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Abstract

A search for heavy, long-lived, charged particles with large ionization energy loss
within the silicon tracker of the CMS experiment is presented. A data set of proton-
proton collisions at a center of mass energy at

√
s = 13 TeV, collected in 2017 and 2018

at the CERN LHC, corresponding to an integrated luminosity of 101 fb−1, is used in
this analysis. Two different approaches for the search are taken. A new method ex-
ploits the independence of the silicon pixel and strips measurements, while the sec-
ond method improves on previous techniques using ionization to determine a mass
selection. No significant excess of events above the background expectation is ob-
served. The results are interpreted in the context of the pair production of supersym-
metric particles, namely gluinos, top squarks, and tau sleptons, and of the Drell–Yan
pair production of fourth generation (τ ′) leptons with an electric charge equal to or
twice the absolute value of the electron charge (e). An interpretation of a Z′ boson
decaying to two τ ′ leptons with an electric charge equal to 2e is presented for the first
time. The 95% confidence upper limits on the production cross section are extracted
for each of these hypothetical particles.
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1 Introduction

Many extensions of the standard model (SM) include heavy, long-lived, charged particles that
could be produced at the CERN LHC with speeds significantly less than the speed of light [1–3],
and/or electric charge Q not equal to ±1e [4–9], with e being the absolute value of the electron
charge. If particles predicted by these extensions beyond the SM (BSM) are produced at the
LHC and they have lifetimes greater than O( ns), they could travel far in the CMS detector
before decaying. Large lifetimes are the consequence of small widths and, indeed, BSM parti-
cles can have small total decay widths as the result of small couplings to their decay products,
suppressed phase space, or large mediator mass scales. If such a particle carries electric charge,
it can be generically referred to as a heavy stable charged particle (HSCP), even though it may
actually be metastable.

For HSCPs with mass greater than about 100 GeV, a significant fraction of BSM particles pro-
duced at the LHC will have a relative velocity, β ≡ v/c, significantly smaller than 1. Such par-
ticles can be separated from ultra-relativistic lower-mass SM particles because of their higher
rate of ionization energy loss (dE/dx) or their longer time of flight to the outer detectors. This
paper describes a search for HSCPs using measurements of dE/dx in the CMS pixel and silicon
strip detectors.

The dependence of dE/dx on particle momentum is described by the Bethe–Bloch formula [10].
Searching for candidates at large momentum with larger dE/dx deposits gives sensitivity to
slow, massive particles with |Q| = 1e and particles with |Q| > 1e, as the SM particles have
nearly uniform collected charge per unit of path length at the minimum ionizing particle (MIP)
level (≈3.5 MeV/cm in silicon).

Previous collider searches for HSCPs were performed at the CERN LEP collider [11–14], DESY
HERA collider [15], the Fermilab Tevatron [16–19], and the LHC [20–34], each placed upper
cross section limits on various HSCP models. The most recent previous CMS results based
on data recorded in 2015 [33] place lower limits at 95% confidence level (CL) on the mass of
gluinos, top squarks, and pair-produced tau sleptons. An analysis [34] based on tracker dE/dx
information only, performed by the ATLAS Collaboration, reports an excess of seven events,
where 0.7 ± 0.4 are expected, with a local (global) significance of 3.6 (3.3) standard deviations.
The majority of these events are reconstructed as muons candidates. However, the β values
measured in the muon chambers or in the calorimeter for these seven events are compatible
with 1, indicating that none of them are moving significantly slower than the speed of light.

The analysis presented here is a model-independent search for singly and doubly charged
HSCPs using data collected with the CMS detector at

√
s = 13 TeV in 2017–2018 corresponding

to an integrated luminosity of 101 fb−1. In addition to an event sample significantly larger than
the one in Ref. [33], this search benefits from the development of a new ionization discriminator
that uses the charge collected in the new Phase-1 pixel detector [35], as well as two data-driven
methods to estimate the background contribution.

The paper is organized as follows. The CMS detector and event reconstruction are presented
in Section 2. Section 3 describes the different models considered and the associated signal
samples, while Section 4 introduces the ionization variables used in this search. The event
selection is detailed in Section 5, followed by the description of the two different background
estimation methods in Section 6. Section 7 presents the systematic uncertainties associated with
the signals and results are shown in Section 8. The paper is summarized in Section 9.

Tabulated results are provided in the HEPData record for this analysis [36].
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2 The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
silicon strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the pseudorapidity (η) 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. A more detailed description of the CMS detector, to-
gether with a definition of the coordinate system used and the relevant kinematic variables,
can be found in Ref. [37].

