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 a b s t r a c t

A search for heavy long-lived charged particles at the LHC is presented. Particles traversing the CMS muon 
detector across several bunch crossings are searched for using a data sample of proton-proton collisions at √𝑠 =
13.6 TeV collected with the CMS detector in 2024, corresponding to an integrated luminosity of 3.7 fb−1. This is 
the first search using the novel level-1 trigger scouting data set collected without any trigger selection, allowing 
correlations between bunch crossings to be analyzed. The results are interpreted as upper limits on the cross 
sections of several benchmark processes with pair production of heavy long-lived charged particles. Upper limits 
on the fiducial cross section of a heavy long-lived charged particle with 𝑝T > 500GeV and |𝜂| < 0.83 are also set 
in different ranges of 𝛽 = 𝑣∕𝑐. This analysis is a proof of concept for the level-1 trigger data scouting system 
and complements existing searches for heavy long-lived charged particles by extending the sensitivity to lower 
𝛽 values.

1.  Introduction

Heavy long-lived charged-particle searches are motivated by multi-
ple beyond the standard model scenarios [1–3], such as supersymmetry, 
extra dimensions, and other theoretical frameworks. These particles are 
generically referred to as heavy stable charged particles (HSCPs), even 
if they may be metastable. If produced in proton-proton (𝑝𝑝) collisions 
at the CERN LHC, HSCPs would traverse the detector leaving distinctive 
experimental signatures. Because of their large mass and long lifetime, 
slow-moving HSCPs typically exhibit high ionization energy loss and 
unusually long time-of-flight.

Past collider searches for HSCPs at the CERN LEP [4–8], Fermilab 
Tevatron [9–12], and LHC [13–31] have set stringent constraints on 
various models, with limits on gluino 𝑅-hadrons, top squark 𝑅-hadrons, 
and fourth-generation leptons reaching the TeV scale. The recent HSCP 
search by the CMS Collaboration [30] looks for an isolated high trans-
verse momentum (𝑝T) track that deposits an anomalous energy per unit 
length in the silicon tracker and relies on muon-based triggers to select 
events online. Because of this triggering strategy, it is sensitive to HSCPs 
with 𝛽 = 𝑣∕𝑐 ≳ 0.6, which can cross the CMS detector within a single 
bunch crossing (BX). To pass muon-based triggers, the muon tracks re-
constructed in the tracker and in the muon detector must be in the same 
BX. Very slow particles may take several BXs to reach and cross the muon 
detector, causing the trigger to fail. While it is possible to indirectly trig-
ger on missing transverse momentum in the calorimeters, such triggers 
typically have low and model-dependent signal efficiency. Even when 
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the event can be triggered on, low-𝛽 particles may not be fully recon-
structed if their trajectories span several BXs. Because of this limitation, 
past LHC searches have only targeted HSCP masses up to 3 TeV.

The analysis presented in this Letter avoids the triggering and recon-
struction constraints by relying on the data collected without trigger 
conditions by the novel CMS level-1 trigger data scouting (L1DS) sys-
tem [32–35]. It probes the existence of HSCPs with mass between 1 and 
6.5 TeV leaving a signature in the muon detector before decaying. The 
search is based on data collected in the second half of 2024 in 𝑝𝑝 col-
lisions at √𝑠 = 13.6 TeV, corresponding to an integrated luminosity of 
3.7 fb−1. This is the first analysis relying on data from the L1DS system 
and, as such, it is a crucial proof of concept for the physics potential of 
the L1DS. Tabulated results are provided in the HEPData record for this 
analysis [36].

2.  The CMS detector and its hardware muon trigger

The CMS apparatus [33,37] is a multipurpose, nearly hermetic de-
tector. Its central feature is a superconducting solenoid of 6m internal 
diameter, providing a magnetic field of 3.8 T. Events of interest are usu-
ally selected using a two-tiered trigger system, where the level-1 trigger 
(L1), 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 4𝜇s [38].

The L1 muons in the barrel (|𝜂| < 0.83) are reconstructed with the 
Kalman-filter-based barrel muon track finder (kBMTF) [33], which re-
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Fig. 1. The 𝑅–𝑧 projection of a quarter of the CMS barrel muon system, where 
𝑅 is the radial distance from the beamline.

lies on information from the drift tubes (DTs) and resistive-plate cham-
bers (RPCs) of the muon detector in the barrel. The DT and RPC barrel 
systems consist of four cylindrical layers wrapped around the solenoid, 
called MB1–4 from the innermost to the outermost, each split into twelve 
wedges in 𝜙 and five wheels along the beam direction. The distance be-
tween MB1 and MB4 is about 3m. The geometry of the muon detector in 
the barrel is illustrated in Fig. 1. The MB1 and MB2 layers both include 
two chambers of RPCs, whereas MB3 and MB4 only have one each.

The TwinMux system [39] merges segments in the DTs with RPC hits 
from the same layers into objects called stubs, which combine the bet-
ter spatial resolution of the DTs with the more precise timing of the 
RPCs. The TwinMux processor sends the stubs to the kBMTF, which 
builds muon track candidates, assigns a quality to each, and measures 
the charge sign and 𝑝T from the bending in the fringe field of the magnet 
yoke. Track quality is related to the estimated 𝑝T resolution, and tracks 
with more stubs, particularly those in inner layers where the magnetic 
field is stronger, are assigned higher quality. Throughout the rest of the 
Letter, tracks refer to objects built from muon detector information only.

3.  The L1 data scouting system

The L1DS system is a novel data collection scheme that acquires data 
directly from the L1 trigger, at the full BX rate of 40MHz, correspond-
ing to 25ns between BXs [33]. It does not affect the L1 trigger accept 
decision. A subset of objects reconstructed by the L1 trigger (electrons, 
muons, hadronically decaying τ leptons, jets, energy sums, and muon 
stubs) are stored for events collected by the L1DS, corresponding to an 
average effective record size per BX of about four orders of magnitude 
smaller than that in regular CMS data taking. The L1DS system processes 
and stores data in orbits, each made of 3564 consecutive BXs. Unlike 
traditional data sets where the L1 trigger decision leads to reading out 
the detector information of a given BX, the L1DS system collects data 
from all BXs without any preselection. Because of storage limitations, 
the data are collected with a prescale factor 𝑁 at the orbit level, corre-
sponding to one orbit stored every 𝑁 orbits. Different selection streams 
with requirements on L1 objects also exist, without any prescale factor.

While the L1DS system will reach its full capacity during the High-
Luminosity LHC, a demonstrator started taking data in 2024. Since Au-
gust 2024, stubs from the individual layers of the barrel muon detector 

Fig. 2. Generated 𝛽 distributions of the fourth-generation τ′ leptons from non-
resonant DY production, for various τ′ masses 𝑚. The histograms are normalized 
to unity.

have been included in the L1DS output for each BX. Offline, the stubs 
from different BXs can be fitted as muon-like tracks, as detailed in Sec-
tion 5, effectively enabling the reconstruction of unit-charge particles 
with 0.15 ≲ 𝛽 ≲ 0.80. Below 0.15, the particles mostly get stopped before 
crossing the muon detector, whereas above 0.80, the particle trajectory 
is reconstructed within a same BX. These data were collected with a 
prescale factor of 𝑁 = 15, corresponding to an effective integrated lu-
minosity of 3.7 fb−1, from a delivered one of about 55 fb−1.

4.  Signal and background simulation

Two lepton-like and one hadron-like signal models are used to inter-
pret the results. The first lepton-like model consists of modified Drell–
Yan (DY) production of long-lived massive fourth-generation fermions 
(τ′) with spin 1/2 and unit charge, as considered in Ref. [30]. As they 
are neutral under both  (3)C and  (2)L groups, they couple only to 
the photon and the Z boson. Simulated event samples for τ′ fermions 
are produced with masses 𝑚τ′  ranging from 1.0 to 6.5 TeV. Their gen-
erated 𝛽 distributions are shown in Fig. 2 for different 𝑚τ′ . The second 
lepton-like model consists of resonant production of two τ′ leptons from 
the decay of a heavy Z′ boson, using a minimal simplified model. It is 
inspired by Ref. [40] but considers only unit-charge HSCPs. Masses of 
the τ′ lepton between 1 and 6 TeV are probed, with the Z′ boson masses 
𝑚Z′  in the range between twice and three times 𝑚τ′  to stay in the limit 
of low 𝛽, with a maximum 𝑚Z′  of 12 TeV. Signal samples with the same 
ratio between 𝑚Z′  and 𝑚τ′  have similar 𝛽 distributions.

The hadron-like model consists of pair production of long-lived 
gluinos g̃, which is a common signature of mini-split supersymmetric 
models where the ̃g decay is highly suppressed by the large scalar quark 
mass [41–43]. In this analysis, a quasi-stable g̃ is assumed and no g̃
decay is considered. The fraction, 𝑓 , of produced ̃g hadronizing into a 
g̃-gluon state (𝑅-gluinoball) is a parameter of the hadronization model 
and corresponds to the fraction of 𝑅-hadrons that are neutral at produc-
tion. We choose 𝑓 = 1, such that these 𝑅-hadrons would escape analyses 
looking for anomalous ionization losses in the tracker, while they could 
leave a signature in the muon chambers if they become charged when 
crossing the detector through their interactions with matter, simulated 
using the model from Refs[44,45]. About one third of these 𝑅-hadrons 
are charged when they cross the muon detector. Their generated 𝛽 dis-
tributions are similar to those shown in Fig. 2 for the fourth-generation 
τ′ leptons produced in nonresonant DY production.

The leading-order (LO) pythia generator v8.240 [46] with the tune 
CP5 [47] and the parton distribution function set NNPDF3.1 [48–50] at 
next-to-next-to-LO is used to simulate these three signal models. Back-
grounds in the analysis are determined from data, but a DY simulation 
with dimuon decays (DY(µµ)) is used to calibrate the reconstructed 
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objects. The MadGraph5_amc@nlo 2.6.5 event generator is used to 
generate DY(µµ) events at next-to-LO with the FxFx jet matching and 
merging [51]. The response of the CMS detector is simulated with the 
GEANT4 package [52]. The simulated events are reconstructed using 
the same algorithms as used for data. In all samples, simulated mini-
mum bias events are overlaid with the primary collision to produce the 
effect of additional 𝑝𝑝 interactions in the same or adjacent BXs, referred 
to as “pileup” [53].

