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A search is presented for long-lived charged particles that decay within the volume of the silicon tracker 
of the CMS experiment. Such particles can produce events with an isolated track that is missing hits 
in the outermost layers of the silicon tracker, and is also associated with little energy deposited in the 
calorimeters and no hits in the muon detectors. The search for events with this “disappearing track” 
signature is performed in a sample of proton-proton collisions recorded by the CMS experiment at 
the LHC with a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 101 fb−1

recorded in 2017 and 2018. The observation of 48 events is consistent with the estimated background 
of 47.8+2.7

−2.3 (stat) ± 8.1 (syst) events. Upper limits are set on chargino production in the context of an 
anomaly-mediated supersymmetry breaking model for purely wino and higgsino neutralino scenarios. 
At 95% confidence level, the first constraint is placed on chargino masses in the higgsino case, excluding 
below 750 (175) GeV for a lifetime of 3 (0.05) ns. In the wino case, the results of this search are combined 
with a previous CMS search to produce a result representing the complete LHC data set recorded in 
2015–2018, the most stringent constraints to date. At 95% confidence level, chargino masses in the wino 
case are excluded below 884 (474) GeV for a lifetime of 3 (0.2) ns.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Many beyond-the-standard-model (BSM) scenarios introduce 
long-lived charged particles that could decay within the volume 
of the tracking detectors used by the CERN LHC experiments. If 
the decay products of such a particle are undetected, either be-
cause they have too little momentum to be reconstructed or be-
cause they interact only weakly, a “disappearing track” signature is 
produced. This signature is identified as an isolated particle track 
that extends from the interaction region but is missing hits in the 
outermost region of the tracking detector, and also has little associ-
ated energy deposited in the calorimeters and no associated hits in 
the outer muon detectors. Because standard model (SM) processes 
rarely produce this signature, background processes are almost en-
tirely composed of failures of the particle reconstruction or track 
finding algorithms.

The disappearing track signature arises in a broad range of 
BSM scenarios [1–13]. For example, in anomaly-mediated super-
symmetry breaking (AMSB) [14,15] the particle mass spectrum 
includes a chargino and neutralino (electroweakinos χ̃±

1 and χ̃0
1, 

respectively) that are nearly degenerate in mass. In this scenario, 

� E-mail address: cms -publication -committee -chair @cern .ch.

with a chargino-neutralino mass difference of order 100 MeV, the 
chargino is long-lived and can reach the CMS tracking detector 
before decaying to a neutralino and a pion (̃χ±

1 →χ̃
0
1π

±). The 
produced pion does not have sufficient momentum to be recon-
structed as a track, nor to contribute significantly to the energy 
associated with the original chargino track. The neutralino, as the 
lightest supersymmetric particle (LSP), is stable assuming R-parity 
conservation and interacts only weakly, leaving no trace in the de-
tector. Consequently, the decay of an AMSB chargino to a weakly 
interacting neutralino and an unreconstructed pion would produce 
the disappearing track signature.

This letter presents a search for disappearing tracks in proton-
proton (pp) collision data collected at 

√
s = 13 TeV throughout 

2017 and 2018, corresponding to an integrated luminosity of 
101 fb−1. The results of this search are presented in terms of 
chargino masses and lifetimes within the context of AMSB. The 
results are also presented more generally in a form that can be 
used to test any BSM scenario producing the disappearing track 
signature. The ATLAS experiment has previously excluded AMSB, 
with a purely wino LSP, for chargino masses below 460 GeV with 
a lifetime of 0.2 ns [16]. The CMS experiment has excluded AMSB 
chargino masses for a purely wino LSP below 715 GeV for a life-
time of 3 ns [17], using the data collected during 2015 and 2016. 
This search extends the previous CMS results to encompass the 
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entire available 
√

s = 13 TeV data set, referred to as the Run 2 
data set, corresponding to a total integrated luminosity of 140 fb−1. 
Prior to the 2017 data-taking period, a new pixel detector was in-
stalled as part of the Phase 1 upgrade [18,19]. This new detector 
contains a fourth inner layer at a radius of 2.9 cm from the inter-
action region. The addition of this new layer enables this search 
to accept shorter tracks that traverse fewer layers of the tracker, 
thereby increasing its sensitivity to shorter lifetime particles. The 
interpretation of the results is extended to include the direct elec-
troweak production of charginos in the case of a purely higgsino 
LSP.

2. The CMS detector

The central feature of the CMS apparatus is a superconducting 
solenoid of 6 m internal diameter. Within the solenoid volume are 
a silicon pixel and strip tracker, a lead tungstate crystal electro-
magnetic calorimeter (ECAL), and a brass and scintillator hadron 
calorimeter (HCAL), each composed of a barrel and two endcap 
sections. Forward calorimeters extend the pseudorapidity coverage 
provided by the barrel and endcap detectors. Muons are measured 
in gas-ionization detectors embedded in the steel flux-return yoke 
outside the solenoid.

The silicon tracker measures charged particles within the pseu-
dorapidity range |η| < 2.5. During the LHC running period when 
the data used in this analysis were recorded, the silicon tracker 
consisted of 1856 silicon pixel and 15 148 silicon strip detector 
modules.

Events of interest are selected using a two-tiered trigger sys-
tem [20]. The first level (L1), composed of custom hardware pro-
cessors, uses information from the calorimeters and muon detec-
tors to select events at a rate of around 100 kHz within a fixed 
time interval of less than 4 μs. The second level, known as the 
high-level trigger (HLT), 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 O(1) kHz before data 
storage.

A more detailed description of the CMS detector, together with 
a definition of the coordinate system used and the relevant kine-
matic variables, can be found in Ref. [21].

3. Data sets

This search is based on pp collision data recorded by the CMS 
detector at 

√
s = 13 TeV corresponding to an integrated luminosity 

of 42 fb−1 [22] and 60 fb−1 [23] from the 2017 and 2018 data-
taking periods, respectively.

Simulated signal events are generated at leading order (LO) pre-
cision with pythia 8.240 [24], using the NNPDF3.0 LO [25] parton 
distribution function (PDF) set with the CP5 tune [26] to describe 
the underlying event. Supersymmetric particle mass spectra are 
produced by isajet 7.70 [27], for chargino masses in the range 
100–1100 (100–900) GeV in steps of 100 GeV for the wino (hig-
gsino) LSP case. The ratio of the vacuum expectation values of the 
two Higgs doublets (tan β) is fixed to 5, with a positive higgsino 
mass parameter (μ > 0). The χ̃±

1 –χ̃0
1 mass difference has little 

dependence on tan β and the sign of μ [28]. While this mass dif-
ference typically determines the chargino’s proper decay time (the 
lifetime in the rest frame, τ ), in these simulated signal events τ is 
explicitly varied from 6.67 ps to 333 ns (corresponding to a range 
in cτ of 0.2–10 000 cm) in logarithmic steps, to examine sensitivity 
to a broader range of models.

In the wino LSP case, the chargino branching fraction (B) for 
χ̃

±
1 →χ̃

0
1π

± is set to 100%, and both χ̃±
1 χ̃

∓
1 and χ̃±

1 χ̃
0
1 produc-

tion processes are simulated. In the higgsino LSP case, the second 

neutralino (̃χ0
2) is completely degenerate in mass with χ̃0

1, hav-
ing equal production cross sections (σ ) and branching fractions for 
the χ̃±

1 →χ̃
0
1,2 + X decays. Following Ref. [29], these are taken to 

be 95.5% for χ̃±
1 →χ̃

0
1,2π

± , 3% for χ̃±
1 →χ̃

0
1,2eν , and 1.5% for χ̃±

1 →
χ̃

0
1,2μν in the range of chargino masses of interest, and both ̃χ±

1 χ̃
∓
1

and χ̃±
1 χ̃

0
1,2 production processes are simulated.

Simulated signal events are normalized using cross sections cal-
culated to next-to-leading order plus next-to-leading-logarithmic 
(NLO+NLL) precision, using Resummino 1.0.9 [30,31] with the 
CTEQ6.6 [32] and MSTW2008nlo90cl [33] PDF sets, and the final 
numbers are calculated using the PDF4LHC recommendations [34]
for the two sets of cross sections. In the wino case, the ratio of 
χ̃

±
1 χ̃

0
1 to χ̃±

1 χ̃
∓
1 production is roughly 2:1 for all chargino masses 

considered. In the higgsino case, the ratio of ̃χ±
1 χ̃

0
1,2 to ̃χ±

1 χ̃
∓
1 pro-

duction is roughly 7:2.
As an LO generator, pythia is known to be deficient in modeling 

the rate of initial-state radiation (ISR) and the resulting hadronic 
recoil [35,36], so data-derived corrections for this deficiency are 
applied as functions of the transverse momentum (pT) of the elec-
troweakino pair (either χ̃±

1 χ̃
∓
1 or χ̃±

1 χ̃
0
1,2). Similar to the method 

used in Ref. [36], the correction factors are derived as the ratio of 
the pT of Z→μμ candidates in data to simulated pythia events, 
under the assumption that the production of ISR in Z boson and 
electroweakino pair events are similar, since both are electroweak 
processes. The ISR correction factors typically range between 1.8 
and 2.0 in the kinematic region relevant for this search.