At the start of 2017, a new silicon pixel detector was installed [35]; the upgraded tracker mea-
sures particles up to |η| < 3.0. During the LHC running period when the data used in this
paper were recorded, the silicon tracker consisted of 1856 silicon pixel and 15 148 silicon strip
detector modules. In this paper, we focus on dE/dx measurements in the barrel part of the
tracker, composed of four layers in the silicon pixel detector and 10 layers in the silicon strip
detector (among which four of them are stereo, providing two separate dE/dx measurements
per layer). Isolated particles of pT = 100 GeV emitted at |η| < 1.4 have track resolutions of 2.8%
in pT and 10 (30) µm in the transverse (longitudinal) impact parameter [38]. The primary vertex
is taken to be the vertex corresponding to the hardest scattering in the event, evaluated using
tracking information alone, as described in Section 9.4.1 of Ref. [39].

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [40]. 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 [41].

A particle flow (PF) algorithm [42] 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 measurement. The energy
of electrons is determined from a combination of the electron momentum at the primary in-
teraction 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 corresponding
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 response function of the calorimeters to hadronic showers. Finally, the energy of neutral
hadrons is obtained from the corresponding corrected ECAL and HCAL energies.

3 Simulated samples

This model-independent search is sensitive to a wide variety of new physics models that pro-
duce long-lived, charged particles. Several signal models are used to interpret the results. The
PYTHIA generator v8.240 [43], with the tune CP5 [44] and the parton distribution function set
NNPDF3.1 [45], is used to produce the Monte Carlo (MC) signal samples at

√
s = 13 TeV.

The first type of signal consists of HSCPs that are charged under the strong force and live
longer than typical hadronization scales. Such particles have time to hadronize into a color-
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singlet hadronic state by picking up a SM quark. The pair production of long-lived gluinos
(g̃) is a common signature of mini-split supersymmetric (SUSY) models where the decay of
the g̃ into the supersymmetric partners of the top quark, the top squarks (̃t), is suppressed
when the t̃ mass is much higher than the g̃ mass. In addition, signals with quasi-stable t̃ , with
mass values in the range 400–2600 GeV, are available under the split SUSY scenarios [46–49].
For purposes of this study, we use long-lived gluinos and stops hadronized into R-hadrons [2,
3]. The fraction, f , of produced g̃ hadronizing into a g̃-gluon state (R-gluinoball) is a free
parameter of the hadronization model and affects the fraction of R-hadrons that are neutral at
production. The results of this search are interpreted with f = 0.1 to allow comparisons with
previous versions of this analysis. The R-hadron’s interactions with matter follow the model in
Refs. [50, 51].

The second type of signal consists of HSCPs that behave like leptons. Supersymmetric models
featuring gauge mediated SUSY breaking (GMSB) [52] or general gauge mediation [53] com-
monly result in long-lived charged sleptons whose decay is suppressed by the Planck scale.
A long-lived tau slepton (τ̃ ) would traverse the detector in a similar way to a slow muon.
Production of τ̃ particles at the LHC can occur either directly or in the decays of heavier su-
persymmetric particles (mainly squarks and g̃ pairs). The GMSB model is explored using the
Snowmass points and slopes line 7 (SPS7) [54], which has the τ̃ as the next-to-lightest SUSY
particle. The particle mass spectrum and the decay table are calculated with the program ISAS-
UGRA [55] v7.69. The GMSB parameter Λ is the effective supersymmetry breaking scale and is
varied with fixed parameters for the number of messenger particles, Nmes = 3, and their mass
scale Mmes/Λ = 2. The ratio of the vacuum expectation values of the Higgs doublets, tan β, is
set to 10, while the sign of the higgsino mass term, µ, is assumed to be positive. We set the scale
factor of the gravitino coupling, Cgrav = 104. The large value of Cgrav results in a long-lived τ̃ ,
while Λ = 31–160 TeV gives a τ̃ mass of 200–1600 GeV. Two τ̃ samples are generated for each
set of SUSY parameters: one with all processes (labeled “GMSB SPS7 τ̃ ”) and one with only
direct pair production (labeled “pair-prod. τ̃ ”). For direct pair production, different possible
τ̃ handedness compositions are considered.

The third type of signal is based on modified Drell–Yan (DY) production of long-lived lepton-
like fermions (τ ′). In this scenario, new massive spin-1/2 particles have arbitrary electric charge
but are neutral under SU(3)C and SU(2)L, and therefore couple only to the photon and the
Z boson. Simulated samples for τ ′ fermions are produced with masses ranging from 200 to
2600 GeV and for electric charges Q = 1e and 2e.

The last type of signal considered originates from the proposal in Ref. [56] as a possible expla-
nation for the ATLAS excess. It includes a heavy Z′ boson decaying into two doubly charged
τ ′ fermions. The mass of the Z′ boson (τ ′ fermion) is scanned in the range 3000–7000 (200–
1400) GeV.

The response of the CMS detector is simulated with the GEANT4 [57] package. The simulated
events are reconstructed using the same algorithms that are used for data. In all signal samples,
simulated minimum bias events are overlaid with the primary collision to produce the effect of
additional interactions in the same or adjacent beam crossing (pileup) [58].

