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1 Introduction

While the standard model (SM) is a highly precise and predictive theory, it does not include ob-
served phenomena such as gravity and dark matter. The SM also suffers from several theoreti-
cal shortcomings, such as the hierarchy and the baryogenesis problems. Thus, beyond-the-SM
(BSM) phenomena must exist, although they have eluded us so far at the LHC [1-3].

Particles with macroscopically long lifetimes are an important possibility in the search for new
phenomena and often appear in BSM theories, notably in models that describe the elementary
particle nature of dark matter. Several physical mechanisms give rise to relatively long particle
lifetimes in the SM, including approximate symmetries, small couplings, and hierarchies of
scale [4]; such mechanisms are also present across a broad range of BSM theories [5, 6]. In
particular, long-lived particles (LLPs) are specifically motivated in many models that address
fundamental puzzles like the hierarchy problem, baryogenesis, dark matter, and the origin of
neutrino masses [7]. In the last several years, LLPs have become a major focus in the search for
new physics at the LHC.

LLPs produced inside the CMS detector at the LHC may decay at a measurable distance from
the primary proton-proton (pp) interaction point or may completely pass through the detector
before decaying, as opposed to promptly-decaying particles, which result in products consis-
tent with an origin at the primary pp interaction. For example, neutral LLPs could travel a
significant distance through the detector before decaying into displaced leptons, photons, or
jets [8-10]. Heavy, slow-moving LLPs could decay to delayed particles a measurable amount
of time after the primary pp interaction [11, 12]. A charged LLP could decay mid-flight into
a neutral particle and a charged particle whose momentum is too small for its corresponding
track to be reconstructed, producing a “disappearing” track [13], or into one detectable and one
undetectable particle, producing a “kinked” track. Finally, monopoles or heavy stable charged
particles can leave highly ionizing tracks in the detector [14].

Standard triggers, as well as offline object reconstruction and background estimation methods,
are usually inadequate for LLP searches because they are designed for promptly decaying par-
ticles, and custom techniques are often needed to collect and reconstruct the data. The CMS
trigger system is designed to collect data quickly, and to do so, the trigger algorithms generally
assume promptly produced particles because displaced object reconstruction can often have a
long processing time.

Many improvements and extensions for triggering on LLPs with the CMS experiment were
made for and during Run 3 (2022-2026) of the LHC. In this note, we present the CMS Run 3
LLP trigger program and the performance of these custom triggers, using pp collision data
recorded at /s = 13.6TeV and collected during 2022-2024. We focus on new LLP triggers
introduced for Run 3 data taking, but also describe triggers introduced earlier that have been
maintained or improved since.

We organize the note as follows: in Section 2, we describe the CMS detector, and in Section 3,
we briefly review the CMS trigger system in general. Section 4 describes the standard online
and offline event reconstruction. In Section 5, we describe the data and simulation used. We
describe the custom LLP trigger algorithms in Section 6 and show the efficiency of each trigger
in data and simulation. In Section 7, we compare the performance of the different LLP trig-
gers, showing their complementary acceptance in a benchmark LLP signal, in different fiducial
regions of the detector. We summarize in Section 8.
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2 The CMS detector

The CMS apparatus [15, 16] is a multipurpose, nearly hermetic detector, designed to trigger
on [17-19] and identify electrons, muons, photons, and (charged and neutral) hadrons [20-22].
Its central feature is a superconducting solenoid of 6 m internal diameter, providing a mag-
netic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron cal-
orimeter (HCAL), each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are
reconstructed using gas-ionization detectors embedded in the steel flux-return yoke outside
the solenoid. More detailed descriptions of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables, can be found in Refs. [15, 16]. A
quadrant of the CMS detector is shown in Fig. 1.
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Figure 1: Schematic view in the R-z plane of a CMS detector quadrant at the start of Run 3,
with the axis parallel to the beam (z) running horizontally and the radius (R) increasing up-
ward. The interaction point is in the lower left corner. The locations of the various muon
stations and the steel flux-return disks (dark areas) are shown, along with the silicon tracker,
the electromagnetic calorimeter (ECAL), and the hadronic calorimeter (HCAL). The locations
of the various muon stations are shown in color: drift tubes (DTs) with labels MB, cathode strip
chambers (CSCs) with labels ME, resistive plate chambers (RPCs) with labels RB and RE, and
gas electron multipliers (GEMs) with labels GE. The M denotes muon, B stands for barrel, and
E for endcap. Figure taken from Ref. [16].