Simulated events are generated with a Monte Carlo program 
incorporating a full model of the CMS detector, based on Geant4

[37], and reconstructed with the same software used for collision 
data. Simulated minimum bias events are superimposed on the 
hard interaction to describe the effect of additional inelastic pp in-
teractions within the same or neighboring bunch crossings, known 
as pileup, and the samples are weighted to match the pileup dis-
tribution observed in data.

4. Event reconstruction and selection

A particle-flow (PF) algorithm [38] aims to reconstruct and 
identify each individual particle in an event with an optimized 
combination of information from the various elements of the CMS 
detector. The energy of photons is obtained from the ECAL mea-
surement. The energy of electrons is determined from a combina-
tion of the electron momentum at the primary interaction vertex 
as determined by the tracker, the energy of the corresponding 
ECAL cluster, and the energy sum of all bremsstrahlung photons 
spatially compatible with originating from the electron track. The 
energy of muons is obtained from the curvature of the correspond-
ing track. The energy of charged hadrons is determined from a 
combination of their momentum measured in the tracker and the 
matching ECAL and HCAL energy deposits, corrected for the re-
sponse function of the calorimeters to hadronic showers. Finally, 
the energy of neutral hadrons is obtained from the corresponding 
corrected ECAL and HCAL energies.

For each event, hadronic jets are clustered from these recon-
structed particles using the infrared- and collinear-safe anti-kT al-
gorithm [39,40] with a distance parameter of 0.4. Jet momentum 
is determined as the vector sum of all particle momenta in the 
jet, and is found from simulation to be, on average, within 5 to 
10% of the true momentum over the entire pT spectrum and de-
tector acceptance. Hadronic τ lepton decays are reconstructed with 
the hadron-plus-strips algorithm [41], which starts from the recon-
structed jets.

The missing transverse momentum vector �pmiss
T is computed as 

the negative vector sum of the transverse momenta of all the PF 
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candidates in an event [42], and its magnitude is denoted as pmiss
T . 

The �pmiss
T is modified to account for corrections to the energy scale 

of the reconstructed jets in the event. The related vector �pmiss, /μ
T is 

calculated in the same manner as �pmiss
T , excepting that the trans-

verse momenta of PF muons are ignored. The magnitude of �pmiss, /μ
T

is denoted by pmiss, /μ
T . Signal events for this search typically have 

no reconstructed muons, in which case �pmiss
T and �pmiss, /μ

T are iden-
tical.

As tracking information is not available in the L1 trigger, events 
are collected by several triggers requiring large pmiss

T or pmiss, /μ
T , 

which would be produced in signal events by an ISR jet recoiling 
against the electroweakino pair. The L1 triggers require pmiss

T above 
a threshold that was varied during the data-taking period accord-
ing to the instantaneous luminosity. The HLT requires both pmiss

T

and pmiss, /μ
T with a range of thresholds. The lowest threshold trig-

ger, designed specially for this search, requires pmiss
T > 105 GeV and 

an isolated track with pT > 50 GeV and at least 5 associated tracker 
hits at the HLT. The remaining triggers require pmiss

T or pmiss, /μ
T >

120 GeV and do not have a track requirement.
After the trigger, events selected offline are required to be con-

sistent with the topology of an ISR jet at the HLT, having pmiss, /μ
T >

120 GeV, and at least one jet with pT > 110 GeV and |η| < 2.4. 
To reject events with spurious pmiss

T from mismeasured jets, the 
difference in the azimuthal angle φ between the direction of the 
highest pT jet and �pmiss

T is required to be greater than 0.5 radians. 
For events with at least two jets, the maximum difference in φ be-
tween any two jets, �φmax, is required to be less than 2.5 radians. 
In 2018, a 40◦ section of one end of the hadronic endcap calori-
meter (HEM) lost power during the data-taking period. The 2018 
data are therefore separated into two samples, 2018 A and B, cor-
responding to events before and after this loss of power, with in-
tegrated luminosities of 21 and 39 fb−1, respectively. Events from 
the 2018 B period are rejected if the �pmiss

T points to the affected 
region, having −1.6 < φ(�pmiss

T ) < −0.6. This requirement, referred 
to as the “HEM veto”, removes 31% of the events in 2018 B, and 
leads to a reduction in the signal acceptance of 16% for this data-
taking period, as expected from geometrical considerations and as 
verified in simulation. The selection requirements applied to this 
point define the “basic selection”, with the resulting sample domi-
nated by W→	ν events.

After the basic selection, isolated tracks with pT > 55 GeV and 
|η| < 2.1 are further selected, where the isolation requirement is 
defined such that the scalar sum of the pT of all other tracks 
within �R =

√
(�η)

2 + (�φ)
2

< 0.3 of the candidate track must 
be less than 5% of the candidate track’s pT. Tracks must be sepa-
rated from jets having pT > 30 GeV by �R(track, jet) > 0.5. Tracks 
are also required to be associated with the primary pp interac-
tion vertex (PV), the candidate vertex with the largest value of 
summed physics-object p2

T. The physics objects in this sum are the 
jets, clustered with the tracks assigned to candidate vertices as in-
puts, and the associated missing transverse momentum, taken as 
the negative vector sum of the pT of those jets. With respect to 
the PV, candidate tracks must have a transverse impact parameter 
(|d0|) less than 0.02 cm and a longitudinal impact parameter (|dz|) 
less than 0.50 cm.

Tracks are said to have a missing hit if they are reconstructed 
as passing through a functional tracker layer, but no hit in that 
layer is associated with the track. A missing hit is described as 
“inner” if the missing layer is between the interaction point and 
the track’s innermost hit, “middle” if between the track’s inner-
most and outermost hits, and “outer” if it is beyond the track’s 
outermost hit. The track reconstruction algorithm generally allows 

for some missing hits, to improve efficiency for tracks travers-
ing the entire tracker. However, for shorter tracks this may result 
in spurious reconstructed tracks, arising not from charged parti-
cle trajectories but from pattern recognition errors. These spurious 
tracks are one of two sources of backgrounds considered in this 
search. This background is reduced by requiring tracks to have no 
missing inner or middle hits, and at least four hits in the pixel 
detector.

The other source of background is isolated, high-pT charged 
leptons from SM decays of W± or Z bosons, or from virtual pho-
tons. These tracks can seem to disappear if the track reconstruction 
fails to find all of the associated hits. Missing outer hits in lep-
ton tracks may occur because of highly energetic bremsstrahlung 
in the case of electrons, or nuclear interactions with the tracker 
material in the case of hadronically decaying τ leptons (τh). Elec-
trons or τh may be associated with little energy deposited in the 
calorimeters because of nonfunctional or noisy calorimeter chan-
nels. To mitigate this background, tracks are rejected if they are 
within �R(track, lepton) < 0.15 of any reconstructed lepton candi-
date, whether electron, muon, or τh. This requirement is referred 
to as the “reconstructed lepton veto”. To avoid regions of the de-
tector known to have lower efficiency for lepton reconstruction, 
fiducial criteria are applied to the track selection. In the muon 
system, tracks within regions of incomplete detector coverage, i.e., 
within 0.15 < |η| < 0.35 and 1.55 < |η| < 1.85, are rejected. In the 
ECAL, tracks in the transition region between the barrel and end-
cap sections at 1.42 < |η| < 1.65 are rejected, as are tracks whose 
projected entrance into the calorimeter is within �R < 0.05 of a 
nonfunctional or noisy channel. Because two layers of the pixel 
tracker were not fully functional in certain data-taking periods, 
some regions exhibited low efficiency for the requirement of four 
or more pixel hits, and tracks within these regions are rejected. 
These regions correspond to the range 2.7 < φ < π for the region 
0 < η < 1.42 in the 2017 data set, and to the range 0.4 < φ < 0.8
for the same η region in the 2018 data set. Application of this final 
requirement rejects approximately 20% of simulated signal tracks.

Additional regions of lower lepton reconstruction efficiency 
are identified using “tag-and-probe” (T&P) studies [43]. Candidate 
Z→		 objects are selected in data where the invariant mass of a 
tag lepton and a probe track is within 10 GeV of mZ , the world-
average mass of the Z boson [44], resulting in a sample of tracks 
having a high probability of being a lepton without explicitly re-
quiring that they pass the lepton reconstruction. The efficiency of 
the lepton reconstruction is calculated using these probe tracks 
across the full coverage of the detector, and also for each local 
η-φ region of size 0.1×0.1. Candidate tracks are rejected from the 
search region if they are within an η-φ region in which the local 
efficiency is less than the overall mean efficiency by at least two 
standard deviations. This procedure removes an additional 4% of 
simulated signal tracks.

Finally, two criteria define the condition by which a track is 
considered to have “disappeared”: (1) the track must have at least 
three missing outer hits, and (2) the sum of all associated calori-
meter energy within �R < 0.5 of the track (E�R<0.5

calo ) must be less 
than 10 GeV. From the sample of tracks passing all of the require-
ments described above, three signal categories are defined depend-
ing on the number of tracker layers that have hits associated to 
the track, nlay: nlay = 4, nlay = 5, and nlay ≥ 6. At η = 0 these cat-
egories correspond, respectively, to track lengths of approximately 
20, 20–30, and >30 cm. The previous CMS search for disappearing 
tracks [17] required at least seven hits associated with the selected 
tracks, which resulted in a sensitivity comparable to that of only 
the nlay ≥ 6 category in this search.
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Table 1
Summary of estimated values of Pveto. The uncertainties shown represent only the statistical component.