5.  Muon track reconstruction

In this analysis, HSCPs are reconstructed as muons from the stubs 
stored in the L1DS data set, using a modified version of the kBMTF. 
While standard L1 muons are built online from stubs in the same BX, 
the modified kBMTF algorithm is run offline using stubs that are sep-
arated in time by at most eight BXs. No constraint on the time order-
ing of stubs is applied at this stage to preserve unphysical orderings 
for background estimation purposes, as detailed in Section 7. The fit 
is performed independently of the BX information of individual stubs. 
The average 𝑝T resolution of the muon tracks is measured to be 18% in 
a simulated DY(µµ) sample. While the 𝑝T resolution is independent of 
𝛽, it gets worse at significantly higher 𝑝T values. For 𝑝T ≳ 650GeV, the 
tracks in the muon detector are basically straight and different 𝑝T values 
cannot be distinguished anymore.

The modified kBMTF reconstruction is validated in DY(µµ) events, 
which are also used to calibrate the 𝑝T estimation and derive effi-
ciency corrections used for simulated samples. The events are selected 
by requiring a pair of opposite-sign kBMTF tracks with 𝑝T > 15GeV
and |𝜂| < 0.83. The pair must have an invariant mass 𝑚µµ larger than 
50GeV. The nonprompt background, originating mostly from processes 
like W+ jets or QCD multijet events, with jets misidentified as leptons, 
is estimated by rescaling the data with same-sign kBMTF tracks to have 
perfect agreement between data and predictions in the opposite-sign 
events with 50 < 𝑚µµ < 55GeV. While the tracks can be built from stubs 
in different BXs, most DY(µµ) tracks are reconstructed within the same 
BX. Five 𝑝T-independent parameters are determined for the simulation: 
a multiplicative factor of the predicted 𝑝T (compatible with 1.0), the 
width of a Gaussian smearing of the predicted 𝑝T (about 10%), and an 
efficiency correction per stub multiplicity (up to 11% for 4-stub tracks). 
Fig. 3 shows the dimuon invariant mass and the stub multiplicity per 
muon track after the corrections have been applied, where good agree-
ment between predictions and data is obtained by construction. In these 
events, about 25 (45, 30)% of the reconstructed muons have 2 (3, 4) 
stubs.

Depending on their 𝛽, HSCPs are reconstructed within different 
ranges of BXs. Fig. 4 shows the fraction of the tracks reconstructed in dif-
ferent BX signatures for unit-charge HSCPs. For 𝛽 > 0.7, particles mostly 
cross the muon detector within the same BX as the hard scattering (dark 
blue). The same experimental signature of stubs within the same BX ap-
pears for most HSCPs with 𝛽 around 0.5, but in that case the particle 
takes one BX to reach the first layer of the muon detector then crosses 
all the layers within the BX following that of the collision (lighter blue). 
Up to 30% of HSCPs with 𝛽 around 0.3 also have the same experimental 
signature, but with the muon detector layers crossed at least 2 BXs after 
the hard scattering (lightest blue). About half of the HSCPs with 𝛽 = 0.6
cross the muon detector during the collision BX and the following one 
(dark orange). HSCPs with 𝛽 = 0.4 mostly take one BX to reach the first 
layer of the muon detector, and reach the last muon detector layer one 
BX later than the first layer (lighter orange), whereas a significant frac-
tion of HSCPs with 𝛽 ≲ 0.3 need at least 2 BXs to reach the first layer, 
and cross the last layer one BX later (lightest orange). Different shades 
of a same color, corresponding to different BX intervals with respect to 
the collision BX, are indistinguishable experimentally since the produc-
tion BX cannot be determined. For 𝛽 ≲ 0.3, a significant fraction of the 
tracks are reconstructed across 3 or 4 BXs (red or purple histograms, re-
spectively), whereas the efficiency goes to zero for 𝛽 ≲ 0.15 because the 

Fig. 3. Distributions of the dimuon invariant mass (upper) and per-track stub 
multiplicity (lower) for events with two opposite-sign modified kBMTF tracks 
reconstructed from individual stubs in the same or different BXs. The invariant 
mass is required to be greater than 70GeV in the stub multiplicity distributions 
to increase the purity. The muons are selected with 𝑝T > 15GeV and |𝜂| < 0.83. 
The nonprompt-background contribution is estimated by rescaling the data with 
two same-sign modified kBMTF tracks. The statistical uncertainty is indicated 
in the gray shaded area. The agreement between simulation and data is good by 
construction since the efficiency, energy scale, and energy smearing corrections 
derived from the same events have been applied.

particles get stopped in the detector. For 𝛽 ≲ 0.5, the efficiency for the 
reconstructed tracks to satisfy the single-muon high-level trigger (HLT) 
selection is zero, showing that such slow particles cannot be directly 
triggered on.

6.  Event selection, categories, and statistical analysis

Events containing at least one modified kBMTF track with 3 or 4 
stubs, reconstructed across a minimum (maximum) of 2 (4) BXs, are se-
lected. Tracks with 2 stubs are not considered because of the relatively 
larger background. Particles slow enough to cross the muon chambers 
in more than 4 BXs would mostly be stopped in the detector because of 
their large ionization losses. In the signal region (SR), hits must occur 
from the inner layers to the outer ones, i.e., a stub in an outer layer 
must be in the same BX or a later BX with respect to the stub in the
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Fig. 4. Fractions of the BX signatures of tracks reconstructed with the modified 
kBMTF algorithm as functions of the generated particle 𝛽. This figure corre-
sponds to the nonresonant fourth-generation lepton signal model with a mix-
ture of HSCP masses between 1 and 6 TeV. The filled histograms are stacked to 
sum to unity. The blue histograms correspond to tracks reconstructed in a sin-
gle BX. Different shades represent different BXs with respect to the collision BX 
(BX = 𝑖), as indicated in parentheses in the legend. The orange histograms cor-
respond to tracks reconstructed over 2 BXs, with different shades corresponding 
to different BXs with respect to the collision BX. Different shades of the same 
color are indistinguishable experimentally since the production BX cannot be 
determined. The red and purple histograms represent tracks reconstructed over 
3 or at least 4 BXs, respectively. The dashed line indicates the efficiency for 
the reconstructed tracks to satisfy the single-muon HLT selection. For 𝛽 < 0.15, 
the efficiency goes to zero because the particles get stopped in the detector. For 
𝛽 > 0.8, the particles are increasingly reconstructed in the same BX, in which 
case the HLT selection is fully efficient.

closest inner layer. The muon tracks must have |𝜂| < 0.83 and 𝑝T >
15GeV. If several such tracks are present, the slowest track (i.e., span-
ning the most BXs) is selected. If speeds are equal, the track with the 
largest stub multiplicity is chosen; if both the speed and stub multiplic-
ity are equal, the highest 𝑝T track is selected. The selected track is re-
quired to have a transverse distance of closest approach to the beamline 
center, 𝑑𝑥𝑦, less than 32 cm, and to pass high-quality criteria calculated 
by the kBMTF algorithm. The coarse selection on 𝑑𝑥𝑦 is related to the 
low precision available from the L1 information and algorithms. Collid-
ing bunches are determined per orbit on the basis of the LHC injection 
scheme. Events are discarded if the BX of the earliest stub and the five 
BXs preceding it are all noncolliding, since HSCPs cannot be produced in 
noncolliding bunches. For the simulated samples of the nonresonant DY 
production of τ′ leptons, the product of the acceptance and efficiency 
of these selection criteria is 19% for 𝑚τ′ = 1 TeV and as high as 47% for 
𝑚τ′ = 5.5 TeV.

Fourteen categories are built to target signals with different 𝛽, char-
acterized by different crossing times of the detector. The categories are 
also based on the stub multiplicity since the signal-to-background ra-
tio improves with the number of stubs. The categories are defined in 
Table 1. The most sensitive category, BX123, is illustrated in Fig. 5, 
whereas the illustrations of all categories can be found in Appendix A.

The categories with tracks across 2 BXs, namely with 3/2 or 4/2 lay-
ers/BXs, suffer from a large background from per-stub BX misidentifica-
tion, which is below 1% for muon detector layers with two working lay-
ers of RPCs, and up to 6% when no layer of RPCs is working [54]. Addi-
tional model-dependent selection criteria based on the pair-production 
hypothesis can significantly reduce the background. In these categories, 

Table 1 
Categories based on muon detector layers with stubs and speed expressed as the 
number of crossed layers divided by the number of BXs spent to cross them. The 
BX1234 category includes 4-stub tracks for which the 4 stubs are in 4 subsequent 
BXs. For 3-stub (4-stub) tracks, the BX123 categories correspond to 3 (4) stubs 
in 3 different BXs across a range of 3 BXs, whereas the BX124/134 categories 
correspond to 3 (4) stubs in 3 different BXs across a range of 4 BXs. The 4-
stub category BX1112 (1122, 1222) corresponds to 3 (2, 1) stubs in the first 
BX, and 1 (2, 3) stubs in the next BX. Similarly, the 3-stub categories BX112 
(122) correspond to 2 (1) stubs in the first BX and 1 (2) stub in the next BX. The 
3-stub categories are further separated into fast and slow subcategories: those 
denoted “fast” feature a track with the first stub in MB1 and the last one in MB4, 
corresponding to a longer distance crossed in the same amount of time as their 
“slow” counterparts, which do have exactly one stub within the innermost and 
outermost detector layers. The symbol ⊕ represents the exclusive “or”, whereas 
∧ is the logical “and”. 
 Stub config.  Layers / BXs

 3/4  3/3 or 4/4  4/3  3/2  4/2
 4 stubs —  BX1234  BX123 —  BX1112

 BX124/134  BX1122
 BX1222

 3 stubs,  BX124/134 slow  BX123 slow —  BX112 slow —
 MB1 ⊕ MB4  BX122 slow
 3 stubs, —  BX124/134 fast  BX123 fast —  BX112 fast
 MB1 ∧ MB4  BX122 fast

a second good-quality track with |𝜂| < 0.83 and 𝑝T > 100GeV is required, 
with at least one stub in the same BX as one of the stubs of the first track. 
This reduces the background by almost two orders of magnitude, while 
retaining about half of the signal. The original categories without the 
additional selection criterion are kept to set model-independent limits 
on the fiducial cross section of slow particles, without relying on the 
description of the rest of the event.