Between the beginning of the LHC operation in 2009 and the start of Run 3 data taking in 2022,
the CMS detector has undergone several changes and upgrades, adapting the experiment to
operating conditions at luminosities well beyond the original design [16].

The silicon tracker measures charged particles within the pseudorapidity range || < 3.0. Dur-
ing the LHC running period when the data used in this note were recorded, the silicon tracker
consisted of 1856 silicon pixel and 15 148 silicon strip detector modules. The pixel detector was
upgraded with the installation of a new detector in early 2017 [23]. In the new pixel detector,
the number of barrel layers was increased from three to four, and the number of disks in each



endcap from two to three. The innermost barrel layer was completely replaced to ensure opti-
mal performance until the end of Run 3. At the same time, the detector material budget was
reduced, creating better tracking performance for pixel tracks with |#| < 3.0. For nonisolated
particles of 1 < pr < 10GeV and |5| < 3.0, the track resolutions are typically 1.5% in pr and
20-75 ym in the transverse impact parameter d, [24].

The ECAL crystals are equipped with a digital clock synchronized to the LHC clock. The timing
of an electromagnetic signature in the crystals can be precisely measured with these clocks [25].
The clocks on the ECAL crystals are synchronized so that the time at which an electromagnetic
signature due to a particle produced at the proton collision vertex peaks in the crystal is at zero.
Thus, the timing resolution of the crystals can be accurately measured from Z boson decays into
dielectrons. The timing resolution of the ECAL for energies >10GeV is <0.2ns in the barrel.

In the ECAL, measures were taken to improve the monitoring and calibration of effects caused
by radiation [16]. For example, before the start of Run 3, the trigger primitives’ calibration algo-
rithms were refined to identify and remove spurious “spike” signals created by direct energy
deposits of particles in the barrel photodetectors.

In the region || < 1.74, the HCAL cells have widths of 0.087 in pseudorapidity and 0.087
in azimuth (¢). In the 7-¢ plane, and for || < 1.48, the HCAL cells map onto 5x5 arrays
of ECAL crystals to form calorimeter towers projecting radially outwards from close to the
nominal interaction point. For |7| > 1.74, the coverage of the towers increases progressively to
a maximum of 0.174 in Ay and A¢. Within each tower, the energy deposits in ECAL and HCAL
cells are summed to define the calorimeter tower energies, which are subsequently used to
provide the energies and directions of hadronic jets.

An upgrade of the HCAL was performed in stages that were installed between 2016 and
2019 [26]. In the HCAL barrel and endcaps, the readout bandwidth was increased to allow for
more channels. As a result, the segmentation was increased to allow for both layer-dependent
corrections for the observed radiation damage to the scintillating tiles [27] and to provide bet-
ter rejection of energy deposits from PU interactions. The previous generation of photosensors
was replaced by silicon photomultipliers, which measure the scintillator light output with a
better signal-to-noise ratio. The readout electronics were upgraded to support the increased
channel count, improve the precision, and add signal timing information. When combining
information from the entire detector, the jet energy resolution amounts typically to 15-20% at
30GeV, 10% at 100 GeV, and 5% at 1 TeV [28].

The CMS muon system consists of four types of gas-ionization detectors: drift tube chambers
(DTs), cathode strip chambers (CSCs), resistive-plate chambers (RPCs), and triple-gas electron
multiplier chambers (Triple-GEMs). The DT and CSC detectors are located in the regions of
7] < 1.2and 0.9 < || < 2.4, respectively, and are complemented by the RPCs in the range
|7] < 1.9. The Triple-GEMs are located in the region of 1.55 < || < 2.18. The chambers are
arranged to maximize the coverage and to provide some overlap wherever possible. In both the
barrel and endcap regions, the chambers are grouped into four “muon stations”, separated by
the steel absorber of the flux-return yoke. A detailed description of these detectors, including
the gas composition and operating voltage, is reported in Ref. [21].