Data-taking period nlay Pveto

Electrons Muons τh

2017 4 (8.2 ± 5.2) × 10−4
(0.0+3.9

−0.0) × 10−3
(6.9+8.3

−5.1) × 10−2

5 (2.2 ± 0.9) × 10−4
(3.2 ± 1.3) × 10−2

(6.5+2.9
−2.7) × 10−2

≥6 (2.7 ± 0.5) × 10−5
(1.2 ± 0.5) × 10−6

(1.0 ± 0.4) × 10−3

2018 A 4 (1.3 ± 0.7) × 10−3
(1.0 ± 1.0) × 10−1

(7.1+5.5
−3.8) × 10−2

5 (0.9+1.5
−0.9) × 10−4

(7.4 ± 4.2) × 10−2
(4.4+5.5

−4.4) × 10−2

≥6 (1.6 ± 0.6) × 10−5
(1.9 ± 0.8) × 10−6

(0.0+7.3
−0.0) × 10−4

2018 B 4 (0.0+1.1
−0.0) × 10−4

(4.0+15.0
−4.0 ) × 10−2

(5.6+6.5
−5.0) × 10−2

5 (1.4 ± 1.1) × 10−4
(5.8 ± 3.8) × 10−2

(5.1+4.5
−3.7) × 10−2

≥6 (3.3 ± 0.7) × 10−5
(1.5 ± 0.6) × 10−6

(2.3 ± 1.0) × 10−3

5. Background estimation

5.1. Charged leptons

For tracks from charged, high-pT leptons (electrons, muons, or 
τh) to be selected by the search criteria, the lepton reconstruction 
must fail in such a way that a track is still observed but no lep-
ton candidate is produced, resulting in a mismeasurement of the 
calorimeter energy in the event. For this reconstruction failure to 
occur, the following conditions must be present:

• There is a reconstructed lepton track that is isolated from 
other tracks and has zero missing inner or middle hits. In ad-
dition, there must be no candidate lepton identified near to it, 
E�R<0.5

calo must be less than 10 GeV, and the track must have at 
least three missing outer hits.

• The resulting pmiss, /μ
T must be large enough to pass the offline 

pmiss, /μ
T requirement.

• The resulting pmiss
T and pmiss, /μ

T must be large enough to pass 
to trigger requirement.

• In the 2018 B data-taking period, the resulting pmiss
T must pass 

the HEM veto.

The background from charged leptons is estimated by calculating 
the conditional probability of each of these four requirements in 
the given order, as described below, treating each lepton flavor in-
dependently in each of the three signal categories.

5.1.1. Pveto
The probability of satisfying the first condition, Pveto, is defined 

as the probability for a lepton candidate to fail to be identified as 
a lepton. This is estimated for electrons (muons) using a T&P study 
with Z→ee (Z→μμ) candidates. Events are selected if they satisfy 
a single-electron (single-muon) trigger and contain a tag electron 
(muon) candidate passing tight identification and isolation criteria. 
A probe track is required to pass the disappearing track criteria, 
excepting the reconstructed lepton veto for the flavor under study, 
the E�R<0.5

calo requirement, and the missing outer hits requirement. 
The tag lepton and the probed track are required to have opposite-
sign electric charges and an invariant mass within 10 GeV of mZ .

To study these probabilities for τh, Z→ττ candidate events are 
selected in which one τ decays via τ→eνν or τ→μνν , with the 
electron or muon serving as the tag lepton. The other τ in these 
events is selected as the probe track and, after applying the re-
constructed electron and muon vetoes to it, the result is a sample 
of tracks dominated by τh. The electron and muon selections are 
as described above, with two modifications for the case of τh. To 

reduce contamination from W→	ν events, the transverse mass 
mT =

√
2p	

T pmiss
T (1 − cos�φ) is required to be less than 40 GeV, 

where p	
T is the magnitude of the tag lepton’s transverse momen-

tum and �φ is the difference in φ between the �pT of the tag 
lepton and the �pmiss

T . In addition, because τ leptons from the Z de-
cay are not fully reconstructed, the invariant mass of the tag-probe 
pair is required to be in the range mZ − 50 < M < mZ − 15 GeV.

For each T&P study of Pveto (electrons, muons, and τh), the 
number of selected T&P pairs before and after applying the rel-
evant flavor of the reconstructed lepton veto, the E�R<0.5

calo require-
ment, and the missing outer hits requirement are labeled NT&P and 
Nveto

T&P , respectively. To subtract non-Z boson contributions from the 
opposite-sign T&P samples, the selections above are repeated but 
requiring instead that the tag lepton and probe track have the 
same electric charge, yielding the quantities NSS T&P and Nveto

SS T&P. 
The probability that a lepton candidate is not explicitly identified 
as a lepton is then given by:

Pveto = Nveto
T&P − Nveto

SS T&P

NT&P − NSS T&P
. (1)

The results obtained for Pveto are summarized in Table 1.

5.1.2. Poff
The probability of satisfying the second condition, Poff, is de-

fined as the conditional probability of a single-lepton event to pass 
the offline requirements of pmiss, /μ

T > 120 GeV and |�φ(leading jet,

�pmiss, /μ
T )| > 0.5, given that the lepton candidate is not explicitly 

identified as a lepton. The latter of these criteria requires the ex-
istence of a jet having pT > 110 GeV and |η| < 2.4, as is required 
in the basic selection. The �pmiss, /μ

T of events with an unidentified 
lepton is modeled by assuming the lepton contributes no calorime-
ter energy to the event, replacing pmiss, /μ

T with the magnitude of 
�pmiss, /μ

T + �pT
	 . This modification is applied in single-lepton control 

samples for each flavor, defined as containing data events passing 
single-lepton triggers and having at least one tag lepton of the ap-
propriate flavor. In the case of muons, no modification of �pmiss, /μ

T is 
made as they are already excluded from its calculation. The quan-
tity Poff is estimated for each lepton flavor by counting the fraction 
of single-lepton control sample events with pmiss, /μ

T > 120 GeV and 
|�φ(leading jet �pmiss, /μ

T )| > 0.5, after modifying �pmiss, /μ
T in this way. 

For electrons and muons, Poff is approximately 0.7–0.8, and ap-
proximately 0.2 for τh.

5.1.3. Ptrig
The probability of satisfying the third condition, P trig, is defined 

as the conditional probability that a single-lepton event passes 
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the trigger requirement, given that the lepton candidate is not 
identified as a lepton and the event passes the offline require-
ments of pmiss, /μ

T > 120 GeV and |�φ(leading jet �pmiss, /μ
T )| > 0.5. In 

the single-lepton control samples used to measure Poff, the ef-
ficiency of the trigger requirement is calculated as a function of 
pmiss, /μ

T . The trigger efficiency is then multiplied bin-by-bin by the 
magnitude of �pmiss, /μ

T + �pT
	 , described above for Poff . The fraction 

of events in this product that survive the requirement of pmiss, /μ
T

(modified) > 120 GeV is then the estimate of P trig. The value of 
P trig is approximately 0.3–0.6 for all lepton flavors.

5.1.4. PHEM
The probability of satisfying the fourth condition, PHEM, is de-

fined as the conditional probability that a single-lepton event sur-
vives the HEM veto, given that the lepton candidate is not explic-
itly identified as a lepton and the event passes both the offline and 
trigger requirements. This probability is calculated in the sample 
of events forming the numerator of P trig. Because the HEM veto is 
applied only in the 2018 B data set, PHEM is fixed to unity in the 
other data-taking periods. The value of PHEM is approximately 0.8 
for all lepton flavors.

5.1.5. Charged lepton background estimation
The product of these four conditional probabilities gives the 

overall probability for an event with a charged lepton to pass the 
search selection criteria. These probabilities are measured sepa-
rately for each flavor and within each signal category of nlay. To 
normalize these probabilities to form the background estimate, the 
number of events with a charged lepton of each flavor (N	

ctrl) is 
counted by selecting events passing single-lepton triggers and con-
taining a lepton of the appropriate flavor with pT > 55 GeV. No 
requirement on the presence of pmiss, /μ

T or the reconstruction of 
jets is made in counting N	

ctrl , as Poff accounts for the probabil-
ity to pass those criteria. The value of N	

ctrl is corrected by the 
efficiency of the relevant single-lepton trigger, ε	

trigger, in order to 
account for any inefficiencies in that trigger. From the T&P sam-
ples used to study Pveto, ε	

trigger is measured as the fraction of 
probe tracks satisfying the single-lepton trigger requirement of the 
N	

ctrl selection. The values are observed to be 84% in the case of 
electrons, 94% in the case of muons, and 90% in the case of τh
candidates. The estimated background from charged leptons is cal-
culated using these components as

N	
est = N	

ctrl

ε
	
trigger

Pveto Poff P trig PHEM. (2)

In the case of the nlay = 4 and nlay = 5 signal categories, insuffi-
cient numbers of events are available for muons in the estimation 
of PHEM, and for muons and τh in the estimation of both Poff and 
P trig. Therefore, these quantities are estimated as the average over 
the inclusive category nlay ≥ 4. The dependence of these values on 
nlay for electrons is applied as a systematic uncertainty in these 
cases, described below in Section 6.1.