Although the background estimate performed in this search is purely data-driven, a set of
MC samples for W + jets, top quark pair (tt), and quantum chromodynamics (QCD) multijet
production has been used to guide the selection criteria and understand qualitatively the nature
of surviving background events.
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4 Ionization observables

Ionization observables are based on the cluster charges deposited in the silicon pixel or strip
detector [38, 59]. Dedicated corrections and filters are applied. In the strip tracker, the collected
charges are corrected first by a gain calibration to stabilize the values over time by adjusting the
most probable value of the charge to the energy loss by an MIP. A special correction is applied to
estimate the charge deposited by the particle in case of saturation of the electronics. To reduce
the rate of contamination from clusters with large energy deposition due to overlapping tracks
that could occur at high pileup or in boosted hadron decay, a cleaning procedure is applied to
remove clusters in the silicon strip tracker that are not consistent with the passage of a single
charged particle. Strip clusters presenting a structure with multiple peaks in the distribution
of the charge deposits along the strips are rejected to be consistent with the hypothesis of a
single-particle deposit. Furthermore, it is required that the clusters are not located on the edge
of a module in order to avoid biased measurements. These two last criteria are referred to as
the “cluster cleaning”. In the pixel detector, clusters are included in the ionization observable
only if they are not positioned along the edges of pixel sensors, do not span two read-out chips,
and do not correspond to known defective pixel channels.

A dE/dx discriminant, G
Strips
i , is used to distinguish SM particles from HSCP candidates [30,

32, 33, 60]. Only silicon strip tracker clusters are considered in the discriminant, which is given
by:

G
Strips
i =

3

N

(
1

12N
+

N

∑
j=1

[
Pj

(
Pj −

2j − 1

2N

)2
])

,

where N is the number of measurements in the silicon strip detectors, Pj is the probability for an
MIP with the observed path length in the detector to produce a charge smaller or equal to that
of the j-th measurement in the detector, and the sum is over the track measurements ordered
in terms of increasing Pj. The probabilities are determined using three-dimensional templates
of path-length-normalized charge distributions per silicon strip detector module geometry and
per path length, and as a function of the pileup. These templates are derived from data passing
the same selection criteria as described in Section 5 but within the momentum range of 20–
48 GeV, for nine time periods covering the 2017–2018 data taking. The range was chosen to

ensure that the tracks used to create the G
Strips
i templates are representative of background

tracks in this analysis.

A second dE/dx discriminant, FPixels
i , which is introduced in this paper, relies only on the pixel

detector information and is given by:

FPixels
i = 1 −

n

∏
j=1

P′
j

n−1

∑
k=0

[− ln(∏n
j=1 P′

j )]
k

k!
,

where n is the number of measurements in the silicon pixel detector, excluding the first barrel
layer, which was unstable during the considered data-taking period, and P′

j is the probability

that an MIP would produce a charge larger than the j-th measurement predicted by a detailed
simulation (called PIXELAV [61]), which includes effects from bias voltage changes, gain cali-
bration changes, temperature, and irradiation dose. The PIXELAV electric field maps are taken
from ISE TCAD [62] simulations of a pixel cell that have been tuned to agree with in situ mea-
surements of the Lorentz drift vs. substrate depth. The carrier trapping rates are determined
from in situ charge versus depth measurements. The simulation also includes carrier diffu-
sion and charge induction on the sensors. The electronics simulation includes noise, linearity,
thresholds, and miscalibration. The probability templates for FPixels

i have been produced 25
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times over the 2017–2018 period, corresponding to an update about every 5 fb−1. Each proba-
bility template is checked against low-pT data taken during the same calibration period.

Finally, the most probable value of dE/dx for a track is estimated using the squared harmonic
mean [59], which suppresses the tails of the Landau distribution :

Ih =

(
1

N

N

∑
j

(
dE

dxj

)−2)−1/2

,

where dE/dxj is the charge per unit path length of the jth track measurement in the sensitive
part of the silicon detector, in units of MeV/cm, and the summation is over the N measure-
ments in the silicon strip detector.

The mass (m) of a candidate particle can be calculated [60] from its momentum (p) and Ih, based
on a relationship approximating the Bethe–Bloch formula in the nonrelativistic regime:

Ih = K
m2

p2
+ C, (1)

where the empirical parameters K and C are determined using a sample of low-momentum
particles composed of protons, kaons, and pions.

The values of K and C for the 2017 and 2018 data samples are listed in Table 1. The uncertainties
associated with the measurements take into account the variation of the data with time and
small differences observed between different MC samples. By inverting Eq. (1), the mass is
estimated assuming a Q = 1e particle.

Table 1: Summary of K and C values for data, and simulation.