The results are extracted with a maximum likelihood fit of binned 
distributions in each category. The observable is chosen to be the track 
𝑝T because the signal is characterized by harder objects than the back-
ground. Indeed, particles with low 𝛽 reaching the muon chambers must 
be heavy and produced with significant momentum. To avoid overcon-
straining the background estimate from low-𝑝T bins with large event 
yields, the 𝑝T threshold is increased to 50 (150)GeV in the categories 
with tracks across 2 BXs with (without) a requirement on the presence 
of a second track, and to 50GeV in all categories across more than 2 BXs, 
except the BX1234 category where the 𝑝T threshold is 15GeV because 
of the lower background expectation.

7.  Background estimation and validation

Backgrounds arise mostly from ultra-relativistic particles with BX 
misidentification in the individual muon detector layers, and from com-
bining unrelated ultra-relativistic particles from different BXs at the 
same place in the detector, but also from noncollision processes and 
noise in the detector. Contributions from slow particles originating from 
the experimental cavern are negligible because the time ordering of 
their stubs is not compatible with a particle produced at the beam spot 
and exiting the CMS detector. The track 𝑝T distribution of the back-
grounds in each category is estimated using tracks with an asynchronous 
time ordering of the stubs within the muon detector layers. The syn-
chronous signal-like ordering is when the stub in each layer occurs in 
the same or a later BX compared to the stubs in the layers inside it. The 
other synchronous ordering, where the inner stubs occur later, is not 
signal-like and signifies a track that enters the detector from the outside. 
Other combinations are asynchronous. Because of BX misidentification, 
some asynchronous combinations include significant contributions from 
physical processes entering the detector, such as slow neutrons origi-
nating from the experimental cavern, which may have a different 𝑝T
distribution from that of the backgrounds in the SR. To remove this
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Fig. 5. Schematic definition of the BX123 category.

contribution, only the tracks where either the innermost stub is in the 
earliest BX or the outermost stub in the latest BX are used to estimate 
the background 𝑝T distribution in the SR. Signal contributions to events 
with asynchronous orderings are below the percent level and therefore 
are neglected. The configurations considered to estimate the background 
in the BX1234 and BX1112 categories are illustrated in Appendix A. The 
background normalization is left floating in each category in the binned 
maximum likelihood fit, where it gets constrained by the signal-depleted 
low-𝑝T bins.

The background estimation is verified in two orthogonal validation 
regions (VRs): (i) events in colliding bunches where the track fails the 
quality criteria, and (ii) events with a high-quality track where the BX of 
the earliest stub and the five BXs preceding it are noncolliding. A maxi-
mum likelihood fit to the data is performed using the systematic uncer-
tainties described in Section 8. In both VRs, good agreement between 
the observed data and predicted background is observed, as shown in 
Figs. 6 and 7. The VR with low track quality criteria is significantly more 
populated than the SR, making it a stringent test of the background es-
timation method. The noncolliding VR is significantly less populated 
than the SR, but provides a useful validation for events with signal-like 
high-quality tracks.

8.  Systematic uncertainties

The dominant systematic uncertainties come from the background 
estimation. While the background normalization is left floating in the 
fit independently for each category, one systematic uncertainty affect-
ing the 𝑝T distribution is considered in each category. These uncertain-
ties are incorporated in the likelihood as nuisance parameters with a 
Gaussian prior. The alternative 𝑝T distributions corresponding to a ±1
standard deviation (s.d.) are built from either a subset of the tracks used 
to estimate the nominal 𝑝T distribution, or from an orthogonal set, as 
described in the next paragraphs and summarized in Table 2.

In the categories with tracks across more than 2 BXs, as well as in 
BX1122, the 𝑝T-dependent systematic uncertainty corresponding to a 
+1 (−1) s.d. is determined by considering uniquely the subset of asyn-
chronous orderings where the innermost (outermost) stub is in the ear-
liest (latest) BX. This results in an uncertainty in the range 5–60% for 
tracks with 𝑝T > 450GeV.

This method does not work in the other categories because these two 
asynchronous orderings do not both exist or are not distinct. In BX1112 
and BX1222, the alternative 𝑝T distribution corresponding to a +1 (−1) 
s.d. is taken from the subset of asynchronous orderings where the stub 
detected in a different BX than the other three stubs is in MB2 (MB3), 
leading to normalization effects of 5–30% for events with tracks with 
𝑝T > 450GeV.

In the remaining 3-stub categories spanning exactly 2 BXs, namely 
BX112 slow, BX112 fast, BX122 slow, and BX122 fast, the shape uncer-
tainty is obtained by considering the 𝑝T distribution of a different set 
of tracks with asynchronous orderings, failing the quality criteria, and 

Table 2 
Definition of asynchronous track orderings used to build the alternative 𝑝T dis-
tributions corresponding to a ±1 s.d. of the background systematic uncertainty.
 Categories +1 s.d. −1 s.d.
 BX1122, BX123, BX124/134,  Asynchronous orderings  Asynchronous orderings
 BX124/134 slow, BX124/134 fast,  where the innermost stub  where the outermost stub
 BX123 slow, BX123 fast, BX1234  is in the earliest BX  is in the latest BX
 BX1112, BX1222  Asynchronous orderings  Asynchronous orderings

 where the stub detected in  where the stub detected in
 a different BX is in MB2  a different BX is in MB3

 BX112 slow, BX112 fast,  Asynchronous orderings  Symmetric distribution
 BX122 slow, BX122 fast  failing the quality criteria  with respect to nominal

symmetrizing it with respect to the nominal distribution. It has an effect 
of 5–75% for events with tracks with 𝑝T > 450GeV.

The background 𝑝T-dependent uncertainties on average get con-
strained by the maximum likelihood fit to 50% of their initial mag-
nitudes. Overall, systematic uncertainties have a small impact on the 
analysis, which is statistically limited by the number of events selected 
in the high-𝑝T bins of the SR.

The signal normalization uncertainty, coming from the selection ef-
ficiency, as well as the integrated luminosity, is determined from the ef-
ficiency correction derived from DY(µµ) events, which includes effects 
related to the reconstruction and identification of muon-like particles, 
as well as overall normalization effects, such as the DY(µµ) cross section 
and the integrated luminosity. An additional uncertainty comes from the 
limited size of the DY(µµ) simulation used to derive the correction. This 
results in an uncertainty of about 3 (2)% in categories with tracks with 
3 (4) stubs, partially correlated between stub multiplicity categories.

9.  Results

The results are extracted with a binned maximum likelihood fit to the 
observed 𝑝T distributions in the different SRs. The systematic uncertain-
ties described in Section 8 are considered as nuisance parameters in the 
statistical procedure. The results have been determined using the CMS 
statistical analysis tool Combine [55]. The SR distributions are shown 
in Fig. 8. No significant excess of data is observed above the standard 
model expectation.

Upper limits at 95% confidence level (CL) are computed using the 
modified frequentist CLs criterion [56,57], using the asymptotic approx-
imation [58]. The limits on the signal cross section are shown in Fig. 9, 
as a function of the HSCP mass for the nonresonant τ′ (upper) and 
gluino 𝑅-hadron (lower) scenarios. The sensitivity is driven by 4-stub 
categories, in particular by the BX123 category, which features a 4-stub 
track across 3 BXs. The 3-stub categories perform better for hadron-
like models than for lepton-like ones, because the hadron-like HSCPs 
tend to be reconstructed with fewer stubs. The relative sensitivity of 
the different categories is mass-dependent because heavier HSCPs typ-
ically have lower 𝛽 and take longer to cross the muon chambers. The 
structure around 𝑚 = 3 TeV arises from the significant fraction of HSCPs 
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Fig. 6. Low-track-quality validation region distributions for the categories with tracks across >2 (=2, =2) BXs without (with, without) additional track requirement 
are shown in the upper (center, lower) part of the figure. The expected background distributions are the result of the maximum likelihood fit. The uncertainty bands 
account for all sources of background uncertainty, systematic as well as statistical, after the maximum likelihood fit. The signal is shown for a few mass hypotheses 
of the nonresonant fourth-generation lepton model, using a production cross section of 1pb. The lower panels show the observed to expected ratio. The last 𝑝T bins 
include the overflow.
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Fig. 7. Noncolliding validation region distributions for the categories with tracks across >2 (=2, =2) BXs without (with, without) additional track requirement are 
shown in the upper (center, lower) part of the figure. The expected background distributions are the result of the maximum likelihood fit. The uncertainty bands 
account for all sources of background uncertainty, systematic as well as statistical, after the maximum likelihood fit. The lower panels show the observed to expected 
ratio. The last 𝑝T bins include the overflow. 
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Fig. 8. The 𝑝T distributions in the signal region for the categories with tracks across >2 (=2, =2) BXs without (with, without) additional track requirement are shown 
in the upper (center, lower) part of the figure. The expected background distributions are the result of the maximum likelihood fit. The uncertainty bands account 
for all sources of background uncertainty, systematic as well as statistical, after the maximum likelihood fit. The lower panels show the observed to expected ratio. 
The signal is shown for a few mass hypotheses of the nonresonant fourth-generation lepton model, using a production cross section of 1pb. The last 𝑝T bins include 
the overflow.

with 𝛽 ≈ 0.5, for which the analysis has limited acceptance since they 
tend to cross the muon detector entirely during the BX that follows the 
collision. Around 𝑚 = 6 TeV, the limits degrade because the HSCPs are 
mostly produced with 𝛽 ≲ 0.15 and are stopped before crossing the muon 
detector. The previous CMS analysis based on an ionization-loss signa-
ture [30] provided an interpretation up to 𝑚 = 2.6 TeV, where the limits 
are about two orders of magnitude tighter than the result presented in 

this paper, because of the larger data set available, larger 𝜂 acceptance, 
and higher-level information. However, unlike the present search, the 
ionization-loss signature analysis does not have sensitivity to scenarios 
with 𝑚 ≳ 4.5 TeV because its HLT efficiency is zero at such low 𝛽 values. 
This analysis has unique sensitivity at high mass where all HSCPs have 
low 𝛽, and to the gluino 𝑅-hadron scenario with 𝑓 = 1, where there is 
no ionization loss signature in the tracker since the 𝑅-hadron is neutral 
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Fig. 9. Observed (solid line with markers) and expected (dashed black line) upper limits at 95% CL on the production cross section of heavy fourth-generation 
leptons through nonresonant DY production (left) and of a gluino 𝑅-hadron pair with 𝑓 = 1 (right). The inner (yellow) and the outer (blue) bands indicate the 
regions containing 68 and 95%, respectively, of the distribution of limits expected under the background-only hypothesis. The expected limits for the combinations 
of 3-stub (dashed purple line) and 4-stub (dashed-red line) categories are also shown.