5.2. Spurious tracks

Because spurious tracks do not represent the trajectory of an 
actual charged particle, the combination of tracker layers with as-
sociated hits is largely random. The requirement of zero missing 
inner and middle hits greatly suppresses the probability of select-
ing a spurious track.

To measure the probability that an event contains a spurious 
track, two control samples containing Z→ee and Z→μμ decays, 

respectively, are selected as representative samples of SM events. 
The signal benchmark chosen does not contain Z bosons, so any 
candidate disappearing tracks observed in these control samples 
can reliably be labeled as a spurious track. Since spurious tracks 
generally do not point to the PV, the purity of the spurious tracks 
samples can be enhanced by replacing the nominal requirement of 
|d0| < 0.02 cm with a “sideband” selection, defined as 0.05 ≤ |d0| <
0.50 cm.

To normalize the sideband selection to the search region, the 
shape of the d0 distribution is described with a fit to a Gaussian 
function with an added constant, for each control sample in the 
nlay = 4 category. The fit is made in the slightly restricted range 
0.1 ≤ |d0| < 0.5 cm to remove any overlap with the signal region. 
A transfer factor ζ is then calculated as the ratio of the integral 
of the fit function in the signal region to that in the sideband. 
The value of ζ derived from the nlay = 4 category is applied to 
the nlay = 5 and nlay ≥ 6 categories because the event counts in 
these categories are not sufficient to observe a different d0 dis-
tribution. Finally, the spurious track background is estimated as 
the raw probability for a control sample event to contain a side-
band disappearing track candidate (P raw

spurious), multiplied by ζ and 
normalized to the number of events passing the basic selection 
(Nbasic

ctrl ):

Nest
spurious = Nbasic

ctrl ζ P raw
spurious. (3)

This calculation is performed separately for each signal category of 
nlay for both Z→ee and Z→μμ control samples, using the Z→μμ

estimate as the central value of the spurious track background es-
timate.

6. Systematic uncertainties

6.1. Systematic uncertainties in the background estimates

The lepton background estimates make the assumption that no 
visible energy is deposited in the calorimeters by leptons that are 
not explicitly identified. This is tested for electrons and τh by 
allowing selected candidates to deposit 10 GeV in the calorime-
ters, the maximal value allowed by the requirement of E�R<0.5

calo <

10 GeV for candidate signal tracks. The modified pmiss, /μ
T is con-

structed as before, but now the calculation includes 10 GeV in the 
direction of the lepton momentum. This is applied separately for 
each nlay category for electrons, and in the inclusive nlay ≥ 4 cate-
gory for τh because of small sample sizes. This results in a 13–15% 
decrease in the electron background estimate and an 11–25% de-
crease in the τh background estimate. These changes are taken as 
systematic uncertainties.

In the calculation of Poff , P trig, and PHEM, the available data in 
the nlay = 4 and nlay = 5 categories do not separately provide ro-
bust measurements for the muon and τh background estimates. 
Therefore we measure the values in the inclusive category nlay ≥ 4
instead. The effect of this averaging is estimated by comparing val-
ues obtained for these quantities in exclusive and inclusive nlay
categories for the single-electron control sample, where there is 
adequate data to measure each. The differences in these values 
range between 1 and 11%. These values are applied as one-sided 
systematic uncertainties in the estimate of the background contri-
bution from muon and τh candidates for the nlay = 4 and nlay = 5
categories.

The spurious track background estimate relies on several as-
sumptions. The first assumption is that the spurious track probabil-
ity is independent of the underlying physics content of the event. 
This is tested by comparing the estimates obtained from the Z→ee
and Z→μμ control samples. The differences in the estimates de-
rived from these two control samples range from 0 to 200%, and 
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Table 2
Summary of the systematic uncertainties in each background estimate. Each value listed rep-
resents the average across all data-taking periods. Some uncertainties are single-sided, as 
indicated, and those given as a dash are negligible.

Background Source Uncertainty

nlay = 4 nlay = 5 nlay ≥ 6

Spurious tracks Control sample ±19% ±29% ±116%
ζ ±47% ±47% ±47%

Electrons Visible calorimeter energy ±14% ±14% ±13%

Muons Poff +7% +7% —
P trig +8% +2% —

τh Visible calorimeter energy ±19% ±19% ±19%
Poff +7% +7% —
P trig +8% +2% —

Table 3
Summary of the systematic uncertainties in the signal efficiencies. Each value listed 
is the average across all data-taking periods, all chargino masses and lifetimes con-
sidered, and wino and higgsino cases. The values given as a dash are negligible.

Source Uncertainty

nlay = 4 nlay = 5 nlay ≥ 6

Pileup 3.0% 3.3% 2.8%
ISR 13% 13% 13%
Trigger efficiency 1.1% 0.8% 0.4%
Jet energy scale 0.6% 0.7% 1.6%
Jet energy resolution 0.5% 0.5% 1.3%

pmiss
T 0.3% 0.3% 0.4%

E�R<0.5
calo 0.7% 0.7% 0.7%

Missing inner hits 2.3% 1.0% 0.3%
Missing middle hits 3.9% 5.1% 4.4%
Missing outer hits — — 0.2%
Reconstructed lepton veto efficiency 0.1% 0.1% —
Track reconstruction efficiency 2.3% 2.3% 2.3%

Total 14% 15% 14%

are taken as systematic uncertainties in the spurious track back-
ground estimate. In every case, the statistical uncertainty in the 
difference is considerably larger than the difference itself.

The second assumption of the spurious track background esti-
mate is that the projection of the d0 sideband correctly describes 
the signal d0 region. This assumption is tested by comparing the 
number of signal-like tracks (|d0| < 0.02 cm) in the Z→ee and 
Z→μμ control samples to the number projected from the side-
band. Within the statistical and fit uncertainties, the projected 
number of tracks agrees well with the observed signal-like counts, 
so no systematic uncertainty is applied.

The third assumption of the spurious track background esti-
mate is that it is independent of the definition of the d0 sideband. 
The validity of this assumption is examined by defining nine al-
ternative, disjoint sidebands of width 0.05 cm instead of the single 
sideband region of width 0.50 cm. The spurious track estimate is 
determined for each of these. The observed deviations of these 
estimates are well within statistical fluctuations of the nominal es-
timate. Therefore, no systematic uncertainty is introduced to cover 
these differences.

The uncertainty in ζ due to the fit procedure is evaluated by 
varying the fit parameters within ±1 standard deviation of their 
statistical uncertainties, and comparing the resulting values of ζ . 
A variation of ±(43–52)% from the nominal value is found, and 
this variation is taken as an estimate of the contribution from this 
source to the overall systematic uncertainty in the spurious track 
background.

The systematic uncertainties in the background estimates are 
summarized in Table 2.

6.2. Systematic uncertainties in signal selection efficiencies

Theoretical uncertainties in the chargino production cross sec-
tion arise from the choice of factorization and renormalization 
scales and from uncertainties in the PDFs used. These effects result 
in an assigned uncertainty in the expected signal yields of 2–9%, 
depending on the chargino mass. A 2.3 (2.5)% uncertainty in the 
total integrated luminosity of the 2017 [22] (2018 [23]) data set 
is assigned. Uncertainties in the signal yields due to corrections or 
scale factors are evaluated by varying each correction by ±1 stan-
dard deviation of their measured uncertainties, and comparing the 
resulting signal yields to their nominal value. The corrections con-
sidered include the corrections related to the statistical uncertainty 
in the ISR corrections (12–15%) and the modeling of pileup (2–5%), 
jet energy scale and resolution (0.1–1.6%), and pmiss, /μ

T (0.1–2.3%), 
with the values varying depending on the chargino mass and life-
time. Uncertainties are estimated in the selection criteria of miss-
ing inner, middle, and outer hits (0.1–4.6, 2.5–5.2, and <0.3%, re-
spectively) by comparing the efficiency of each between data and 
simulation in a control sample of single-muon events. The uncer-
tainty in the efficiency of the E�R<0.5

calo requirement is taken to 
be the difference between the efficiencies obtained from data and 
from simulation in the Z→μμ control sample (0.4–1.0%), where 
the tracks are expected to be predominantly spurious. The uncer-
tainty in the track reconstruction efficiency is evaluated to be 2.1% 
in 2017 data [45] and 2.5% in 2018 data [46].

The efficiency of the reconstructed lepton veto in simulated 
events depends on the modeling of detector noise, which may 
produce calorimeter or muon detector hits that result in a lepton 
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Table 4
Summary of the estimated backgrounds and the observation. The first and second uncertainties shown are the 
statistical and systematic contributions, respectively.