The GEM detector, consisting of four gas gaps separated by three GEM foils, was added in the
endcaps in time for Run 3 data taking [16, 29]. The other subsystems, namely the DTs, CSCs,
and RPCs, also underwent several upgrades. The top of CMS was covered with a neutron
shield to reduce the background in the top external DT chambers. An outer ring of CSCs
(ME4/2) was added after data taking ended in 2012 (at the end of Run 1), and in preparation
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for the High-Luminosity LHC, the bulk of the CSC electronics upgrades that required chamber
access were already performed during the long shutdown before Run 3 data taking. Outer
rings of the RPC chambers in station four (RE4/2 and RE4/3) were also added. The endcap
muon track finder of the L1 trigger was upgraded to utilize GEM-CSC joint track segments to
optimize the final track reconstruction and resolution at the trigger level.

To cope with increasing instantaneous luminosities, the CMS data acquisition (DAQ) system
underwent multiple upgrades [16]. A new optical readout link with a higher bandwidth of
10Gb/s was developed. The bulk of the DAQ system downstream from the custom readout
benefited from advances in technology to achieve a much more compact design, while dou-
bling the event building bandwidth.

3 The CMS trigger system

The CMS Trigger selects events of interest using a two-tiered trigger system by reducing the
input event rate of 40 MHz to several kHz. The first level (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 approximately 4 us [17]. The second level, known
as the high-level trigger (HLT), consists of a farm of processors running a version of the full
event reconstruction software optimized for fast processing and reduces the event rate to a few
kHz before data storage [18].

After Run 1, the L1 trigger hardware was entirely upgraded and has operated successfully since
2016 [30]. For Run 3, although no major trigger hardware upgrade was performed, new capa-
bilities have become available already through new algorithmic approaches, some of which are
based on machine learning (ML) techniques. Software such as HLS4ML [31] facilitates the use
of ML techniques in FPGAs. Developments for Run 3 within the L1 trigger primarily focus on
expanding the physics reach of CMS through improved object measurement and calibration,
as well as the introduction of dedicated triggers for LLPs and other exotic signatures. Some of
these new triggers only became possible due to the enhanced capabilities of the global trigger
logic and the increased trigger information provided by the calorimeters and muon systems.

The data processing of the HLT is structured around the concept of an HLT “path”, which is
a set of algorithmic processing steps run in a predefined order that both reconstructs physics
objects and makes selections on these objects based on the physics requirements. At the start
of HLT path execution, each path requires events to pass specific L1 triggers (“L1 seeds”).
The trigger objects generally used in L1 seeds are muons, e?y objects (so-called since electrons
and photons cannot be distinguished at the L1 trigger, as currently no tracking information is
available there), jets, tau leptons, and event-level information like Hy and pss, which will be
explained in Section 4. Then, each HLT path is implemented as a sequence of steps, generally
of increasing complexity, reconstruction refinement, and physics sophistication. For example,
the processing of intensive track reconstruction is usually performed only after some initial
reconstruction and selection using data from the calorimeters and muon detectors. In case a
path has requirements on two or more different kinds of physics objects, these different parts of
the path are referred to as “legs” of the trigger. The reconstruction modules and selection filters
of the HLT use the same software framework as used for offline reconstruction and analyses
(CMSSW [32]).

The L1T and the HLT include primary triggers for analyses, as well as triggers for calibration,
efficiency measurements, control region measurements, etc. that typically have looser require-
ments than the primary triggers. These latter triggers are often “prescaled”, meaning that they



select only a fraction of the events that satisfy their conditions to limit the storage rate. In
contrast, an “unprescaled” trigger selects all events that satisfy the conditions of the trigger
algorithm.

The HLT refines the purity and further reduces the rate of events previously selected by the
L1T, targeting an average rate of several kHz for standard pp collision events for offline storage
and prompt reconstruction. Additional storage beyond the nominal few kHz rate is available
to “park” the data, whereby the offline reconstruction is postponed until computing resources
are available to process the data. A higher rate of reduced-size events can be acquired using
a technique known as “data scouting”, where only high-level physics objects, such as jets or
leptons, reconstructed at the HLT are stored on disk. In data scouting, no raw data from the
detector are stored for later offline analysis. In total, CMS employs three main approaches to
data collection: the standard data, which uses the full event reconstruction performed offline
immediately after data taking; the parking data, where events are saved for delayed offline
reconstruction when computing resources permit; and the scouting data, in which no offline
reconstruction is performed, and only the output of the HLT-level reconstruction is stored and
used for analysis. The performance of parking and scouting is described further in Ref. [33].