Fig. 10. Observed upper limits at 95% CL on the production cross section of 
heavy fourth-generation leptons through Z′ boson decays. Lines indicate differ-
ent values of the ratio of Z′ to τ′ masses, for which 𝛽 values are typically sim-
ilar. Signal hypotheses with 2𝑚τ′ < 𝑚Z′ < 3𝑚τ′  are probed. For 𝑚Z′ > 3𝑚τ′ , the 
HSCPs typically have high 𝛽 and are reconstructed in the same BX. The lowest 
limits are obtained for 𝑚Z′∕𝑚τ′ ≈ 2.15 (2.60), for which HSCPs are dominantly 
produced with 𝛽 ≈ 0.2 (0.6). The higher limits for 𝑚Z′∕𝑚τ′ ≈ 2.30 are related to 
the low analysis acceptance for HSCPs produced with 𝛽 ≈ 0.5 and largely recon-
structed in a single BX.

in that part of the detector. Two-dimensional upper limits are shown in 
Fig. 10 for the τ′ pair production from a Z′ boson decay, with unique 
sensitivity for 𝑚Z′ ≲ 2.5𝑚τ′ , corresponding to HSCPs with 𝛽 ≲ 0.6. For 
all mass points, the observed limits are within the band containing 68% 
of the limits expected under the background-only hypothesis.

Upper limits are also set on the fiducial cross section of a lepton-like 
particle leaving a signature in the muon detector and produced with 
𝑝T > 500GeV, |𝜂| < 0.83, and a given range of 𝛽, assuming there is no 
contribution from particles produced with other 𝛽 values. These results 
are extracted from the SRs without additional track requirement in order 
not to rely on the pair production assumption. The signal distributions 

Fig. 11. Observed and expected upper limits at 95% CL on the fiducial cross sec-
tion of a heavy particle leaving a signature in the muon detector with |𝜂| < 0.83, 
𝑝T > 500GeV, in bins of 𝛽. The inner (yellow) and the outer (blue) bands in-
dicate the regions containing 68 and 95%, respectively, of the distribution of 
limits expected under the background-only hypothesis. The expected limits for 
groups of categories corresponding to a given number of muon detector layers 
across a given number of BXs are also shown with colored dashed lines. The lim-
ited sensitivity around 𝛽 = 0.5 corresponds to a loss of acceptance from particles 
reconstructed entirely in the BX that followed the collision. 

are built using particles from the simulated samples described in Sec-
tion 4 satisfying 𝑝T > 500GeV, |𝜂| < 0.83, and the 𝛽 range restriction. 
These distributions are independent from the signal model. As shown in 
Fig. 11, upper limits as low as 3.5 fb can be set for particles produced 
with 0.1875 < 𝛽 < 0.2125, where the sensitivity mostly comes from the 
categories where the particle takes 3 BXs to cross all four muon lay-
ers. For lower 𝛽 values, the sensitivity sharply decreases as the particles 
get stopped before entering the muon detector because of their large 
ionization loss. The patterns in the limits align with the signatures of 
the slow particles as a function of 𝛽, shown in Fig. 4. For 𝛽 > 0.35, the 
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categories where the particle takes 2 BXs to cross the four muon layers 
dominate the sensitivity. The sensitivity is low around 𝛽 = 0.5, because 
the particle is likely to be reconstructed entirely in the BX following the 
collision, where the analysis has no acceptance since the track experi-
mentally looks like that of an ultra-relativistic particle.

10.  Summary

A search for long-lived massive charged particles has been presented, 
exploiting a muon-like signature in the barrel muon detectors spread 
across several LHC proton bunch crossings. This is the first time that an 
analysis relies on the novel CMS level-1 trigger scouting data set, for 
which no trigger selection is applied. A method based on control sam-
ples in data is used to estimate the backgrounds, relying on tracks not 
compatible in time with the expectations from a slow particle exiting 
the detector. No significant excess of data above the predicted standard 
model backgrounds is observed. Upper limits are set on the production 
cross section of heavy stable charged particles in several models, and 
fiducial upper limits on the production cross section for different 𝛽 = 𝑣∕𝑐
ranges are also set for a model-independent interpretation. The analysis 
has unique sensitivity to particles with 0.15 ≲ 𝛽 ≲ 0.5, which are chal-
lenging to trigger on, and to neutral particles that acquire a charge when 
crossing the detector, which do not leave an ionization-loss signature in 
the tracker. Upper limits as low as 3.5 fb at 95% confidence level are 
set on the fiducial production cross section of lepton-like charged par-
ticles with |𝜂| < 0.83 and 𝑝T > 500GeV, in several bins of 𝛽, extending 
the reach of the existing searches to higher masses and lower values of
𝛽.
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Appendix A.  Schematic illustration of the categories

The event categories are illustrated in Figs. A.12–A.14. The track 
configurations used to estimate the background in the BX1234 and 
BX1112 categories are illustrated in Figs. A.15 and A.16, respectively.
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Fig. A.12. Schematic definition of the 3-stub categories with tracks across >2 BXs. 
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Fig. A.13. Schematic definition of the 4-stub categories with tracks across >2 BXs. 
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Fig. A.14. Schematic definition of the categories with tracks across 2 BXs.
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Fig. A.15. Schematic definition of the asynchronous orderings used to estimate the backgrounds in the BX1234 category. The upper (lower) half includes orderings 
with the first (last) stub in MB1 (MB4).

Fig. A.16. Schematic definition of the asynchronous orderings used to estimate the backgrounds in the BX1112 category. The left (right) diagram shows the ordering 
where the stub detected in a different BX than the other three stubs is in MB2 (MB3).
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LIXAlso at Karamanoğlu Mehmetbey University, Karaman, Turkey
LXAlso at Erciyes University, Kayseri, Turkey
LXIAlso at Hamad Bin Khalifa University (HBKU), Doha, Qatar
LXIIAlso at Sinop University, Sinop, Turkey
LXIIIAlso at Università di Torino, Torino, Italy
LXIVAlso at Monash University, Faculty of Science, Clayton, Australia
LXVAlso at School of Physics and Astronomy, University of Southamp-
ton, Southampton, United Kingdom
LXVIAlso at An institute or international laboratory covered by a coop-
eration agreement with CERN
LXVIIAlso at Another institute or international laboratory covered by a 
cooperation agreement with CERN
LXVIIIAlso at An institute formerly covered by a cooperation agreement 
with CERN
LXIXAlso at Another institute formerly covered by a cooperation agree-
ment with CERN
LXXDeceased

Collaboration Institutes

1Yerevan Physics Institute, Yerevan, Armenia
2 Institut für Hochenergiephysik, Vienna, Austria
3Universiteit Antwerpen, Antwerpen, Belgium
4Vrije Universiteit Brussel, Brussel, Belgium
5Université Libre de Bruxelles, Bruxelles, Belgium
6Ghent University, Ghent, Belgium
7Université Catholique de Louvain, Louvain-la-Neuve, Belgium
8Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil
9Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
10Universidade Estadual Paulista, Universidade Federal do ABC, São 
Paulo, Brazil
11 Institute for Nuclear Research and Nuclear Energy, Bulgarian 
Academy of Sciences, Sofia, Bulgaria
12University of Sofia, Sofia, Bulgaria
13 Instituto De Alta Investigación, Universidad de Tarapacá, Casilla 7 D, 
Arica, Chile
14Universidad Tecnica Federico Santa Maria, Valparaiso, Chile
15 Beihang University, Beijing, China
16Department of Physics, Tsinghua University, Beijing, China
17 Institute of High Energy Physics, Beijing, China
18 State Key Laboratory of Nuclear Physics and Technology, Peking Uni-
versity, Beijing, China
19 State Key Laboratory of Nuclear Physics and Technology, Institute of 
Quantum Matter, South China Normal University, Guangzhou, China

20 Sun Yat-Sen University, Guangzhou, China
21University of Science and Technology of China, Hefei, China
22Nanjing Normal University, Nanjing, China
23 Institute of Modern Physics and Key Laboratory of Nuclear Physics 
and Ion-beam Application (MOE) - Fudan University, Shanghai, China
24 Zhejiang University, Hangzhou, Zhejiang, China
25Universidad de Los Andes, Bogota, Colombia
26Universidad de Antioquia, Medellin, Colombia
27University of Split, Faculty of Electrical Engineering, Mechanical En-
gineering and Naval Architecture, Split, Croatia
28University of Split, Faculty of Science, Split, Croatia
29 Institute Rudjer Boskovic, Zagreb, Croatia
30University of Cyprus, Nicosia, Cyprus
31Charles University, Prague, Czech Republic
32 Escuela Politecnica Nacional, Quito, Ecuador
33Universidad San Francisco de Quito, Quito, Ecuador
34Academy of Scientific Research and Technology of the Arab Republic 
of Egypt, Egyptian Network of High Energy Physics, Cairo, Egypt
35Center for High Energy Physics (CHEP-FU), Fayoum University, El-
Fayoum, Egypt
36National Institute of Chemical Physics and Biophysics, Tallinn, Esto-
nia
37Department of Physics, University of Helsinki, Helsinki, Finland
38Helsinki Institute of Physics, Helsinki, Finland
39 Lappeenranta-Lahti University of Technology, Lappeenranta, Finland
40 IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
41 Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, In-
stitut Polytechnique de Paris, Palaiseau, France
42Université de Strasbourg, CNRS, IPHCUMR 7178, Strasbourg, France
43Centre de Calcul de l’Institut National de Physique Nucleaire et de 
Physique des Particules, CNRS/IN2P3, Villeurbanne, France
44 Institut de Physique des 2 Infinis de Lyon (IP2I ), Villeurbanne, France
45Georgian Technical University, Tbilisi, Georgia
46RWTH Aachen University, I. Physikalisches Institut, Aachen, Germany
47RWTH Aachen University, III. Physikalisches Institut A, Aachen, Ger-
many
48RWTH Aachen University, III. Physikalisches Institut B, Aachen, Ger-
many
49Deutsches Elektronen-Synchrotron, Hamburg, Germany
50University of Hamburg, Hamburg, Germany
51Karlsruher Institut fuer Technologie, Karlsruhe, Germany
52 Institute of Nuclear and Particle Physics (INPP), NCSR Demokritos, 
Aghia Paraskevi, Greece
53National and Kapodistrian University of Athens, Athens, Greece
54National Technical University of Athens, Athens, Greece
55University of Ioánnina, Ioánnina, Greece
56HUN-REN Wigner Research Centre for Physics, Budapest, Hungary
57MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös 
Loránd University, Budapest, Hungary
58 Faculty of Informatics, University of Debrecen, Debrecen, Hungary
59HUN-REN ATOMKI - Institute of Nuclear Research, Debrecen, Hun-
gary
60Karoly Robert Campus, MATE Institute of Technology, Gyongyos, 
Hungary
61 IIT Bhubaneswar, Bhubaneswar, India
62 Panjab University, Chandigarh, India
63University of Delhi, Delhi, India
64 Indian Institute of Technology Mandi (IIT-Mandi), Himachal Pradesh, 
India
65University of Hyderabad, Hyderabad, India
66 Indian Institute of Technology Kanpur, Kanpur, India
67 Saha Institute of Nuclear Physics, HBNI, Kolkata, India
68 Indian Institute of Technology Madras, Madras, India
69 IISER Mohali, India, Mohali, India
70 Tata Institute of Fundamental Research-A, Mumbai, India
71 Tata Institute of Fundamental Research-B, Mumbai, India