Parameter Data Simulation
(MeV/ cm) 2017 2018 2017 2018

K 2.54 ± 0.01 2.55 ± 0.01 2.50 ± 0.01 2.49 ± 0.01
C 3.14 ± 0.01 3.14 ± 0.01 3.18 ± 0.01 3.18 ± 0.01

5 Event selection

All events are selected online by a trigger requiring the reconstruction of a muon with trans-
verse momentum pT > 50 GeV. An offline reconstructed muon passing “tight” identification
criteria [63] must match the online reconstructed muon that triggered the event. The muon
trigger is more efficient for lepton-like HSCPs (with the efficiency varying between 0.7 for a
τ̃ mass of 1.2 TeV and 0.9 for a τ̃ mass of 300 GeV) than for R-hadron HSCPs (with efficiency
varying between 0.074 for a g̃ mass of 2.6 TeV and 0.19 for a g̃ mass of 1 TeV). The mass depen-
dence of the trigger efficiency is understood to arise from a β dependence: very slow particles
(β < 0.5) reach the muon detectors later than the time window of the trigger. The reduced
efficiency of the R-hadron HSCP compared to the τ̃ scenario is a consequence of the fact that
the R-hadron will sometimes change charge when interacting with matter, leaving no signal in
the muon chambers. In the case of the charge-suppressed R-hadron model (in which only the
flip from charged to neutral R-hadron is allowed, not the reverse one), the efficiency is almost
zero; this particular model is not considered for interpretation in this paper.

The HSCP candidates are required to be associated with a track reconstructed from hits in the
silicon detectors. All events are required to have at least one HSCP candidate with pT > 55 GeV.
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The pseudorapidity range is restricted to |η| < 1.0 to ensure that the geometrical properties of
the silicon sensor modules are uniform. To remove mismeasurements that could bias both the
momentum and the ionization, a requirement on the pT uncertainty divided by p2

T is applied:

σpT
/p2

T < 0.0008 GeV−1, which does not impact the signal efficiency for HSCP candidates at
large mass. After cluster cleaning described in Section 4, the candidate must have at least 10
measurements in the silicon tracker. Furthermore, to ensure good ionization measurement for
the track, the HSCP candidates are required to have at least two measurements in the silicon
pixel detector, a fraction of valid hits higher than 80%, pass quality (high purity) requirements,
and possess a track fit value with χ2/dof < 5. The details of these tracking criteria are ex-
plained in Ref. [38]. Since the FPixels

i variable is also sensitive to charges that are less than the
expectation from an MIP, it can be used to remove truncated or broken clusters. Clusters can
become truncated at module edges and dead regions of the detector. Dynamic readout ineffi-
ciencies can cause large clusters to break into smaller parts. Requiring FPixels

i to be larger than
0.3 removes tracks with truncated and broken clusters. The magnitudes of the longitudinal and
transverse impact parameters with respect to the primary vertex, dz and dxy, are required to be
less than 0.1 cm and 0.02 cm, respectively, to reduce the contribution from pileup tracks and
ensure that the track is originating from the hard collision.

Candidates must also pass isolation requirements. To remove the contribution to the back-
ground from events composed primarily of jets produced through the strong interaction, a
relative mini-isolation variable Irel

PF based on PF objects is required to be less than 0.02, with Irel
PF

defined as

Irel
PF =

(∑∆R<∆Rmini-iso
pPF

T )− pHSCP
T

pHSCP
T

,

where pHSCP
T indicates the pT of the HSCP candidate. The sum runs over all PF charged and

neutral hadrons, photons, electrons, and muons, and takes pileup into consideration as well,
within a pT-dependent cone selection [64]:

∆Rmini-iso =





0.2, pHSCP
T < 50 GeV

10 GeV/pHSCP
T , 50 GeV < pHSCP

T < 200 GeV

0.05, pHSCP
T > 200 GeV.

In particular, the inclusion of muons in the Irel
PF definition removes the case of two collimated

muons, that could come for example from boosted resonances such as J/ψ, which could lead to
a large dE/dx deposit if the two muon tracks overlap. An absolute track-based mini-isolation
requirement Itrk < 15 GeV is also applied, with Itrk defined as:

Itrk =

(
∑

∆R<∆Rmini-iso

ptrk
T

)
− pHSCP

T ,

in which the sum runs over all tracks associated with the primary vertex that are within the
mini-isolation cone. This absolute criterion on the Itrk isolation complements the relative Irel

PF
selection by rejecting HSCP candidates with remnant activity close by. Such activity could in-
duce a large dE/dx value for the HSCP track if another track (from PU or other sources) crosses
the module at the same place as the HSCP track. A last condition applied in the candidate se-
lection, aimed at removing electrons, is the requirement E/p < 0.3, where E is the energy of
the associated PF candidate measured by the calorimeters.

In the case when several HSCP candidates per event are present, the track with the highest Ih

is used.
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The selection requirements are summarized in Table 2 with the corresponding cumulative ef-
ficiencies for the data and two signal hypotheses. In data, the trigger efficiency represents the
selection from the primary data set with muon triggers to the specific triggers used in this
analysis.

Table 2: Cumulative selection efficiency for the data and for two signal hypotheses.