Data-taking period nlay Expected backgrounds Observation

Leptons Spurious tracks Total

2017 4 1.4 ± 0.9 ± 0.2 10.9 ± 0.7 ± 4.7 12.2 ± 1.1 ± 4.7 17

5 1.1 ± 0.4 ± 0.1 1.0 ± 0.2 ± 0.6 2.1 ± 0.4 ± 0.6 4

≥6 6.7 ± 1.1 ± 0.7 0.04 ± 0.04+0.08
−0.04 6.7 ± 1.1 ± 0.7 6

2018 A 4 1.1+1.0
−0.6 ± 0.1 6.2 ± 0.5 ± 3.5 7.3+1.1

−0.8 ± 3.5 5

5 0.2+0.6
−0.2 ± 0.0 0.5 ± 0.1 ± 0.3 0.6+0.6

−0.2 ± 0.3 0

≥6 1.8+0.6
−0.5 ± 0.2 0.04 ± 0.04+0.06

−0.04 1.8+0.6
−0.5 ± 0.2 2

2018 B 4 0.0+0.8
−0.0 ± 0.0 10.3 ± 0.6 ± 5.4 10.3+1.0

−0.6 ± 5.4 11

5 0.4+0.7
−0.3 ± 0.1 0.6 ± 0.2 ± 0.3 1.0+0.7

−0.3 ± 0.3 2

≥6 5.7+1.2
−1.1 ± 0.6 0.00+0.04

−0.00 ± 0.00 5.7+1.2
−1.1 ± 0.6 1

Fig. 1. The expected and observed 95% CL upper limits on the product of cross section and branching fraction for direct production of charginos as a function of chargino 
mass for chargino lifetimes of 0.33, 3.34, 33.4, and 333 ns, for a purely wino LSP with the branching fraction for χ̃±

1 →χ̃
0
1π

± set to 100%. Shown are the full Run 2 results, 
derived from the results of the search in the 2017 and 2018 data sets combined with those of Ref. [17], obtained in the 2015 and 2016 data sets. The cross section includes 
both χ̃±

1 χ̃
0
1 and χ̃±

1 χ̃
∓
1 production in roughly a 2:1 ratio for all chargino masses considered. The red line indicates the theoretical prediction, described in Section 3, with 

scale and PDF uncertainties displayed in the surrounding band.

candidate and thereby reject the track. The differences in recon-
structed lepton veto efficiencies between data and simulation are 
studied by estimating the efficiencies relative to tighter lepton cri-
teria, for which detailed scale factors are available, in the sample 

of events used to measure Pveto for the electron and muon back-
grounds. Differences between estimates from data and simulation 
of up to 0.1% are observed, and these are taken into account as 
systematic uncertainties.
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Statistical uncertainties in trigger efficiencies for data and sim-
ulation are estimated to be 0.4% for each nlay category, and are 
applied as systematic uncertainties. In the case of short tracks 
(nlay = 4 and nlay = 5), no source in data is available outside of the 
search region to measure the efficiency of the track leg of the trig-
ger requirement, which requires at least five tracker hits associated 
with the track at HLT. To study this requirement’s effect, the trig-
ger efficiency is measured for signal events in each search category 
as a function of pmiss, /μ

T , and the differences between nlay ≥ 6 and 
nlay = 4 (5) efficiencies are used to define weights for the nlay = 4
(5) category. These weights are not applied to the nominal signal 
yield, but are used to evaluate a conservative systematic uncer-
tainty. The weighted signal yields are compared to the nominal, 
unweighted values, resulting in an average systematic uncertainty 
of 1.0% (0.3%) for the nlay = 4 (5) category.

The systematic uncertainties in the signal efficiencies are sum-
marized in Table 3.

7. Results

The expected number of background events and the observed 
number of events are shown in Table 4 for each event cate-
gory and each data-taking period. The observations are consis-
tent with the expected total background. Upper limits are set at 
95% confidence level (CL) on the product of the cross section and 
branching fraction for each signal model. These limits are calcu-
lated with an asymptotic CLs criterion [47–49] that uses a test 
statistic based on a profile likelihood ratio and treats nuisance 
parameters in a frequentist context. Nuisance parameters for the 
theoretical uncertainties in the signal cross sections, integrated 
luminosity, and signal selection efficiencies are constrained with 
log-normal distributions. The uncertainties in the background es-
timates are estimated separately for spurious tracks and for re-
construction failures of each flavor of charged leptons, and are 
treated as independent nuisance parameters. Uncertainties result-
ing from limited control sample sizes are constrained with gamma 
distributions, whereas those associated with multiplicative factors 
or discussed in Section 6.1 are constrained with log-normal dis-
tributions. The three nlay categories are treated as independent 
counting experiments, as are the data-taking periods 2017, 2018 
A, and 2018 B.

In the case of electroweak production with a wino LSP, the 
results of this search are combined with the previous search pre-
sented by CMS, based on data collected in 2015 and 2016 [17]. All 
data-taking periods are treated as completely uncorrelated and are 
considered as independent counting experiments. Systematic un-
certainties are measured independently for each period and treated 
as uncorrelated nuisance parameters, with the exception of un-
certainties in the signal cross section, which are treated as 100% 
correlated.

The expected and observed upper limits on the product of cross 
sections of electroweak production and branching fractions in the 
wino LSP case are shown in Fig. 1 for four chargino lifetimes. 
Two-dimensional constraints derived from the intersection of the 
theoretical predictions with the expected and observed upper lim-
its, for each chargino mass and mean proper lifetime considered, 
are shown in Fig. 2 for a purely wino LSP and in Fig. 3 for a purely 
higgsino LSP.

Charginos in the wino LSP case with a lifetime of 3 (0.2) ns
are excluded up to a mass of 884 (474) GeV at 95% CL, the most 
stringent constraints to date. In the higgsino LSP case, charginos 
with a lifetime of 3 (0.05) ns are excluded up to a mass of 750
(175) GeV at 95% CL. This result is the first to constrain chargino 
masses with a higgsino LSP obtained with the disappearing track 
signature.

Fig. 2. The expected and observed constraints on chargino lifetime and mass for a 
purely wino LSP in the context of AMSB, where the chargino lifetime is explicitly 
varied. The chargino branching fraction is set to 100% for χ̃±

1 →χ̃
0
1π

± . Shown are 
the full Run 2 results, derived from the results of the search in the 2017 and 2018 
data sets combined with those of Ref. [17], obtained in the 2015 and 2016 data 
sets. The region to the left of the curve is excluded at 95% CL. The prediction for 
the chargino lifetime from Ref. [28] is indicated as the dashed line.

Fig. 3. The expected and observed constraints on chargino lifetime and mass for 
a purely higgsino LSP in the context of AMSB, where the chargino lifetime is ex-
plicitly varied. Following Ref. [29], the branching fractions are taken to be 95.5% 
for χ̃±

1 →χ̃
0
1,2π

± , 3% for χ̃±
1 →χ̃

0
1,2eν , and 1.5% for χ̃±

1 →χ̃
0
1,2μν in the range 

of chargino masses of interest, with equal branching fractions and production cross 
sections between ̃χ0

1 and ̃χ0
2. The region to the left of the curve is excluded at 95% 

CL. The prediction for the chargino lifetime from Ref. [50] is indicated as the dashed 
line.

8. Summary

A search has been presented for long-lived charged particles 
that decay within the CMS detector and produce a “disappearing 
track” signature. In the sample of proton-proton collisions recorded 
by CMS in 2017 and 2018, corresponding to an integrated luminos-
ity of 101 fb−1, 48 events are observed, which is consistent with 
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the expected background of 47.8+2.7
−2.3 (stat)±8.1 (syst) events. These 

results are applicable to any beyond-the-standard-model scenario 
capable of producing this signature and, in combination with the 
previous CMS search [17], are the first such results on the com-
plete Run 2 data set, corresponding to a total integrated luminosity 
of 140 fb−1.

Two interpretations of these results are provided in the con-
text of anomaly-mediated supersymmetry breaking. In the case of 
a purely higgsino neutralino, charginos are excluded up to a mass 
of 750 (175) GeV for a mean proper lifetime of 3 (0.05) ns, us-
ing the 2017 and 2018 data sets. In the case of a purely wino 
neutralino, charginos are excluded up to a mass of 884 (474) GeV
for a mean proper lifetime of 3 (0.2) ns. These results make use 
of the upgraded CMS pixel detector to greatly improve sensitivity 
to shorter particle lifetimes. For chargino lifetimes above approxi-
mately 0.1 ns, this search places the most stringent constraints on 
direct chargino production with a purely wino neutralino obtained 
with the disappearing track signature. For a purely higgsino neu-
tralino, these constraints are the first obtained with this signature.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