Since 2016, the HLT has been operated using multithreaded event processing software, mini-
mizing memory requirements by increasing the number of processes running in parallel [16].
Since the start of Run 3, the HLT has made use of graphical processing units (GPUs) in the trig-
ger filter farm. Substantial improvements were achieved in the physics performance and speed
of the software, as well as in the computing infrastructure. Some of the major changes are: sup-
port for multithreaded processes and utilization of GPUs; direct remote data access; and usage
of high-performance computing centers. Algorithms implemented to run on both central pro-
cessing units (CPUs) and GPUs are automatically directed to run on a GPU if one is available;
otherwise, the CPU-based version of the algorithm is executed. The HLT can offload the track
reconstruction based on the pixel detector and parts of the calorimeter reconstruction to GPUs.
In particular, the Patatrack project [34] developed parallelized versions of pixel track and ver-
tex reconstruction algorithms that can run on NVIDIA GPUs, while a collaboration between
CMS and OpenLab ported the electromagnetic and hadronic calorimeter local reconstruction
algorithms to GPUs [35, 36]. Based on these efforts, the overall event processing time has been
reduced by about 40%.

Several improvements have been made in time for Run 3 data taking to better reconstruct
physics objects at the HLT. For example, the tracking in the pixel and strip trackers, which is
generally discussed in Section 4.2, was significantly revised. The HLT tracking is now typically
performed using a single global iteration, as opposed to the three iterations that were used in
Run 2 (2015-2018), and the pixel tracks are reconstructed by the Patatrack algorithm mentioned
earlier in this section. This Patatrack algorithm offers improved performance over the HLT
pixel tracking used in 2018 [34]. Furthermore, the identification of b jets at the HLT is essential
to collect events containing such jets that would otherwise not pass the standard lepton, jet, or
piss trigeers at their nominal thresholds. Two new neural network taggers, DEEPJET [37] and
PARTICLENET [38], were deployed in 2022, with improved performance over Run 2. In addi-
tion to tracks, the DEEPJET algorithm also uses information from neutral and charged particle-
flow (PF) jet constituents, while the PARTICLENET algorithm provides a multinomial jet-flavor
classification for categories of PF b, ¢, and light quarks, gluons, and hadronically-decaying tau
leptons. The global PF algorithm [39], which aims to reconstruct all individual particles in an
event by combining information provided by each CMS subdetector, is explained in Section 4.1.

In Run 3, data parking still targets B physics, as it did in Runs 1 and 2, but it also includes a
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rich set of other physics data [33]. At the end of 2022, the parked data recorded events with
a single displaced muon, events with two low pt muons, and events with two low pr, central
electrons. In 2023, the parking strategy was extended by, for example, improving the purity
of the dielectron triggers, such that now CMS also triggers on events with two b-tagged jets,
Higgs events produced via vector boson fusion, and many LLP signatures.

A special version of the PF reconstruction algorithm using pixel tracks reconstructed with Pata-
track was deployed for Run 3 HLT scouting [33]. As a result, the HLT scouting data were
recorded at an increased rate of 30 (22) kHz in 2022 (2023) and with an event size of about
7 kB, compared to the full raw event size of about 1 MB. In addition to the PF objects that were
already stored during Run 2, HLT scouting in Run 3 was expanded to include electrons and
photons for the first time, as well as improved tracks with respect to those available in Run 2,
which now are Patatrack tracker tracks built solely with pixel hits.

4 Event reconstruction

In this section, we briefly describe the standard event and object reconstruction algorithms,
both for the offline reconstruction as well as the online reconstruction at the L1 and HLT. The
details of the online reconstruction algorithms and their performance during Run 2 can be
found in Refs. [17] and [19] for the L1T and the HLT, respectively. We explain here how the
offline reconstruction algorithms are simplified and sped up for online use; in particular, on-
line reconstruction algorithms usually assume that particles are promptly produced, allowing
online objects to be reconstructed within the available CPU budget. We point out where the
standard online reconstruction algorithms are inefficient for displaced objects, motivating the
dedicated triggers described in Section 6.