Selection criteria Data g̃ (1.8 TeV) Pair-prod. τ̃ (557 GeV)

All events 1 1 1
Trigger 0.15 0.11 0.86
pT > 55 GeV 0.11 0.11 0.86
|η| < 1 0.059 0.074 0.64
# of valid pixel hits in L2-L4 ≥ 2 0.056 0.071 0.62
Fraction of valid hits > 0.8 0.052 0.069 0.62
# of dE/dx measurements ≥ 10 0.052 0.069 0.62
High-purity track 0.052 0.069 0.62
Track χ2/dof < 5 0.052 0.069 0.62
dz < 0.1 cm 0.052 0.069 0.62
dxy < 0.02 cm 0.048 0.069 0.62

Irel
PF < 0.02 0.014 0.065 0.61

Itrk < 15 GeV 0.014 0.065 0.61
PF E/p < 0.3 0.014 0.064 0.61
σpT

/p2
T < 0.0008 0.014 0.064 0.61

FPixels
i > 0.3 0.011 0.064 0.60

6 Background prediction methods and dedicated signal and vali-

dation regions

Two different data-based estimation methods have been developed to predict the background
yields, allowing cross checks to be made: the ionization method and the mass method.

6.1 The ionization method

The ionization method is based on two uncorrelated ionization variables FPixels
i and G

Strips
i ,

which pertain to independent detectors. Figure 1 shows the FPixels
i vs G

Strips
i distribution for the

SM background simulation (left) and the simulation of 1800 GeV mass g̃ R-hadron pair produc-
tion (right) for candidates passing the event selection criteria described in Section 5. The signal

peaks in the high-FPixels
i and high-G

Strips
i corner, while for the background the distribution in

FPixels
i is flat, and G

Strips
i follows a falling exponential-like shape.

Additional criteria on variables describing the ionization are applied to improve the discrimi-
nation of signal and background. The signal region (SR) of the ionization approach is defined

by FPixels
i > 0.9, G

Strips
i > 0.25, and pT > 200 GeV. The cut on the transverse momentum

strongly reduces the SM contribution while keeping the signal efficiency high. This pT thresh-
old is optimized with respect to the expected cross section upper limits.

A fit is performed on the entire G
Strips
i distribution (0 ≤ G

Strips
i ≤ 1) in two regions simul-

taneously: the FAIL region defined by 0.3 < FPixels
i < 0.9 and the PASS region defined by

FPixels
i > 0.9.
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Figure 1: The simulated FPixels
i vs. G

Strips
i distribution for the SM background (left), and an

1800 GeV g̃ R-hadron (right), for events that pass the selection criteria listed in Table 2.

The background template used in the PASS region is estimated as the observed data distribu-
tion in the FAIL region, multiplied by a transfer function, through the relation:

N
bkg
PASS(j) = RP/F(j) N

bkg
FAIL(j),

where N
bkg
PASS(j) is the background yield in j-th bin of the G

Strips
i distribution in the PASS region,

N
bkg
FAIL(j) is a freely floating parameter that determines the background yield in the j-th bin,

which is constrained to values close to the observed data yield during the fit, and RP/F(j) is the
value of the pass-to-fail ratio for bin j. The RP/F ratio is modeled as a constant across the bins j,
whose value is determined during the fit. Higher-order polynomials were tested using Fisher’s
F-test [65, 66] and provided results as good as the constant function, but not significantly better.

The binning of the G
Strips
i distribution was chosen so the last bin contains O(1) event in the FAIL

region for the data.

The background uncertainty has two sources: the statistical uncertainty in the background

yield in the FAIL region (which is dominant in the tail of the G
Strips
i distribution) and the statis-

tical uncertainty in RP/F.

The method is tested successfully with MC simulations and data. The validation with data
is performed in two validation regions defined by lower pT ranges: 50 < pT < 55 GeV and

55 < pT < 200 GeV. Figure 2 shows the G
Strips
i distribution in the FAIL and PASS regions

for candidates with 55 < pT < 200 GeV. The histograms associated with the 557 GeV τ̃ and
1800 GeV g̃ signals are not visible on these plots, their contribution being negligible in this
region.

6.2 The mass method

The mass method is based on searching for a new resonance in the mass spectrum of the HSCP
candidates using the ionization variable Ih and momentum p, calculated by inverting Eq. (1)
under the assumption Q = 1e for all signals considered in this analysis. The implementation
used here improves on the previously published analysis [33] in the background estimation
procedure as well as in the tightened selections.

For the mass method, further requirements have been applied to the event selection in addition
to those described in Table 2: Ih > C (with C introduced in Eq. (1)), I∆R<0.3

trk < 15 GeV, where
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residual effects such as small nonlinear correlations between Ih and p, which are not taken into
account by the method. The bias of the method is estimated by performing a fit to this ratio at
low mass values m < 300 GeV, and used to correct the predicted mass spectrum at high mass.

Various systematic uncertainties related to the binning and the fits for the background pre-
diction are evaluated. The largest uncertainty is associated with the bias correction, and is
computed by not applying the bias correction or applying it twice.

The signal region for the mass approach is defined as G
Strips
i > 0.22, pT > 70 GeV, and m >

300 GeV. For each signal hypothesis, signal and background yields are extracted in a specific
mass window defined by [µ − σ, µ + 2σ] where µ is the mean of the reconstructed signal mass
spectrum and σ its standard deviation. This asymmetric mass window is chosen to improve
the sensitivity in the presence of a steeply falling background.