We congratulate our colleagues in the CERN accelerator depart-
ments for the excellent performance of the LHC and thank the 
technical and administrative staffs at CERN and at other CMS in-
stitutes for their contributions to the success of the CMS effort. 
In addition, we gratefully acknowledge the computing centers and 
personnel of the Worldwide LHC Computing Grid for delivering so 
effectively the computing infrastructure essential to our analyses. 
Finally, we acknowledge the enduring support for the construc-
tion and operation of the LHC and the CMS detector provided by 
the following funding agencies: BMBWF and FWF (Austria); FNRS 
and FWO (Belgium); CNPq, CAPES, FAPERJ, FAPERGS, and FAPESP 
(Brazil); MES (Bulgaria); CERN; CAS, MOST, and NSFC (China); 
COLCIENCIAS (Colombia); MSES and CSF (Croatia); RPF (Cyprus); 
SENESCYT (Ecuador); MoER, ERC IUT, PUT and ERDF (Estonia); 
Academy of Finland, MEC, and HIP (Finland); CEA and CNRS/IN2P3 
(France); BMBF, DFG, and HGF (Germany); GSRT (Greece); NK-
FIA (Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); 
INFN (Italy); MSIP and NRF (Republic of Korea); MES (Latvia); LAS 
(Lithuania); MOE and UM (Malaysia); BUAP, CINVESTAV, CONACYT, 
LNS, SEP, and UASLP-FAI (Mexico); MOS (Montenegro); MBIE (New 
Zealand); PAEC (Pakistan); MSHE and NSC (Poland); FCT (Portu-
gal); JINR (Dubna); MON, RosAtom, RAS, RFBR, and NRC KI (Rus-
sia); MESTD (Serbia); SEIDI, CPAN, PCTI, and FEDER (Spain); MoSTR
(Sri Lanka); Swiss Funding Agencies (Switzerland); MST (Taipei); 
ThEPCenter, IPST, STAR, and NSTDA (Thailand); TUBITAK and TAEK 
(Turkey); NASU (Ukraine); STFC (United Kingdom); DOE and NSF 
(USA).

Individuals have received support from the Marie-Curie pro-
gram and the European Research Council and Horizon 2020 Grant, 
contract Nos. 675440, 752730, and 765710 (European Union); the 
Leventis Foundation; the Alfred P. Sloan Foundation; the Alexander 
von Humboldt Foundation; the Belgian Federal Science Policy Of-
fice; the Fonds pour la Formation à la Recherche dans l’Industrie et 
dans l’Agriculture (FRIA-Belgium); the Agentschap voor Innovatie 
door Wetenschap en Technologie (IWT-Belgium); the F.R.S.-FNRS 
and FWO (Belgium) under the “Excellence of Science – EOS” – be.h 
project n. 30820817; the Beijing Municipal Science & Technology 
Commission, No. Z191100007219010; The Ministry of Education, 

Youth and Sports (MEYS) of the Czech Republic; the Deutsche 
Forschungsgemeinschaft (DFG) under Germany’s Excellence Strat-
egy – EXC 2121 “Quantum Universe” – 390833306; the Lendület 
(“Momentum”) Program and the János Bolyai Research Scholarship 
of the Hungarian Academy of Sciences, the New National Excel-
lence Program ÚNKP, the NKFIA research grants 123842, 123959, 
124845, 124850, 125105, 128713, 128786, and 129058 (Hungary); 
the Council of Science and Industrial Research, India; the HOM-
ING PLUS program of the Foundation for Polish Science, cofi-
nanced from European Union, Regional Development Fund, the 
Mobility Plus program of the Ministry of Science and Higher Ed-
ucation, the National Science Centre (Poland), contracts Harmonia 
2014/14/M/ST2/00428, Opus 2014/13/B/ST2/02543, 2014/15/B/ST2/
03998, and 2015/19/B/ST2/02861, Sonata-bis 2012/07/E/ST2/01406; 
the National Priorities Research Program by Qatar National Re-
search Fund; the Ministry of Science and Education, grant no. 
14.W03.31.0026 (Russia); the Tomsk Polytechnic University Com-
petitiveness Enhancement Program and “Nauka” Project FSWW-
2020-0008 (Russia); the Programa Estatal de Fomento de la Inves-
tigación Científica y Técnica de Excelencia María de Maeztu, grant 
MDM-2015-0509 and the Programa Severo Ochoa del Principado 
de Asturias; the Thalis and Aristeia programs cofinanced by EU-ESF 
and the Greek NSRF; the Rachadapisek Sompot Fund for Postdoc-
toral Fellowship, Chulalongkorn University and the Chulalongkorn 
Academic into Its 2nd Century Project Advancement Project (Thai-
land); The Kavli Foundation; the Nvidia Corporation; the SuperMi-
cro Corporation; The Welch Foundation, contract C-1845; and the 
Weston Havens Foundation (USA).

References

[1] C.H. Chen, M. Drees, J.F. Gunion, A nonstandard string/SUSY scenario and its 
phenomenological implications, Phys. Rev. D 55 (1997) 330, https://doi .org /
10 .1103 /PhysRevD .55 .330, arXiv:hep -ph /9607421, Erratum: https://doi .org /10 .
1103 /PhysRevD .60 .039901.

[2] M. Ibe, S. Matsumoto, T.T. Yanagida, Pure gravity mediation with m3/2 =
10-100 TeV, Phys. Rev. D 85 (2012) 095011, https://doi .org /10 .1103 /PhysRevD .
85 .095011, arXiv:1202 .2253.

[3] L.J. Hall, Y. Nomura, S. Shirai, Spread supersymmetry with wino LSP: gluino 
and dark matter signals, J. High Energy Phys. 01 (2013) 036, https://doi .org /10 .
1007 /JHEP01(2013 )036, arXiv:1210 .2395.

[4] A. Arvanitaki, N. Craig, S. Dimopoulos, G. Villadoro, Mini-split, J. High En-
ergy Phys. 02 (2013) 126, https://doi .org /10 .1007 /JHEP02(2013 )126, arXiv:
1210 .0555.

[5] M. Citron, J. Ellis, F. Luo, J. Marrouche, K.A. Olive, K.J. de Vries, End of the 
CMSSM coannihilation strip is nigh, Phys. Rev. D 87 (2013) 036012, https://
doi .org /10 .1103 /PhysRevD .87.036012, arXiv:1212 .2886.

[6] M. Garny, J. Heisig, B. Lülf, S. Vogl, Coannihilation without chemical equi-
librium, Phys. Rev. D 96 (2017) 103521, https://doi .org /10 .1103 /PhysRevD .96 .
103521, arXiv:1705 .09292.

[7] J.-W. Wang, X.-J. Bi, Q.-F. Xiang, P.-F. Yin, Z.-H. Yu, Exploring triplet-quadruplet 
fermionic dark matter at the LHC and future colliders, Phys. Rev. D 97 (2018) 
035021, https://doi .org /10 .1103 /PhysRevD .97.035021, arXiv:1711.05622.

[8] A. Bharucha, F. Brümmer, N. Desai, Next-to-minimal dark matter at the LHC, 
J. High Energy Phys. 11 (2018) 195, https://doi .org /10 .1007 /JHEP11(2018 )195, 
arXiv:1804 .02357.

[9] A. Biswas, D. Borah, D. Nanda, When freeze-out precedes freeze-in: sub-TeV 
fermion triplet dark matter with radiative neutrino mass, J. Cosmol. Astropart. 
Phys. 1809 (2018) 014, https://doi .org /10 .1088 /1475 -7516 /2018 /09 /014, arXiv:
1806 .01876.

[10] A. Belyaev, G. Cacciapaglia, J. Mckay, D. Marin, A.R. Zerwekh, Minimal spin-one 
isotriplet dark matter, Phys. Rev. D 99 (2019) 115003, https://doi .org /10 .1103 /
PhysRevD .99 .115003, arXiv:1808 .10464.

[11] D. Borah, D. Nanda, N. Narendra, N. Sahu, Right-handed neutrino dark matter 
with radiative neutrino mass in gauged B - L model, Nucl. Phys. B 950 (2020) 
114841, https://doi .org /10 .1016 /j .nuclphysb .2019 .114841, arXiv:1810 .12920.

[12] G. Bélanger, N. Desai, A. Goudelis, J. Harz, A. Lessa, J.M. No, A. Pukhov, S. Sek-
men, D. Sengupta, B. Zaldivar, J. Zurita, LHC-friendly minimal freeze-in models, 
J. High Energy Phys. 02 (2019) 186, https://doi .org /10 .1007 /JHEP02(2019 )186, 
arXiv:1811.05478.

[13] A. Filimonova, S. Westhoff, Long live the Higgs portal!, J. High Energy Phys. 02 
(2019) 140, https://doi .org /10 .1007 /JHEP02(2019 )140, arXiv:1812 .04628.