Physics Letters B 878 (2026) 140498 

20 



The CMS Collaboration

72National Institute of Science Education and Research, An OCC of Homi 
Bhabha National Institute, Bhubaneswar, Odisha, India
73 Indian Institute of Science Education and Research (IISER), Pune, In-
dia
74 Indian Institute of Technology Hyderabad, Telangana, India
75 Isfahan University of Technology, Isfahan, Iran
76 Institute for Research in Fundamental Sciences (IPM), Tehran, Iran
77University College Dublin, Dublin, Ireland
78 INFN Sezione di Bari, Università di Bari, Politecnico di Bari, Bari, Italy
79 INFN Sezione di Bari, Bari, Italy
80Università di Bari, Bari, Italy
81 Politecnico di Bari, Bari, Italy
82 INFN Sezione di Bologna, Università di Bologna, Bologna, Italy
83 INFN Sezione di Bologna, Bologna, Italy
84Università di Bologna, Bologna, Italy
85 INFN Sezione di Catania, Università di Catania, Catania, Italy
86 INFN Sezione di Catania, Catania, Italy
87Università di Catania, Catania, Italy
88 INFN Sezione di Firenze, Università di Firenze, Firenze, Italy
89 INFN Sezione di Firenze, Firenze, Italy
90Università di Firenze, Firenze, Italy
91 INFN Laboratori Nazionali di Frascati, Frascati, Italy
92 INFN Sezione di Genova, Università di Genova, Genova, Italy
93 INFN Sezione di Genova, Genova, Italy
94Università di Genova, Genova, Italy
95 INFN Sezione di Milano-Bicocca, Università di Milano-Bicocca, Mi-
lano, Italy
96 INFN Sezione di Milano-Bicocca, Milano, Italy
97Università di Milano-Bicocca, Milano, Italy
98 INFN Sezione di Napoli, Università di Napoli ’Federico II’, Napoli, 
Italy, Università della Basilicata, Potenza, Italy, Scuola Superiore Merid-
ionale (SSM), Napoli, Italy
99 INFN Sezione di Napoli, Napoli, Italy
100Università di Napoli ’Federico II’, Napoli, Italy
101Università della Basilicata, Potenza, Italy
102 Scuola Superiore Meridionale (SSM), Napoli, Italy
103 INFN Sezione di Padova, Università di Padova, Padova, Italy, Uni-
versita degli Studi di Cagliari, Cagliari, Italy
104 INFN Sezione di Padova, Padova, Italy
105Università di Padova, Padova, Italy
106Universita degli Studi di Cagliari, Cagliari, Italy
107 INFN Sezione di Pavia, Università di Pavia, Pavia, Italy
108 INFN Sezione di Pavia, Pavia, Italy
109Università di Pavia, Pavia, Italy
110 INFN Sezione di Perugia, Università di Perugia, Perugia, Italy
111 INFN Sezione di Perugia, Perugia, Italy
112Università di Perugia, Perugia, Italy
113 INFN Sezione di Pisa, Università di Pisa, Scuola Normale Superiore 
di Pisa, Pisa Italy, Università di Siena, Siena, Italy
114 INFN Sezione di Pisa, Pisa, Italy
115Università di Pisa, Pisa, Italy
116 Scuola Normale Superiore di Pisa, Pisa, Italy
117Università di Siena, Siena, Italy
118 INFN Sezione di Roma, Sapienza Università di Roma, Roma, Italy
119 INFN Sezione di Roma, Roma, Italy
120 Sapienza Università di Roma, Roma, Italy
121 INFN Sezione di Torino, Università di Torino, Torino, Italy, Univer-
sità del Piemonte Orientale, Novara, Italy
122 INFN Sezione di Torino, Torino, Italy
123Università di Torino, Torino, Italy
124Università del Piemonte Orientale, Novara, Italy
125 INFN Sezione di Trieste, Università di Trieste, Trieste, Italy
126 INFN Sezione di Trieste, Trieste, Italy
127Università di Trieste, Trieste, Italy
128Kyungpook National University, Daegu, Korea
129Department of Mathematics and Physics - GWNU, Gangneung, Korea

130Chonnam National University, Institute for Universe and Elementary 
Particles, Kwangju, Korea
131Hanyang University, Seoul, Korea
132Korea University, Seoul, Korea
133Kyung Hee University, Department of Physics, Seoul, Korea
134 Sejong University, Seoul, Korea
135 Seoul National University, Seoul, Korea
136University of Seoul, Seoul, Korea
137Yonsei University, Department of Physics, Seoul, Korea
138 Sungkyunkwan University, Suwon, Korea
139College of Engineering and Technology, American University of the 
Middle East (AUM), Dasman, Kuwait
140Kuwait University - College of Science - Department of Physics, Safat, 
Kuwait
141Riga Technical University, Riga, Latvia
142University of Latvia (LU), Riga, Latvia
143Vilnius University, Vilnius, Lithuania
144National Centre for Particle Physics, Universiti Malaya, Kuala 
Lumpur, Malaysia
145Universidad de Sonora (UNISON), Hermosillo, Mexico
146Centro de Investigacion y de Estudios Avanzados del IPN, Mexico 
City, Mexico
147Universidad Iberoamericana, Mexico City, Mexico
148 Benemerita Universidad Autonoma de Puebla, Puebla, Mexico
149University of Montenegro, Podgorica, Montenegro
150University of Canterbury, Christchurch, New Zealand
151National Centre for Physics, Quaid-I-Azam University, Islamabad, 
Pakistan
152AGH University of Krakow, Krakow, Poland
153National Centre for Nuclear Research, Swierk, Poland
154 Institute of Experimental Physics, Faculty of Physics, University of 
Warsaw, Warsaw, Poland
155Warsaw University of Technology, Warsaw, Poland
156 Laboratório de Instrumentação e Física Experimental de Partículas, 
Lisboa, Portugal
157 Faculty of Physics, University of Belgrade, Belgrade, Serbia
158VINCA Institute of Nuclear Sciences, University of Belgrade, Bel-
grade, Serbia
159Centro de Investigaciones Energéticas Medioambientales y Tecnológ-
icas (CIEMAT), Madrid, Spain
160Universidad Autónoma de Madrid, Madrid, Spain
161Universidad de Oviedo, Instituto Universitario de Ciencias y Tec-
nologías Espaciales de Asturias (ICTEA), Oviedo, Spain
162 Instituto de Física de Cantabria (IFCA), CSIC-Universidad de 
Cantabria, Santander, Spain
163University of Colombo, Colombo, Sri Lanka
164University of Ruhuna, Department of Physics, Matara, Sri Lanka
165CERN, European Organization for Nuclear Research, Geneva, 
Switzerland
166 PSI Center for Neutron and Muon Sciences, Villigen, Switzerland
167 ETH Zurich - Institute for Particle Physics and Astrophysics (IPA), 
Zurich, Switzerland
168Universität Zürich, Zurich, Switzerland
169National Central University, Chung-Li, Taiwan
170National Taiwan University (NTU), Taipei, Taiwan
171High Energy Physics Research Unit, Department of Physics, Faculty 
of Science, Chulalongkorn University, Bangkok, Thailand
172 Tunis El Manar University, Tunis, Tunisia
173Çukurova University, Physics Department, Science and Art Faculty, 
Adana, Turkey
174Hacettepe University, Ankara, Turkey
175Middle East Technical University, Physics Department, Ankara, 
Turkey
176 Bogazici University, Istanbul, Turkey
177 Istanbul Technical University, Istanbul, Turkey
178 Istanbul University, Istanbul, Turkey