The method is extensively validated with data in validation regions at lower G
Strips
i values, as

well as with MC simulations.

6.3 Comparison of the two methods

The ionization approach selects high-ionization candidates while the mass approach selects
candidates in the mass window at lower ionization. A study of signal MC samples shows that
the overlap of the events in the SR selected by the two methods is about 60 to 80% depending
on the channel. Both approaches provide similar sensitivity to the various signal processes
considered here.

7 Signal systematic uncertainties

This section describes the sources of systematic uncertainty relating to the signal acceptance.
The sources for the two approaches are similar.

The signal efficiencies are rescaled by the data-to-simulation correction factors for muon trig-
ger and muon ID. The signal efficiency uncertainty is dominated by the uncertainty in the
trigger efficiency for all the models. The trigger efficiency depends on the particle velocity:
HSCPs that are moving too slowly could be associated with the next bunch crossing. Efficiency
curves are derived as a function of the generator-level β for different bins in η, and variations
on these curves have been conservatively estimated assuming a delay of 1.5 ns in the muon
chambers [63]; this delay corresponds to the time resolution of the chambers. As a systematic
uncertainty, β- and η-dependent trigger weights are applied to the particle that triggered the
event. The impact can be as large as 30%, and is the dominant source of signal systematic
uncertainty.

The stability of the G
Strips
i variable across the data-taking period is studied. The mean of this

quantity varies by about 2%. To evaluate the impact of this time variation, a smearing of the

G
Strips
i variable is applied to signal samples, and smeared samples are compared to the nominal

samples without smearing. This systematic uncertainty is less than 1%.

Systematic uncertainties in the FPixels
i variable are calculated using signal samples simulated

with different irradiation assumptions and comparing the signal efficiency in the different
cases. A change of 0.5% or less is observed when comparing the present conditions with the
conditions at the beginning or at the end of the year. A conservative 0.5% systematic uncer-
tainty is applied on the FPixels

i variable, leading to a shape uncertainty.
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The systematic uncertainties in the muon momentum resolution are estimated by varying the
fit window and the number of bins when extracting the Z boson mass resolution, and amount
to 10% of the muon momentum. Systematic uncertainties in the muon trigger efficiency, the
muon identification, and the muon scale factors are also included; they lead, however, to effects
less than 1%. Further details can be found in Ref. [63].

The integrated luminosities for the 2017 and 2018 data taking years have 1.2–2.5% individual
uncertainties [67–69], while the overall uncertainty for the 2017–2018 period is 2.0%.

The uncertainty in the amount of pileup is evaluated by varying the total inelastic cross section
[70] used to calculate the weights by ± 1 standard deviation, then applying it to the signal
events in order to reproduce the pileup distribution observed in data. The pileup uncertainty
is less than 1%.

8 Results

Figure 3 shows the distribution of Ih as a function of p for the HSCP candidates that pass the
preselection, for various signal and mass hypotheses and for data.
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Figure 3: Distribution of Ih as a function of p for the HSCP candidates passing the preselection.
The colored scatter plots highlight the differences between select HSCP models with various
masses and charges. For illustrative purposes, observed data are displayed using the gray
density distribution, normalized to unit area. The two dashed lines based on Eq. ( 1) correspond
to a particle mass of 557 and 2000 GeV on the left, and 1400 and 3000 GeV on the right. The
momentum is measured assuming a charge 1e.

Figure 4 shows the G
Strips
i distributions for the data and the predicted background with the

background-only fits performed by the ionization method in the FAIL (left) and PASS (right)
regions for events passing the event selection and with pT > 200 GeV. In the PASS region,

one event is observed in the last bin (corresponding to G
Strips
i > 0.4) while 0.4 ± 0.2 events are

expected.

Figure 5 shows the mass spectrum for the data and the predicted background for events passing
the event selection, the three requirements on Ih, I∆R<0.3

trk , and σpT
/pT of the mass method, and

the requirements on G
Strips
i and pT defining the SR: G

Strips
i > 0.22 and pT > 70 GeV. The

prediction describes the data well for masses larger than 300 GeV.

The two approaches show no significant excess in the data and their results are interpreted in
the context of various HSCP signal models. The limits are calculated using the CLs criterion [71,
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results have been determined using the CMS statistical analysis tool COMBINE [74], which is
based on the ROOFIT [75] and ROOSTATS [76] frameworks.

The mass method provides slightly stronger expected limits for signal hypotheses with a large
mass because it benefits from a very low background in this regime. However, the background
in the mass spectrum is not negligible below 600 GeV, degrading the limits at low masses.
The ionization method, which uses the same background yield for all the signal hypothesis,
performs better for low mass signals.