[14] G.F. Giudice, M.A. Luty, H. Murayama, R. Rattazzi, Gaugino mass without sin-
glets, J. High Energy Phys. 12 (1998) 027, https://doi .org /10 .1088 /1126 -6708 /
1998 /12 /027, arXiv:hep -ph /9810442.

https://doi.org/10.1103/PhysRevD.55.330
https://doi.org/10.1103/PhysRevD.55.330
https://doi.org/10.1103/PhysRevD.60.039901
https://doi.org/10.1103/PhysRevD.60.039901
https://doi.org/10.1103/PhysRevD.85.095011
https://doi.org/10.1103/PhysRevD.85.095011
https://doi.org/10.1007/JHEP01(2013)036
https://doi.org/10.1007/JHEP01(2013)036
https://doi.org/10.1007/JHEP02(2013)126
https://doi.org/10.1103/PhysRevD.87.036012
https://doi.org/10.1103/PhysRevD.87.036012
https://doi.org/10.1103/PhysRevD.96.103521
https://doi.org/10.1103/PhysRevD.96.103521
https://doi.org/10.1103/PhysRevD.97.035021
https://doi.org/10.1007/JHEP11(2018)195
https://doi.org/10.1088/1475-7516/2018/09/014
https://doi.org/10.1103/PhysRevD.99.115003
https://doi.org/10.1103/PhysRevD.99.115003
https://doi.org/10.1016/j.nuclphysb.2019.114841
https://doi.org/10.1007/JHEP02(2019)186
https://doi.org/10.1007/JHEP02(2019)140
https://doi.org/10.1088/1126-6708/1998/12/027
https://doi.org/10.1088/1126-6708/1998/12/027


10 The CMS Collaboration / Physics Letters B 806 (2020) 135502

[15] L. Randall, R. Sundrum, Out of this world supersymmetry breaking, Nucl. 
Phys. B 557 (1999) 79, https://doi .org /10 .1016 /S0550 -3213(99 )00359 -4, arXiv:
hep -th /9810155.

[16] ATLAS Collaboration, Search for long-lived charginos based on a disappearing-
track signature in pp collisions at √s = 13 TeV with the ATLAS detector, J. High 
Energy Phys. 06 (2018) 022, https://doi .org /10 .1007 /JHEP06(2018 )022, arXiv:
1712 .02118.

[17] CMS Collaboration, Search for disappearing tracks as a signature of new long-
lived particles in proton-proton collisions at √s = 13 TeV, J. High Energy Phys. 
08 (2018) 016, https://doi .org /10 .1007 /JHEP08(2018 )016, arXiv:1804 .07321.

[18] CMS Collaboration, CMS technical design report for the pixel detector upgrade, 
TDR CERN-LHCC-2012-016, CMS-TDR-011, FERMILAB-DESIGN-2012-02, https://
doi .org /10 .2172 /1151650, 2012.

[19] CMS Collaboration, Performance verification of the CMS phase-1 upgrade pixel 
detector, J. Instrum. 12 (2017) C12010, https://doi .org /10 .1088 /1748 -0221 /12 /
12 /C12010, arXiv:1710 .03842.

[20] V. Khachatryan, et al., CMS, The CMS trigger system, J. Instrum. 12 (2017) 
P01020, https://doi .org /10 .1088 /1748 -0221 /12 /01 /P01020, arXiv:1609 .02366.

[21] S. Chatrchyan, et al., CMS, The CMS experiment at the CERN LHC, J. Instrum. 3 
(2008) S08004, https://doi .org /10 .1088 /1748 -0221 /3 /08 /S08004.

[22] CMS Collaboration, CMS luminosity measurement for the 2017 data-taking pe-
riod at √s = 13 TeV, CMS Physics Analysis Summary CMS-PAS-LUM-17–004, 
2018, https://cds .cern .ch /record /2621960.

[23] CMS Collaboration, CMS luminosity measurement for the 2018 data-taking pe-
riod at √s = 13 TeV, CMS Physics Analysis Summary CMS-PAS-LUM-18–002, 
2019, https://cds .cern .ch /record /2676164.

[24] T. Sjöstrand, S. Ask, J.R. Christiansen, R. Corke, N. Desai, P. Ilten, S. Mrenna, 
S. Prestel, C.O. Rasmussen, P.Z. Skands, An introduction to PYTHIA 8.2, Com-
put. Phys. Commun. 191 (2015) 159, https://doi .org /10 .1016 /j .cpc .2015 .01.024, 
arXiv:1410 .3012.

[25] R.D. Ball, et al., NNPDF, Parton distributions for the LHC Run II, J. High 
Energy Phys. 04 (2015) 040, https://doi .org /10 .1007 /JHEP04(2015 )040, arXiv:
1410 .8849.

[26] CMS Collaboration, Extraction and validation of a new set of CMS PYTHIA8 
tunes from underlying-event measurements, CMS Physics Analysis Summary 
CMS-PAS-GEN-17–001, 2018, https://cds .cern .ch /record /2636284.

[27] F.E. Paige, S.D. Protopopescu, H. Baer, X. Tata, ISAJET 7.69: a Monte Carlo event 
generator for pp, p̄p, and e+e− reactions, arXiv:hep -ph /0312045, 2003.

[28] M. Ibe, S. Matsumoto, R. Sato, Mass splitting between charged and neutral 
winos at two-loop level, Phys. Lett. B 721 (2013) 252, https://doi .org /10 .1016 /
j .physletb .2013 .03 .015, arXiv:1212 .5989.

[29] S.D. Thomas, J.D. Wells, Phenomenology of massive vectorlike doublet leptons, 
Phys. Rev. Lett. 81 (1998) 34, https://doi .org /10 .1103 /PhysRevLett .81.34, arXiv:
hep -ph /9804359.

[30] B. Fuks, M. Klasen, D.R. Lamprea, M. Rothering, Gaugino production in proton-
proton collisions at a center-of-mass energy of 8 TeV, J. High Energy Phys. 10 
(2012) 081, https://doi .org /10 .1007 /JHEP10(2012 )081, arXiv:1207.2159.

[31] B. Fuks, M. Klasen, D.R. Lamprea, M. Rothering, Precision predictions for elec-
troweak superpartner production at hadron colliders with Resummino, Eur. 
Phys. J. C 73 (2013) 2480, https://doi .org /10 .1140 /epjc /s10052 -013 -2480 -0, 
arXiv:1304 .0790.

[32] P.M. Nadolsky, H.-L. Lai, Q.-H. Cao, J. Huston, J. Pumplin, D. Stump, W.-K. Tung, 
C.P. Yuan, Implications of CTEQ global analysis for collider observables, Phys. 
Rev. D 78 (2008) 013004, https://doi .org /10 .1103 /PhysRevD .78 .013004, arXiv:
0802 .0007.

[33] A.D. Martin, W.J. Stirling, R.S. Thorne, G. Watt, Parton distributions for the LHC, 
Eur. Phys. J. C 63 (2009) 189, https://doi .org /10 .1140 /epjc /s10052 -009 -1072 -5, 
arXiv:0901.0002.

[34] J. Butterworth, et al., PDF4LHC recommendations for LHC Run II, J. Phys. G 
43 (2016) 023001, https://doi .org /10 .1088 /0954 -3899 /43 /2 /023001, arXiv:1510 .
03865.

[35] CMS Collaboration, Jet production rates in association with W and Z bosons 
in pp collisions at √s = 7 TeV, J. High Energy Phys. 01 (2012) 010, https://
doi .org /10 .1007 /JHEP01(2012 )010, arXiv:1110 .3226.

[36] S. Chatrchyan, et al., CMS, Search for top-squark pair production in the single-
lepton final state in pp collisions at √s = 8 TeV, Eur. Phys. J. C 73 (2013) 2677, 
https://doi .org /10 .1140 /epjc /s10052 -013 -2677 -2, arXiv:1308 .1586.

[37] S. Agostinelli, et al., GEANT4, Geant4—a simulation toolkit, Nucl. Instrum. 
Methods Phys. Res., Sect. A 506 (2003) 250, https://doi .org /10 .1016 /S0168 -
9002(03 )01368 -8.

[38] CMS Collaboration, Particle-flow reconstruction and global event description 
with the CMS detector, J. Instrum. 12 (2017) P10003, https://doi .org /10 .1088 /
1748 -0221 /12 /10 /P10003, arXiv:1706 .04965.

[39] M. Cacciari, G.P. Salam, G. Soyez, The anti-kT jet clustering algorithm, J. High 
Energy Phys. 04 (2008) 063, https://doi .org /10 .1088 /1126 -6708 /2008 /04 /063, 
arXiv:0802 .1189.

[40] M. Cacciari, G.P. Salam, G. Soyez, FastJet user manual, Eur. Phys. J. C 72 (2012) 
1896, https://doi .org /10 .1140 /epjc /s10052 -012 -1896 -2, arXiv:1111.6097.

[41] CMS Collaboration, Performance of reconstruction and identification of τ lep-
tons decaying to hadrons and ντ in pp collisions at √s = 13 TeV, J. Instrum. 13 
(2018) P10005, https://doi .org /10 .1088 /1748 -0221 /13 /10 /P10005, arXiv:1809 .
02816.

[42] CMS Collaboration, Performance of missing transverse momentum reconstruc-
tion in proton-proton collisions at √

s = 13 TeV using the CMS detector, J. 
Instrum. 14 (2019) P07004, https://doi .org /10 .1088 /1748 -0221 /14 /07 /P07004, 
arXiv:1903 .06078.

[43] CMS Collaboration, Measurements of inclusive W and Z cross sections in pp 
collisions at √s = 7 TeV, J. High Energy Phys. 01 (2011) 080, https://doi .org /10 .
1007 /JHEP01(2011 )080, arXiv:1012 .2466.

[44] Particle Data Group, M. Tanabashi, et al., Review of particle physics, Phys. Rev. 
D 98 (2018) 030001, https://doi .org /10 .1103 /PhysRevD .98 .030001.