Physics Letters B 878 (2026) 140498 

21 



The CMS Collaboration

179Yildiz Technical University, Istanbul, Turkey
180 Institute for Scintillation Materials of National Academy of Science 
of Ukraine, Kharkiv, Ukraine
181National Science Centre, Kharkiv Institute of Physics and Technol-
ogy, Kharkiv, Ukraine
182University of Bristol, Bristol, United Kingdom
183Rutherford Appleton Laboratory, Didcot, United Kingdom
184 Imperial College, London, United Kingdom
185 Brunel University, Uxbridge, United Kingdom
186 Baylor University, Waco, Texas, USA
187 Bethel University, St. Paul, Minnesota, USA
188Catholic University of America, Washington, DC, USA
189 The University of Alabama, Tuscaloosa, Alabama, USA
190 Boston University, Boston, Massachusetts, USA
191 Brown University, Providence, Rhode Island, USA
192University of California, Davis, Davis, California, USA
193University of California, Los Angeles, California, USA
194University of California, Riverside, California, USA
195University of California, San Diego, La Jolla, California, USA
196University of California, Santa Barbara - Department of Physics, 
Santa Barbara, California, USA
197California Institute of Technology, Pasadena, California, USA
198Carnegie Mellon University, Pittsburgh, Pennsylvania, USA
199University of Colorado Boulder, Boulder, Colorado, USA
200Cornell University, Ithaca, New York, USA
201 Fermi National Accelerator Laboratory, Batavia, Illinois, USA
202University of Florida, Gainesville, Florida, USA
203 Florida State University, Tallahassee, Florida, USA
204 Florida Institute of Technology, Melbourne, Florida, USA
205University of Illinois Chicago, Chicago, Illinois, USA
206 The University of Iowa, Iowa City, Iowa, USA
207 Johns Hopkins University, Baltimore, Maryland, USA
208 The University of Kansas, Lawrence, Kansas, USA
209Kansas State University, Manhattan, Kansas, USA
210University of Maryland, College Park, Maryland, USA
211Massachusetts Institute of Technology, Cambridge, Massachusetts, 
USA
212University of Minnesota, Minneapolis, Minnesota, USA
213University of Nebraska-Lincoln, Lincoln, Nebraska, USA
214 State University of New York at Buffalo, Buffalo, New York, USA
215Northeastern University, Boston, Massachusetts, USA
216Northwestern University, Evanston, Illinois, USA
217University of Notre Dame, Notre Dame, Indiana, USA
218 The Ohio State University, Columbus, Ohio, USA
219 Princeton University, Princeton, New Jersey, USA
220University of Puerto Rico, Mayaguez, Puerto Rico, USA
221 Purdue University, West Lafayette, Indiana, USA
222 Purdue University Northwest, Hammond, Indiana, USA
223Rice University, Houston, Texas, USA
224University of Rochester, Rochester, New York, USA
225Rutgers, The State University of New Jersey, Piscataway, New Jersey, 
USA
226University of Tennessee, Knoxville, Tennessee, USA
227 Texas A&M University, College Station, Texas, USA
228 Texas Tech University, Lubbock, Texas, USA
229Vanderbilt University, Nashville, Tennessee, USA
230University of Virginia, Charlottesville, Virginia, USA
231Wayne State University, Detroit, Michigan, USA
232University of Wisconsin - Madison, Madison, Wisconsin, USA

References

[1] M. Fairbairn, A.C. Kraan, D.A. Milstead, T. Sjostrand, P.Z. Skands, T. Sloan, Sta-
ble massive particles at colliders, Phys. Rept. 438 (2007) 1. arXiv:hep-ph/0611040, 
https://doi.org/10.1016/j.physrep.2006.10.002

[2] M.J. Strassler, K.M. Zurek, Echoes of a hidden valley at hadron colliders, Phys. Lett. B 
651 (2007) 374. arXiv:hep-ph/0604261, https://doi.org/10.1016/j.physletb.2007.
06.055

[3] C.W. Bauer, Z. Ligeti, M. Schmaltz, J. Thaler, D.G.E. Walker, Supermodels for early 
LHC, Phys. Lett. B 690 (2010) 280. arXiv:0909.5213, https://doi.org/10.1016/j.
physletb.2010.05.032

[4] R. Barate, et al., (ALEPH), Search for pair production of longlived heavy charged 
particles in e+e− annihilation, Phys. Lett. B 405 (1997) 379. arXiv:hep-ex/9706013, 
https://doi.org/10.1016/S0370-2693(97)00715-6

[5] P. Abreu, et al., (DELPHI), Search for heavy stable and longlived particles in e+e−
collisions at √𝑠 = 189GeV, Phys. Lett. B 478 (2000) 65. arXiv:hep-ex/0103038, 
https://doi.org/10.1016/S0370-2693(00)00265-3

[6] P. Achard, et al., (L3), Search for heavy neutral and charged leptons in e+e− annihi-
lation at LEP, Phys. Lett. B 517 (2001) 75. arXiv:hep-ex/0107015, https://doi.org/
10.1016/S0370-2693(01)01005-X

[7] G. Abbiendi, et al., (OPAL), Search for stable and longlived massive charged particles 
in e+e− collisions at √𝑠 = 130GeV to 209GeV, Phys. Lett. B 572 (2003) 8. arXiv:hep-
ex/0305031, https://doi.org/10.1016/S0370-2693(03)00639-7

[8] A. Aktas, et al., (H1), Measurement of anti-deuteron photoproduction and a search 
for heavy stable charged particles at HERA, Eur. Phys. J. C 36 (2004) 413. arXiv:hep-
ex/0403056, https://doi.org/10.1140/epjc/s2004-01978-x

[9] T. Aaltonen, et al., (CDF), Search for long-lived massive charged particles in 1.96 
TeV 𝑝̄𝑝 collisions, Phys. Rev. Lett. 103 (2009) 021802. arXiv:0902.1266, https://
doi.org/10.1103/PhysRevLett.103.021802

[10] V.M. Abazov, et al., (D0), Search for long-lived charged massive particles with the 
D0 detector, Phys. Rev. Lett. 102 (2009) 161802. arXiv:0809.4472, https://doi.org/
10.1103/PhysRevLett.102.161802

[11] V.M. Abazov, et al., (D0), A search for charged massive long-lived particles, 
Phys. Rev. Lett. 108 (2012) 121802. arXiv:1110.3302, https://doi.org/10.1103/
PhysRevLett.108.121802

[12] D0, (D0), Search for charged massive long-lived particles at √𝑠 = 1.96 TeV, Phys. 
Rev. D 87 (2013) 052011. arXiv:1211.2466, https://doi.org/10.1103/PhysRevD.87.
052011

[13] ATLAS Collaboration, Search for heavy long-lived charged particles with the AT-
LAS detector in 𝑝𝑝 collisions at √𝑠 = 7 TeV, Phys. Lett. B 703 (2011) 428. 
arXiv:1106.4495, https://doi.org/10.1016/j.physletb.2011.08.042

[14] ATLAS Collaboration, Search for stable hadronising squarks and gluinos with the 
ATLAS experiment at the LHC, Phys. Lett. B 701 (2011) 1. arXiv:1103.1984, https:
//doi.org/10.1016/j.physletb.2011.05.010

[15] ATLAS Collaboration, Search for massive long-lived highly ionising particles with 
the ATLAS detector at the LHC, Phys. Lett. B 698 (2011) 353. arXiv:1102.0459, 
https://doi.org/10.1016/j.physletb.2011.03.033

[16] ATLAS Collaboration, Searches for heavy long-lived sleptons and 𝑅-Hadrons with 
the ATLAS detector in 𝑝𝑝 collisions at √𝑠 = 7 TeV, Phys. Lett. B 720 (2013) 277. 
arXiv:1211.1597, https://doi.org/10.1016/j.physletb.2013.02.015

[17] ATLAS Collaboration, Search for long-lived, multi-charged particles in 𝑝𝑝 colli-
sions at √𝑠 = 7 TeV using the ATLAS detector, Phys. Lett. B 722 (2013) 305. 
arXiv:1301.5272, https://doi.org/10.1016/j.physletb.2013.04.036

[18] ATLAS Collaboration, Searches for heavy long-lived charged particles with the 
ATLAS detector in proton-proton collisions at √𝑠 = 8 TeV, JHEP 01 (2015) 068. 
arXiv:1411.6795, https://doi.org/10.1007/JHEP01(2015)068

[19] ATLAS Collaboration, Search for heavy long-lived multi-charged particles in
𝑝𝑝 collisions at √𝑠 = 8 TeV using the ATLAS detector, Eur. Phys. J. C 75 (2015) 
362. arXiv:1504.04188, https://doi.org/10.1140/epjc/s10052-015-3534-2

[20] ATLAS Collaboration, Search for metastable heavy charged particles with large ion-
isation energy loss in 𝑝𝑝 collisions at √𝑠 = 8 TeV using the ATLAS experiment, 
Eur. Phys. J. C 75 (2015) 407. arXiv:1506.05332, https://doi.org/10.1140/epjc/
s10052-015-3609-0

[21] ATLAS Collaboration, Search for metastable heavy charged particles with large ion-
ization energy loss in 𝑝𝑝 collisions at √𝑠 = 13 TeV using the ATLAS experiment, Phys. 
Rev. D 93 (2016) 112015. arXiv:1604.04520, https://doi.org/10.1103/PhysRevD.
93.112015

[22] ATLAS Collaboration, Search for heavy long-lived charged 𝑅-hadrons with the AT-
LAS detector in 3.2 fb−1 of proton–proton collision data at √𝑠 = 13 TeV, Phys. Lett. 
B 760 (2016) 647. arXiv:1606.05129, https://doi.org/10.1016/j.physletb.2016.07.
042

[23] CMS Collaboration, Search for heavy stable charged particles in 𝑝𝑝 collisions 
at √𝑠 = 7 TeV, JHEP 03 (2011) 024. arXiv:1101.1645, https://doi.org/10.1007/
JHEP03(2011)024

[24] CMS Collaboration, Search for fractionally charged particles in 𝑝𝑝 collisions at √𝑠 =
7 TeV, Phys. Rev. D 87 (2013) 092008. [Erratum: 10.1103/PhysRevD.106.099903]. 
arXiv:1210.2311, https://doi.org/10.1103/PhysRevD.87.092008

[25] CMS Collaboration, Search for heavy long-lived charged particles in 𝑝𝑝 collisions 
at √𝑠 = 7 TeV, Phys. Lett. B 713 (2012) 408. arXiv:1205.0272, https://doi.org/10.
1016/j.physletb.2012.06.023

[26] CMS Collaboration, Searches for long-lived charged particles in 𝑝𝑝 collisions at 
√

𝑠 = 7 and 8 TeV, JHEP 07 (2013) 122. [Erratum: 10.1007/JHEP11(2022)149]. 
arXiv:1305.0491, https://doi.org/10.1007/JHEP07(2013)122

[27] CMS Collaboration, Search for long-lived charged particles in proton-proton colli-
sions at √𝑠 = 13 TeV, Phys. Rev. D 94 (2016) 112004. arXiv:1609.08382, https:
//doi.org/10.1103/PhysRevD.94.112004

[28] ATLAS Collaboration, Search for heavy, long-lived, charged particles with large 
ionisation energy loss in 𝑝𝑝 collisions at √𝑠 = 13 TeV using the ATLAS experi-
ment and the full Run 2 dataset, JHEP 06 (2023) 158. arXiv:2205.06013, https:
//doi.org/10.1007/JHEP06(2023)158