Figure 6 (left) shows in blue the observed upper limits on the signal production cross section
for the pair production of g̃ R-hadrons, as a function of their mass, along with the theoretical
predictions computed at next-to-next-to-leading order with next-to-next-to-leading logarithmic
resummation (NNLO+NNLL) [77]. This leads to the exclusion at 95% CL of g̃ R-hadrons with
a mass up to 2.06 TeV for the ionization method and up to 2.08 TeV for the mass method. The
corresponding cross section limits for the pair production of t̃ R-hadrons are displayed in red
in the same figure. The ionization (mass) method excludes t̃ masses below 1.40 (1.47) TeV.
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Figure 6: Cross section limits for g̃ (blue circles) and t̃ R-hadrons (red triangles) on the left
and for the direct pair production of τ̃ (blue circles) and within the GMSB SPS7 model (red
triangles) on the right. The results obtained with the ionization method are displayed with
open symbols, while the symbols for the mass method are filled. Corresponding theoretical
predictions are shown using the same color code.

This analysis is sensitive to lepton-like HSCP candidates. Limits are set on the two different τ̃
production models: direct pair production of τ̃ and production within the GMSB SPS7 model.
The observed limits are presented in the right panel of Fig. 6. No mass limit can be derived
below 300 GeV because of the bias correction applied in the mass method. The theoretical cross
sections for direct pair production depend on the τ̃ handedness, while the signal efficiency
is independent of it, allowing the extraction of three different mass limits for the ionization
method (mass method): 0.52 (0.51) TeV in case of two right-handed τ̃ (τ̃R), 0.64 (0.61) TeV for
the two left-handed τ̃ (τ̃L) and 0.69 (0.64) TeV if both handednesses are considered. Figure 6
(right) shows only the theoretical prediction for the last case (in blue), including both τ̃L and
τ̃R. In the context of the GMSB SPS7 model, τ̃ masses are excluded up to 0.85 TeV for both the
ionization and mass methods.

Figure 7 (left) presents the limits for the DY production of a pair of τ ′ leptons, assuming two
different electric charge scenarios, Q = 1e and 2e, respectively. The theoretical cross section of
production of a Z′

ψ (Z′
SSM) boson is taken from [78] ([79]). Drell–Yan signals with Q = 1e and 2e

are excluded below 1.02 (1.14) TeV and 1.32 (1.41) TeV for the ionization approach (for the mass
method), respectively.
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Figure 7: Cross section limits on the left for the DY-produced τ ′ fermions with Q = 1e (blue
circles) and Q = 2e (red triangles), and on the right for for the production of Z′ boson decaying
into a pair of τ ′ fermions of charge 2e (black circles). The results obtained with the ionization
method are displayed with open symbols, while the symbols for the mass method are filled.
The corresponding theoretical predictions for the two DY-productions are shown using the
same color code as for the limits, depending on the τ ′ charge. For the Z′ production, all the
samples assume a narrow width. The branching fraction for the Z′ boson decay to τ ′τ ′ is 1 and
a fixed τ ′ mass of 600 GeV is used. The blue (red) curves on the right plot shows the theoretical
production cross section for a Z′

ψ (Z′
SSM) boson [78] ([79]).

The mass limits obtained at
√

s = 13 TeV for various HSCP signal models are summarized in
Table 3. The observed limits on the mass are close to the expected ones. The mass method
provides slightly better limits than the ionization method in the large mass regime, while the
ionization method is more sensitive in the low mass regime. These results improve the exclu-
sion mass limits compared to all previous publications.

Table 3: Expected and observed mass limits obtained for various HSCP candidate models, for
the two background estimate methods.

Model Ionization method Mass method
Exp. (TeV) Obs. (TeV) Exp. (TeV) Obs. (TeV)

g̃ 2.06 ± 0.06 2.06 2.08 ± 0.02 2.08
t̃ 1.43 ± 0.05 1.40 1.47 ± 0.02 1.47
GMSB SPS7 τ̃ 0.86 ± 0.07 0.85 0.87 ± 0.05 0.85
pair-prod. τ̃R 0.53 ± 0.03 0.52 0.50 ± 0.07 0.51
pair-prod. τ̃L 0.66 ± 0.04 0.64 0.67 ± 0.06 0.61
pair-prod. τ̃L/R 0.71 ± 0.04 0.69 0.75 ± 0.08 0.64

τ ′ (Q = 1e) from DY prod. 1.05 ± 0.05 1.02 1.14 ± 0.03 1.14
τ ′ (Q = 2e) from DY prod. 1.35 ± 0.05 1.32 1.41 ± 0.02 1.41
Z′

ψ → τ ′τ ′ 3.99 ± 0.21 3.95 4.03 ± 0.01 4.03

Z′
SSM → τ ′τ ′ 4.53 ± 0.23 4.38 4.56 ± 0.01 4.57

The results for doubly charged τ ′ through Z′ boson resonant production are shown in Fig. 8
as a 2D exclusion plot, taking the signal cross section for the Z′ from Z′