[45] CMS Collaboration, Muon tracking efficiency using tag and probe method for 
2017 dataset, CMS Detector Performance Summary CMS-DP-2019-004, 2019, 
https://cds .cern .ch /record /2666648.

[46] CMS Collaboration, Muon Tracking Efficiency for 2018 dataset using Tag and 
Probe method, CMS Detector Performance Summary CMS-DP-2020-013, 2019, 
https://cds .cern .ch /record /2712742.

[47] T. Junk, Confidence level computation for combining searches with small 
statistics, Nucl. Instrum. Methods Phys. Res., Sect. A 434 (1999) 435, https://
doi .org /10 .1016 /S0168 -9002(99 )00498 -2, arXiv:hep -ex /9902006.

[48] A.L. Read, Presentation of search results: the C Ls technique, J. Phys. G 28 (2002) 
2693, https://doi .org /10 .1088 /0954 -3899 /28 /10 /313.

[49] G. Cowan, K. Cranmer, E. Gross, O. Vitells, Asymptotic formulae for likelihood-
based tests of new physics, Eur. Phys. J. C 71 (2011) 1554, https://doi .org /
10 .1140 /epjc /s10052 -011 -1554 -0, arXiv:1007.1727, Erratum: https://doi .org /10 .
1140 /epjc /s10052 -013 -2501 -z.

[50] H. Fukuda, N. Nagata, H. Otono, S. Shirai, Higgsino dark matter or not: role of 
disappearing track searches at the LHC and future colliders, Phys. Lett. B 781 
(2018) 306, https://doi .org /10 .1016 /j .physletb .2018 .03 .088, arXiv:1703 .09675.

The CMS Collaboration

A.M. Sirunyan †, A. Tumasyan

Yerevan Physics Institute, Yerevan, Armenia

W. Adam, F. Ambrogi, T. Bergauer, M. Dragicevic, J. Erö, A. Escalante Del Valle, R. Frühwirth 1, M. Jeitler 1, 
N. Krammer, L. Lechner, D. Liko, T. Madlener, I. Mikulec, N. Rad, J. Schieck 1, R. Schöfbeck, M. Spanring, 
S. Templ, W. Waltenberger, C.-E. Wulz 1, M. Zarucki

Institut für Hochenergiephysik, Wien, Austria

V. Chekhovsky, A. Litomin, V. Makarenko, J. Suarez Gonzalez

Institute for Nuclear Problems, Minsk, Belarus

https://doi.org/10.1016/S0550-3213(99)00359-4
https://doi.org/10.1007/JHEP06(2018)022
https://doi.org/10.1007/JHEP08(2018)016
https://doi.org/10.2172/1151650
https://doi.org/10.2172/1151650
https://doi.org/10.1088/1748-0221/12/12/C12010
https://doi.org/10.1088/1748-0221/12/12/C12010
https://doi.org/10.1088/1748-0221/12/01/P01020
https://doi.org/10.1088/1748-0221/3/08/S08004
https://cds.cern.ch/record/2621960
https://cds.cern.ch/record/2676164
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1007/JHEP04(2015)040
https://cds.cern.ch/record/2636284
http://refhub.elsevier.com/S0370-2693(20)30306-3/bibD157D1101212F3EFD261B8A4049D6E6As1
http://refhub.elsevier.com/S0370-2693(20)30306-3/bibD157D1101212F3EFD261B8A4049D6E6As1
https://doi.org/10.1016/j.physletb.2013.03.015
https://doi.org/10.1016/j.physletb.2013.03.015
https://doi.org/10.1103/PhysRevLett.81.34
https://doi.org/10.1007/JHEP10(2012)081
https://doi.org/10.1140/epjc/s10052-013-2480-0
https://doi.org/10.1103/PhysRevD.78.013004
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://doi.org/10.1088/0954-3899/43/2/023001
https://doi.org/10.1007/JHEP01(2012)010
https://doi.org/10.1007/JHEP01(2012)010
https://doi.org/10.1140/epjc/s10052-013-2677-2
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1088/1748-0221/12/10/P10003
https://doi.org/10.1088/1748-0221/12/10/P10003
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1088/1748-0221/13/10/P10005
https://doi.org/10.1088/1748-0221/14/07/P07004
https://doi.org/10.1007/JHEP01(2011)080
https://doi.org/10.1007/JHEP01(2011)080
https://doi.org/10.1103/PhysRevD.98.030001
https://cds.cern.ch/record/2666648
https://cds.cern.ch/record/2712742
https://doi.org/10.1016/S0168-9002(99)00498-2
https://doi.org/10.1016/S0168-9002(99)00498-2
https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1016/j.physletb.2018.03.088


The CMS Collaboration / Physics Letters B 806 (2020) 135502 11

M.R. Darwish, E.A. De Wolf, D. Di Croce, X. Janssen, T. Kello 2, A. Lelek, M. Pieters, H. Rejeb Sfar, 
H. Van Haevermaet, P. Van Mechelen, S. Van Putte, N. Van Remortel

Universiteit Antwerpen, Antwerpen, Belgium

F. Blekman, E.S. Bols, S.S. Chhibra, J. D’Hondt, J. De Clercq, D. Lontkovskyi, S. Lowette, I. Marchesini, 
S. Moortgat, Q. Python, S. Tavernier, W. Van Doninck, P. Van Mulders

Vrije Universiteit Brussel, Brussel, Belgium

D. Beghin, B. Bilin, B. Clerbaux, G. De Lentdecker, H. Delannoy, B. Dorney, L. Favart, A. Grebenyuk, 
A.K. Kalsi, I. Makarenko, L. Moureaux, L. Pétré, A. Popov, N. Postiau, E. Starling, L. Thomas, 
C. Vander Velde, P. Vanlaer, D. Vannerom, L. Wezenbeek

Université Libre de Bruxelles, Bruxelles, Belgium

T. Cornelis, D. Dobur, I. Khvastunov 3, M. Niedziela, C. Roskas, K. Skovpen, M. Tytgat, W. Verbeke, 
B. Vermassen, M. Vit

Ghent University, Ghent, Belgium

G. Bruno, C. Caputo, P. David, C. Delaere, M. Delcourt, I.S. Donertas, A. Giammanco, V. Lemaitre, 
J. Prisciandaro, A. Saggio, A. Taliercio, P. Vischia, S. Wuyckens, J. Zobec

Université Catholique de Louvain, Louvain-la-Neuve, Belgium

G.A. Alves, G. Correia Silva, C. Hensel, A. Moraes

Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil

W.L. Aldá Júnior, E. Belchior Batista Das Chagas, W. Carvalho, J. Chinellato 4, E. Coelho, E.M. Da Costa, 
G.G. Da Silveira 5, D. De Jesus Damiao, S. Fonseca De Souza, H. Malbouisson, J. Martins 6, 
D. Matos Figueiredo, M. Medina Jaime 7, M. Melo De Almeida, C. Mora Herrera, L. Mundim, H. Nogima, 
P. Rebello Teles, L.J. Sanchez Rosas, A. Santoro, S.M. Silva Do Amaral, A. Sznajder, M. Thiel, 
E.J. Tonelli Manganote 4, F. Torres Da Silva De Araujo, A. Vilela Pereira

Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil

C.A. Bernardes a, L. Calligaris a, T.R. Fernandez Perez Tomei a, E.M. Gregores b, D.S. Lemos a, 
P.G. Mercadante b, S.F. Novaes a, S.S. Padula a

a Universidade Estadual Paulista, São Paulo, Brazil
b Universidade Federal do ABC, São Paulo, Brazil

A. Aleksandrov, G. Antchev, I. Atanasov, R. Hadjiiska, P. Iaydjiev, M. Misheva, M. Rodozov, M. Shopova, 
G. Sultanov

Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia, Bulgaria

M. Bonchev, A. Dimitrov, T. Ivanov, L. Litov, B. Pavlov, P. Petkov, A. Petrov

University of Sofia, Sofia, Bulgaria

W. Fang 2, X. Gao 2, Q. Guo, H. Wang, L. Yuan

Beihang University, Beijing, China

M. Ahmad, Z. Hu, Y. Wang

Department of Physics, Tsinghua University, Beijing, China

E. Chapon, G.M. Chen 8, H.S. Chen 8, M. Chen, C.H. Jiang, D. Leggat, H. Liao, Z. Liu, A. Spiezia, J. Tao, 
J. Wang, E. Yazgan, H. Zhang, S. Zhang 8, J. Zhao



12 The CMS Collaboration / Physics Letters B 806 (2020) 135502

Institute of High Energy Physics, Beijing, China

A. Agapitos, Y. Ban, C. Chen, G. Chen, A. Levin, J. Li, L. Li, Q. Li, Y. Mao, S.J. Qian, D. Wang, Q. Wang

State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China

Z. You

Sun Yat-Sen University, Guangzhou, China

M. Xiao

Zhejiang University, Hangzhou, China

C. Avila, A. Cabrera, C. Florez, C.F. González Hernández, A. Sarkar, M.A. Segura Delgado

Universidad de Los Andes, Bogota, Colombia

J. Mejia Guisao, J.D. Ruiz Alvarez, C.A. Salazar González, N. Vanegas Arbelaez

Universidad de Antioquia, Medellin, Colombia
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