails to decay within the tracker volume as
Am; g)-1sp increases. The strongest constraints on the
cross section reside at varying intermediate values of
Amg z)-Lsp, depending on the chargino cz.

Upper limits on the cross section for the T6tbLL and
T6btLL models are presented in Fig. 10. For the T6tbLL
model, we exclude bottom squarks below a mass of
900-1540 GeV, depending on the LSP mass and chargino
lifetime. Charginos and LSPs, taken to be essentially
mass degenerate in our study, are excluded up to a mass

of 850 (1210) GeV for chargino ¢z =10 (200) cm,
depending on the bottom squark mass. The analogous
limits for the T6btLL model are 1100-1590 GeV for the top
squark mass and 1050 (1400) GeV for the chargino and
LSP mass. These results extend the maximum limit on the
LSP mass in the compressed phase space scenario by
hundreds of GeV compared to the previous study [22], both
for ¢z = 10 and 200 cm.

Upper limits on the cross section for the TSbtbtLL model
are presented in Fig. 11. Gluinos are excluded below a
mass of 1450-2300 GeV, depending on LSP mass and
chargino lifetime. Charginos and LSPs are excluded up to a
maximum of 1950 GeV, depending on the gluino mass and
chargino lifetime.

In Figs. 10 and 11, the white bands indicate the regions
previously excluded by the CERN LEP experiments [105].

We examined the change in sensitivity introduced by our
inclusion of the electron + DTk and muon + DTk channels
in the analysis. We find that, compared to using the fully
hadronic channel alone, addition of these channels leads to
an improvement of around 40 GeV in the top squark mass
limit and of around 100 GeV in both the bottom squark and
gluino mass limits.

Finally, limits on pure wino [29] and Higgsino [32] DM
models are presented in Fig. 12 for the case of a minimal
mass splitting Am™ between the two lightest SUSY states,
bounded by two-loop radiative corrections. The chargino
lifetime is determined as a function of Am*, as described in
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FIG. 10. Observed 95% C.L. upper limits on the signal cross sections (colored area) versus the bottom or top squark and neutralino
mass for the T6tbLL (upper) and TobtLL (lower) model for a chargino proper decay length ¢z of 10 (left column) or 200 (right column)
cm. Also shown are black (red) contours corresponding to the observed (expected) lower limits, including their uncertainties, on the
squark and neutralino masses.

Ref. [30] for the wino case and in Ref. [31] for the Higgsino  line indicates the minimum mass splitting required by
case. The production scenario accounts for the TChiWZ,  the radiative corrections. Chargino and LSP masses are
TChiWW, and TChiW models taken together, where the  excluded up to 650 GeV for the pure wino model and up to
first process occurs only in the Higgsino case. The green 190 GeV for the pure Higgsino model.
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FIG. 11. Observed 95% C.L. upper limits on the signal cross sections (colored area) versus the gluino and neutralino mass for the
T5btbtLL model for a chargino proper decay length cz of 10 (left column) and 200 (right column) cm. Also shown are black (red)
contours corresponding to the observed (expected) lower limits, including their uncertainties, on the gluino and neutralino masses.
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FIG. 12. Observed 95% C.L. upper limits on the signal cross sections (colored area) versus the chargino-LSP mass difference and the
mass of the chargino for the wino (left) and Higgsino (right) DM models. The black contours indicate the boundary where the observed
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radiative corrections to the mass splitting are assumed. Chargino lifetimes are based on two-loop calculations.

XI. SUMMARY

A search for long-lived charginos based on data collected
in proton-proton collisions at /s = 13 TeV, correspond-
ing to an integrated luminosity of 137 fb~!, is presented.
Event yields are studied in 49 nonoverlapping search
regions defined by the number of electrons, muons, jets,
and b-tagged jets, and by the hard missing transverse
momentum, in final states with at least one identified
disappearing track. Further categorization of the SRs is
based on the approximate length of the track and on its
dE/dx energy loss in the inner tracking detector. The
analysis targets a wide variety of possible production
modes appearing in simplified models of R-parity con-
serving supersymmetry, including gluino, top squark,
bottom squark, and electroweakino pair production. A
machine-learning-based classifier is employed to optimally
select disappearing tracks, while rejecting tracks originat-
ing from failures in the reconstruction or from combina-
torial effects. Background contributions to the SRs are
evaluated based on the observed yields in data control
regions. The observed yields in the SRs are found to be
consistent with the background-only predictions, and thus
no evidence for supersymmetry is found.

In the context of the examined models, bottom squarks,
top squarks, and gluinos with masses as large as 1540,
1590, and 2300 GeV, respectively, are excluded. For
bottom squark pair production, charginos and the lightest
supersymmetric particle, considered to be essentially mass
degenerate in our study, are excluded up to a mass of
850 (1210) GeV for a chargino proper decay length cz
of 10 (200) cm. For top squark pair production, the
corresponding limit on the chargino and LSP mass is
1050 (1400) GeV. These results extend the maximum limit
on the LSP mass in the compressed phase space scenario by

hundreds of GeV compared to the previous study [22] and
extend the reach of sensitivity into mass regions where a
pure wino- or pure Higgsino-like LSP can account for the
observed dark matter relic density. Limits are also deter-
mined for a pure wino dark matter model [29] and a pure
Higgsino dark matter model [32]. In the context of these
two models, charginos and LSPs are excluded up to
650 GeV for the wino model and up to 190 GeV for the
Higgsino model.
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