Physics Letters B 878 (2026) 140498 

22 

http://arxiv.orgabs.arXiv:hep-ph/0611040
https://doi.org/10.1016/j.physrep.2006.10.002
https://doi.org/10.1016/j.physrep.2006.10.002
http://arxiv.orgabs.arXiv:hep-ph/0604261
https://doi.org/10.1016/j.physletb.2007.06.055
https://doi.org/10.1016/j.physletb.2007.06.055
https://doi.org/10.1016/j.physletb.2007.06.055
https://doi.org/10.1016/j.physletb.2007.06.055
http://arxiv.orgabs.arXiv:0909.5213
https://doi.org/10.1016/j.physletb.2010.05.032
https://doi.org/10.1016/j.physletb.2010.05.032
https://doi.org/10.1016/j.physletb.2010.05.032
https://doi.org/10.1016/j.physletb.2010.05.032
http://arxiv.orgabs.arXiv:hep-ex/9706013
https://doi.org/10.1016/S0370-2693(97)00715-6
https://doi.org/10.1016/S0370-2693(97)00715-6
http://arxiv.orgabs.arXiv:hep-ex/0103038
https://doi.org/10.1016/S0370-2693(00)00265-3
https://doi.org/10.1016/S0370-2693(00)00265-3
http://arxiv.orgabs.arXiv:hep-ex/0107015
https://doi.org/10.1016/S0370-2693(01)01005-X
https://doi.org/10.1016/S0370-2693(01)01005-X
https://doi.org/10.1016/S0370-2693(01)01005-X
https://doi.org/10.1016/S0370-2693(01)01005-X
http://arxiv.orgabs.arXiv:hep-ex/0305031
http://arxiv.orgabs.arXiv:hep-ex/0305031
https://doi.org/10.1016/S0370-2693(03)00639-7
https://doi.org/10.1016/S0370-2693(03)00639-7
http://arxiv.orgabs.arXiv:hep-ex/0403056
http://arxiv.orgabs.arXiv:hep-ex/0403056
https://doi.org/10.1140/epjc/s2004-01978-x
https://doi.org/10.1140/epjc/s2004-01978-x
http://arxiv.orgabs.arXiv:0902.1266
https://doi.org/10.1103/PhysRevLett.103.021802
https://doi.org/10.1103/PhysRevLett.103.021802
https://doi.org/10.1103/PhysRevLett.103.021802
https://doi.org/10.1103/PhysRevLett.103.021802
http://arxiv.orgabs.arXiv:0809.4472
https://doi.org/10.1103/PhysRevLett.102.161802
https://doi.org/10.1103/PhysRevLett.102.161802
https://doi.org/10.1103/PhysRevLett.102.161802
https://doi.org/10.1103/PhysRevLett.102.161802
http://arxiv.orgabs.arXiv:1110.3302
https://doi.org/10.1103/PhysRevLett.108.121802
https://doi.org/10.1103/PhysRevLett.108.121802
https://doi.org/10.1103/PhysRevLett.108.121802
https://doi.org/10.1103/PhysRevLett.108.121802
http://arxiv.orgabs.arXiv:1211.2466
https://doi.org/10.1103/PhysRevD.87.052011
https://doi.org/10.1103/PhysRevD.87.052011
https://doi.org/10.1103/PhysRevD.87.052011
https://doi.org/10.1103/PhysRevD.87.052011
http://arxiv.orgabs.arXiv:1106.4495
https://doi.org/10.1016/j.physletb.2011.08.042
https://doi.org/10.1016/j.physletb.2011.08.042
http://arxiv.orgabs.arXiv:1103.1984
https://doi.org/10.1016/j.physletb.2011.05.010
https://doi.org/10.1016/j.physletb.2011.05.010
https://doi.org/10.1016/j.physletb.2011.05.010
https://doi.org/10.1016/j.physletb.2011.05.010
http://arxiv.orgabs.arXiv:1102.0459
https://doi.org/10.1016/j.physletb.2011.03.033
https://doi.org/10.1016/j.physletb.2011.03.033
http://arxiv.orgabs.arXiv:1211.1597
https://doi.org/10.1016/j.physletb.2013.02.015
https://doi.org/10.1016/j.physletb.2013.02.015
http://arxiv.orgabs.arXiv:1301.5272
https://doi.org/10.1016/j.physletb.2013.04.036
https://doi.org/10.1016/j.physletb.2013.04.036
http://arxiv.orgabs.arXiv:1411.6795
https://doi.org/10.1007/JHEP01(2015)068
https://doi.org/10.1007/JHEP01(2015)068
http://arxiv.orgabs.arXiv:1504.04188
https://doi.org/10.1140/epjc/s10052-015-3534-2
https://doi.org/10.1140/epjc/s10052-015-3534-2
http://arxiv.orgabs.arXiv:1506.05332
https://doi.org/10.1140/epjc/s10052-015-3609-0
https://doi.org/10.1140/epjc/s10052-015-3609-0
https://doi.org/10.1140/epjc/s10052-015-3609-0
https://doi.org/10.1140/epjc/s10052-015-3609-0
http://arxiv.orgabs.arXiv:1604.04520
https://doi.org/10.1103/PhysRevD.93.112015
https://doi.org/10.1103/PhysRevD.93.112015
https://doi.org/10.1103/PhysRevD.93.112015
https://doi.org/10.1103/PhysRevD.93.112015
http://arxiv.orgabs.arXiv:1606.05129
https://doi.org/10.1016/j.physletb.2016.07.042
https://doi.org/10.1016/j.physletb.2016.07.042
https://doi.org/10.1016/j.physletb.2016.07.042
https://doi.org/10.1016/j.physletb.2016.07.042
http://arxiv.orgabs.arXiv:1101.1645
https://doi.org/10.1007/JHEP03(2011)024
https://doi.org/10.1007/JHEP03(2011)024
https://doi.org/10.1007/JHEP03(2011)024
https://doi.org/10.1007/JHEP03(2011)024
http://arxiv.orgabs.arXiv:1210.2311
https://doi.org/10.1103/PhysRevD.87.092008
https://doi.org/10.1103/PhysRevD.87.092008
http://arxiv.orgabs.arXiv:1205.0272
https://doi.org/10.1016/j.physletb.2012.06.023
https://doi.org/10.1016/j.physletb.2012.06.023
https://doi.org/10.1016/j.physletb.2012.06.023
https://doi.org/10.1016/j.physletb.2012.06.023
http://arxiv.orgabs.arXiv:1305.0491
https://doi.org/10.1007/JHEP07(2013)122
https://doi.org/10.1007/JHEP07(2013)122
http://arxiv.orgabs.arXiv:1609.08382
https://doi.org/10.1103/PhysRevD.94.112004
https://doi.org/10.1103/PhysRevD.94.112004
https://doi.org/10.1103/PhysRevD.94.112004
https://doi.org/10.1103/PhysRevD.94.112004
http://arxiv.orgabs.arXiv:2205.06013
https://doi.org/10.1007/JHEP06(2023)158
https://doi.org/10.1007/JHEP06(2023)158
https://doi.org/10.1007/JHEP06(2023)158
https://doi.org/10.1007/JHEP06(2023)158


The CMS Collaboration

[29] CMS Collaboration, Search for fractionally charged particles in proton-proton col-
lisions at √𝑠 = 13 TeV, Phys. Rev. Lett. 134 (2025) 131802. arXiv:2402.09932, 
https://doi.org/10.1103/PhysRevLett.134.131802

[30] CMS Collaboration, Search for heavy long-lived charged particles with large ioniza-
tion energy loss in proton-proton collisions at √𝑠 = 13 TeV, JHEP 04 (2025) 109. 
arXiv:2410.09164, https://doi.org/10.1007/JHEP04(2025)109

[31] ATLAS Collaboration, Search for long-lived charged particles using large specific 
ionisation loss and time of flight in 140 fb−1 of 𝑝𝑝 collisions at √𝑠 = 13 TeV with the 
ATLAS detector, JHEP 07 (2025) 140. arXiv:2502.06694, https://doi.org/10.1007/
JHEP07(2025)140

[32] CMS Collaboration, The Phase-2 Upgrade of the CMS Level-1 Trigger, CMS Technical 
Design Report CERN-LHCC-2020-004 ; CMS-TDR-021, 2020. https://cds.cern.ch/
record/2714892.

[33] CMS Collaboration, Development of the CMS detector for the CERN LHC Run 3, 
JINST 19 (2024) P05064. arXiv:2309.05466, https://doi.org/10.1088/1748-0221/
19/05/P05064

[34] M. Migliorini, 40MHz Scouting at the CMS Experiment, Ph.D. thesis, Padua Univer-
sity, 2024. CERN-THESIS-2024-288, https://repository.cern/records/3rrqb-tha31.

[35] R. Ardino, Search for Rare Boson Decays with the CMS Detector at LHC and the CMS 
Level-1 Trigger Data Scouting, Ph.D. thesis, Padua University, 2024. CERN-THESIS-
2024-303, https://repository.cern/records/5sv24-ff274.