ψ models [78, 80] and

assuming a branching fraction of Z′ → τ ′τ ′ of 100%. This plot displays the observed cross
section limit as a function of the τ ′ mass (on the x axis) and of the Z′ boson mass (on the y
axis). The empty circles correspond to the 35 simulated mass points. The cross section for the
full plane is interpolated based on these 35 points. Where the Z′ boson mass is 3000 GeV and
each τ ′ has a mass of 1400 GeV, the momentum available to the τ ′ is very small, which makes
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the search less sensitive and results in higher excluded cross sections. The area above the black
solid line in Fig. 8 corresponds to the region that is compatible with the ATLAS excess from
Ref. [56], while the black star corresponds to the best fit of the ATLAS excess with this model.
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Figure 8: The two-dimensional exclusion showing the observed cross section limit as a function
of the masses of the τ ′ (on the x axis) and of the Z′ boson (on the y axis), for the ionization
method on the left and for the mass method on the right. The area above the black solid line
corresponds to the region that is compatible with the ATLAS excess from Ref. [56] and the
black star corresponds to the best fit of the ATLAS excess with this model. The empty circles
correspond to the 35 simulated mass points.

As the closest mass point to the star is at mτ ′ = 600 GeV, the observed exclusion limit for that

particular mτ ′ hypothesis is displayed as a function of the Z′ boson mass in Fig. 7 (right). Limits

can be set on two Z′ models. The exclusion limits for the Z′
ψ model lead to an observed mass

exclusion at 3.95 TeV for the ionization method and at 4.03 TeV for the mass method. When the
same signal simulation is re-interpreted for a Z′ boson in the sequential SM (SSM) [79], the ob-
served mass limit is at 4.38 TeV for the ionization method and at 4.57 TeV for the mass method.
The improvement with respect to the Z′

ψ model is a consequence of the higher theoretical cross

section values of the Z′
SSM model. The main differences between these two models are the cou-

pling constants to the SM particles and the width of the Z′ boson. The width-to-mass ratio of
the Z′ boson changes from 0.53% in the Z′

ψ model to 2.9% in the Z′
SSM model. The cross section

limit does not change with respect to the Z′
ψ case. Since these limits are set in the context of a

new model, there is no direct comparison to previous results.

As reported in Table 5 of Ref. [34], the maximum excess observed by the ATLAS Collabora-
tion is obtained for the hypothesis of a pair production of long-lived particles with a mass of
1.4 TeV. This excess corresponds to an observed signal cross section of 0.0453 fb/(Aǫ). Using
the acceptance (A) and efficiency (ǫ) reported in the asssociated HEPData record [34], this ex-
cess corresponds to an observed signal cross section of 0.59 fb under the hypothesis of a stable
g̃. The observed excluded cross section obtained by the mass method is 0.43 fb for the same
hypothesis.

In Ref. [56], an interpretation for the production of a Z′ boson decaying into a pair of doubly
charged heavy leptons shows that masses of about 5 TeV for the Z′ boson and 600 GeV for the
heavy lepton could explain the ATLAS excess. For this hypothesis, the present result excludes
at the 95% CL signal cross sections above 0.047 fb, and therefore does not confirm the presence
of a signal excess when its corresponding (Aǫ) is lower than 95%.
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9 Summary

A dedicated search for heavy long-lived charged particles produced in proton-proton collisions
at

√
s = 13 TeV using the CMS detector has been presented. Since the experimental signature is

a highly ionizing isolated track of high pT, the analysis is based on anomalous dE/dx deposits

in the silicon tracker. The data, corresponding to an integrated luminosity of 101 fb−1, are com-
patible with the background predictions obtained with two different methods. The ionization
method is based on the newly introduced ionization variable FPixels

i , which uses only pixel de-

tector information, and the G
Strips
i discriminant, which uses charges collected in the silicon strip

detector. The mass method is based on the reconstruction of mass using the ionization variable
Ih, providing an estimate of the most probable value of dE/dx of the track, and the momentum
of the candidate. The two methods lead to similar sensitivity. Cross section limits are set in
the context of several models predicting the pair production of gluinos, top squark R-hadrons,
tau sleptons, and τ ′ leptons with an electric charge equal to 1e or 2e. Gluino R-hadrons are
excluded at the 95% CL with a mass up to 2.08 TeV, top squark R-hadrons up to 1.47 TeV, pair
produced τ̃L/R up to 0.69 TeV, and τ ′ fermions with an electric charge equal to 1e (2e) up to 1.14
(1.41) TeV. The model predicting a pair of doubly-charged τ ′ fermions from the Z′ boson decay
motivated by an excess reported by the ATLAS Collaboration [34] is directly addressed, and no
significant deviation from the SM is observed. Cross section limits are extracted as a function
of the Z′ and τ ′ masses. For a τ ′ mass of 600 GeV, Z′

ψ (Z′
SSM) bosons are excluded at 95% CL

with a mass up to 4.03 (4.57) TeV. The observed limits for stable pair produced tau sleptons,
stable gluinos, and stable top squarks, as well as the Drell–Yan τ ′ and Z′ → τ ′τ ′ signals are the
best published to date.
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