[36] 2025, HEPData record for this analysis. https://doi.org/10.17182/hepdata.166216
[37] CMS Collaboration, The CMS experiment at the CERN LHC, JINST 3 (2008) S08004. 

https://doi.org/10.1088/1748-0221/3/08/S08004
[38] CMS Collaboration, Performance of the CMS Level-1 trigger in proton-proton colli-

sions at √𝑠 = 13 TeV, JINST 15 (2020) P10017. arXiv:2006.10165, https://doi.org/
10.1088/1748-0221/15/10/P10017

[39] CMS Collaboration, The CMS Barrel Muon trigger upgrade, JINST 12 (2017) C01095. 
https://doi.org/10.1088/1748-0221/12/01/C01095

[40] G.F. Giudice, M. McCullough, D. Teresi, dE/dx from boosted long-lived particles, 
JHEP 08 (2022) 012. arXiv:2205.04473, https://doi.org/10.1007/JHEP08(2022)
012

[41] G.R. Farrar, P. Fayet, Phenomenology of the production, decay, and detection of 
new hadronic states associated with supersymmetry, Phys. Lett. B 76 (1978) 575. 
https://doi.org/10.1016/0370-2693(78)90858-4

[42] G.F. Giudice, A. Romanino, Split supersymmetry, Nucl. Phys. B 699 (2004) 65. 
[Erratum: 10.1016/j.nuclphysb.2004.11.048]. arXiv:hep-ph/0406088, https://doi.
org/10.1016/j.nuclphysb.2004.08.001

[43] N. Arkani-Hamed, S. Dimopoulos, Supersymmetric unification without low energy 
supersymmetry and signatures for fine-tuning at the LHC, JHEP 06 (2005) 073. 
arXiv:hep-th/0405159, https://doi.org/10.1088/1126-6708/2005/06/073

[44] A.C. Kraan, Interactions of heavy stable hadronizing particles, Eur. Phys. J. C 37 
(2004) 91. arXiv:hep-ex/0404001, https://doi.org/10.1140/epjc/s2004-01946-6

[45] R. Mackeprang, A. Rizzi, Interactions of coloured heavy stable particles in matter, 
Eur. Phys. J. C 50 (2007) 353. arXiv:hep-ph/0612161, https://doi.org/10.1140/
epjc/s10052-007-0252-4

[46] 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, Comput. Phys. 
Commun. 191 (2015) 159. arXiv:1410.3012, https://doi.org/10.1016/j.cpc.2015.
01.024

[47] CMS Collaboration, Extraction and validation of a new set of CMS PYTHIA8 
tunes from underlying-event measurements, Eur. Phys. J. C 80 (2020) 4. 
arXiv:1903.12179, https://doi.org/10.1140/epjc/s10052-019-7499-4

[48] R.D. Ball, V. Bertone, F. Cerutti, L. Del Debbio, S. Forte, A. Guffanti, J.I. Latorre, 
J. Rojo, M. Ubiali, Unbiased global determination of parton distributions and their 
uncertainties at NNLO and at LO, Nucl. Phys. B 855 (2012) 153. arXiv:1107.2652, 
https://doi.org/10.1016/j.nuclphysb.2011.09.024

[49] R.D. Ball, V. Bertone, S. Carrazza, L. Del Debbio, S. Forte, A. Guffanti, N.P. Hartland, 
J. Rojo, (NNPDF), Parton distributions with QED corrections, Nucl. Phys. B 877 
(2013) 290. arXiv:1308.0598, https://doi.org/10.1016/j.nuclphysb.2013.10.010

[50] R.D. Ball, et al., (NNPDF), Parton distributions from high-precision collider data, 
Eur. Phys. J. C 77 (2017) 663. arXiv:1706.00428, https://doi.org/10.1140/epjc/
s10052-017-5199-5

[51] R. Frederix, S. Frixione, Merging meets matching in MC@NLO, JHEP 12 (2012) 061. 
arXiv:1209.6215, https://doi.org/10.1007/JHEP12(2012)061

[52] S. Agostinelli, et al., (GEANT4), Geant4— a simulation toolkit, Nucl. Instrum. Meth. 
A 506 (2003) 250. https://doi.org/10.1016/S0168-9002(03)01368-8

[53] D.J. Lange, M. Hildreth, V.N. Ivantchenko, I. Osborne, (for the CMS Collaboration), 
Upgrades for the CMS simulation, J. Phys.: Conf. Ser. 608 (2015) 012056. https:
//doi.org/10.1088/1742-6596/608/1/012056

[54] CMS Collaboration, Bunch crossing identification studies for the CMS muon barrel 
local trigger, CMS Detector Performance Note CMS-DP-2025-008, 2025. https://cds.
cern.ch/record/2924488.

[55] CMS Collaboration, The CMS statistical analysis and combination tool: combine, 
Comput. Softw. Big Sci. 8 (2024) 19. arXiv:2404.06614, https://doi.org/10.1007/
s41781-024-00121-4

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

[57] A.L. Read, Presentation of search results: the CLs technique, J. Phys. G 28 (2002) 
2693. https://doi.org/10.1088/0954-3899/28/10/313

[58] G. Cowan, K. Cranmer, E. Gross, O. Vitells, Asymptotic formulae for likelihood-
based tests of new physics, Eur. Phys. J. C 71 (2011) 1554. [Erratum: 
10.1140/epjc/s10052-013-2501-z]. arXiv:1007.1727, https://doi.org/10.1140/
epjc/s10052-011-1554-0

Physics Letters B 878 (2026) 140498 

23 

http://arxiv.orgabs.arXiv:2402.09932
https://doi.org/10.1103/PhysRevLett.134.131802
https://doi.org/10.1103/PhysRevLett.134.131802
http://arxiv.orgabs.arXiv:2410.09164
https://doi.org/10.1007/JHEP04(2025)109
https://doi.org/10.1007/JHEP04(2025)109
http://arxiv.orgabs.arXiv:2502.06694
https://doi.org/10.1007/JHEP07(2025)140
https://doi.org/10.1007/JHEP07(2025)140
https://doi.org/10.1007/JHEP07(2025)140
https://doi.org/10.1007/JHEP07(2025)140
http://refhub.elsevier.com/S0370-2693(26)00351-5/sbref0032
http://refhub.elsevier.com/S0370-2693(26)00351-5/sbref0032
https://cds.cern.ch/record/2714892
http://refhub.elsevier.com/S0370-2693(26)00351-5/sbref0032
https://cds.cern.ch/record/2714892
http://arxiv.orgabs.arXiv:2309.05466
https://doi.org/10.1088/1748-0221/19/05/P05064
https://doi.org/10.1088/1748-0221/19/05/P05064
https://doi.org/10.1088/1748-0221/19/05/P05064
https://doi.org/10.1088/1748-0221/19/05/P05064
http://refhub.elsevier.com/S0370-2693(26)00351-5/sbref0034
http://refhub.elsevier.com/S0370-2693(26)00351-5/sbref0034
https://repository.cern/records/3rrqb-tha31
http://refhub.elsevier.com/S0370-2693(26)00351-5/sbref0035
http://refhub.elsevier.com/S0370-2693(26)00351-5/sbref0035
http://refhub.elsevier.com/S0370-2693(26)00351-5/sbref0035
https://repository.cern/records/5sv24-ff274
https://doi.org/10.17182/hepdata.166216
https://doi.org/10.17182/hepdata.166216
https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1088/1748-0221/3/08/S08004
http://arxiv.orgabs.arXiv:2006.10165
https://doi.org/10.1088/1748-0221/15/10/P10017
https://doi.org/10.1088/1748-0221/15/10/P10017
https://doi.org/10.1088/1748-0221/15/10/P10017
https://doi.org/10.1088/1748-0221/15/10/P10017
https://doi.org/10.1088/1748-0221/12/01/C01095
https://doi.org/10.1088/1748-0221/12/01/C01095
http://arxiv.orgabs.arXiv:2205.04473
https://doi.org/10.1007/JHEP08(2022)012
https://doi.org/10.1007/JHEP08(2022)012
https://doi.org/10.1007/JHEP08(2022)012
https://doi.org/10.1007/JHEP08(2022)012
https://doi.org/10.1016/0370-2693(78)90858-4
https://doi.org/10.1016/0370-2693(78)90858-4
http://arxiv.orgabs.arXiv:hep-ph/0406088
https://doi.org/10.1016/j.nuclphysb.2004.08.001
https://doi.org/10.1016/j.nuclphysb.2004.08.001
https://doi.org/10.1016/j.nuclphysb.2004.08.001
https://doi.org/10.1016/j.nuclphysb.2004.08.001
http://arxiv.orgabs.arXiv:hep-th/0405159
https://doi.org/10.1088/1126-6708/2005/06/073
https://doi.org/10.1088/1126-6708/2005/06/073
http://arxiv.orgabs.arXiv:hep-ex/0404001
https://doi.org/10.1140/epjc/s2004-01946-6
https://doi.org/10.1140/epjc/s2004-01946-6
http://arxiv.orgabs.arXiv:hep-ph/0612161
https://doi.org/10.1140/epjc/s10052-007-0252-4
https://doi.org/10.1140/epjc/s10052-007-0252-4
https://doi.org/10.1140/epjc/s10052-007-0252-4
https://doi.org/10.1140/epjc/s10052-007-0252-4
http://arxiv.orgabs.arXiv:1410.3012
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
http://arxiv.orgabs.arXiv:1903.12179
https://doi.org/10.1140/epjc/s10052-019-7499-4
https://doi.org/10.1140/epjc/s10052-019-7499-4
http://arxiv.orgabs.arXiv:1107.2652
https://doi.org/10.1016/j.nuclphysb.2011.09.024
https://doi.org/10.1016/j.nuclphysb.2011.09.024
http://arxiv.orgabs.arXiv:1308.0598
https://doi.org/10.1016/j.nuclphysb.2013.10.010
https://doi.org/10.1016/j.nuclphysb.2013.10.010
http://arxiv.orgabs.arXiv:1706.00428
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1140/epjc/s10052-017-5199-5
http://arxiv.orgabs.arXiv:1209.6215
https://doi.org/10.1007/JHEP12(2012)061
https://doi.org/10.1007/JHEP12(2012)061
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1088/1742-6596/608/1/012056
https://doi.org/10.1088/1742-6596/608/1/012056
https://doi.org/10.1088/1742-6596/608/1/012056
https://doi.org/10.1088/1742-6596/608/1/012056
https://cds.cern.ch/record/2924488
https://cds.cern.ch/record/2924488
http://arxiv.orgabs.arXiv:2404.06614
https://doi.org/10.1007/s41781-024-00121-4
https://doi.org/10.1007/s41781-024-00121-4
https://doi.org/10.1007/s41781-024-00121-4
https://doi.org/10.1007/s41781-024-00121-4
http://arxiv.orgabs.arXiv:hep-ex/9902006
https://doi.org/10.1016/S0168-9002(99)00498-2
https://doi.org/10.1016/S0168-9002(99)00498-2
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/10.1088/0954-3899/28/10/313
http://arxiv.orgabs.arXiv:1007.1727
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/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-011-1554-0

	Search for heavy long-lived charged particles with level-1 trigger scouting data from proton-proton collisions at s = 13.6 TeV
	1 Introduction
	2 The CMS detector and its hardware muon trigger
	3 The L1 data scouting system
	4 Signal and background simulation
	5 Muon track reconstruction
	6 Event selection, categories, and statistical analysis
	7 Background estimation and validation
	8 Systematic uncertainties
	9 Results
	10 Summary
	Data availability
	Declaration of competing interest
	Acknowledgments
	Appendix A Schematic illustration of the categories
	The CMS Collaboration
	Affiliation Notes
	Collaboration Institutes
	References