4.1 The particle-flow algorithm

A PF algorithm [39] 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 an electron is de-
termined from a combination of the electron momentum at the primary interaction vertex as
determined by the tracker, the energy of the corresponding ECAL cluster, and the energy sum
of all bremsstrahlung photons spatially compatible with originating from the electron track.
The full dedicated electron and isolated photon algorithms are time-consuming; therefore, a
simplified version is run online, whose results are not fed into the online particle flow algo-
rithm. The energy of a muon is obtained from the curvature of the corresponding track. The
energy of a charged hadron is determined from a combination of the 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 ob-
tained from the corresponding corrected ECAL and HCAL energies. The primary vertex (PV)
is taken to be the vertex corresponding to the hardest scattering in the event, evaluated using
tracking information alone, as described in Section 9.4.1 of Ref. [40].

4.2 Tracking and vertexing

Charged particle tracks in the tracker are reconstructed from hits in the pixel and strip tracker
using a Kalman filtering technique [41]. The collection of reconstructed tracks is produced
by multiple passes (iterations) of the track reconstruction sequence in a process called “itera-
tive tracking” [22]. The basic idea of iterative tracking is that the initial iterations search for
tracks that are easiest to find (e.g., of relatively large pr, and produced near the interaction



region). After each iteration, the hits associated with the tracks are removed, thereby reduc-
ing the combinatorial complexity and simplifying subsequent iterations in a search for more
difficult classes of tracks (e.g., low-pt or greatly displaced tracks).

The offline tracking contains the following iterations. Iteration 0, the source of most recon-
structed tracks, is designed for prompt tracks originating near the pp interaction point with
pr > 0.8GeV that have three pixel hits. Iteration 1 is used to recover prompt tracks that have
only two pixel hits. Iteration 2 is configured to find low-pr prompt tracks. Iterations 3-5 are in-
tended to find displaced tracks that originate outside the luminous region of the pp collisions
and to recover tracks not found in the previous iterations. Figure 2 (left) shows the tracking
efficiency for different iterations as a function of the track production vertex radius, for the
standard offline Run 3 tracking with tt simulation.
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Figure 2: Standard tracking efficiency offline during Run 3 for different tracking iterations, as
a function of simulated radial position of the track production vertex (left). Overall standard
tracking efficiency at the HLT during Run 3, as a function of the simulated radial position of
the track production vertex (right). In both figures, tt simulation in 2025 conditions and an
average PU of 62 is used, and the tracks are required to have py > 0.9GeV and |y| < 2.5.

Each iteration starts with a “seed” that defines the initial estimate of the trajectory parameters
and their uncertainties using only two or three hits. Then, the Kalman filter extrapolates the
seed trajectory along the expected flight path of the charged particle, searching for additional
hits that can be assigned to the track candidate. The next step in each iteration is performed by
the track-fitting module, which provides the best possible estimate of the parameters of each
trajectory using a Kalman filter and smoother. Finally, the track selection sets quality flags
and discards tracks that fail criteria specific to each iteration. The main differences among the
iterations lie in the configuration of the seed generation and the final track selection.

The standard HLT tracking is similar to that used in the offline reconstruction, except that in
Run 3, HLT tracking is now typically performed using a single global iteration targeting prompt
tracks (formerly iterations 0-2 in Run 2), as discussed in Section 3. An additional tracking
iteration, seeded by pixel hit pairs, was introduced in 2024 to mitigate issues in specific regions
of the pixel detector, which had significantly reduced the efficiency of the standard iteration.
Figure 2 (right) shows the HLT tracking efficiency as a function of the track production vertex
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radius. The offline iterations that target displaced tracks (iterations 3-5) are not used in HLT
tracking except in dedicated triggers such as the displaced-jets paths discussed in Section 6.1.3
and the displaced-tau paths discussed in Section 6.1.2.

Vertices are produced from clusters of tracks, and the same deterministic annealing algo-
rithm [42] is used in the offline and HLT reconstruction [22]. The vertex position is fitted using
an adaptive vertex fitter [43]. The HLT vertices (called “pixel vertices”) are produced from a
subset of the pixel tracks described in Section 3, and the algorithm was modified in Run 3 to
run on GPUgs, if available.

4.3 Muons

Muon tracks in the offline analysis are first reconstructed independently in the tracker and in
the muon system using Kalman filtering techniques [41]. In the muon system, “standalone
muons” are reconstructed by combining the information from the DT, CSC, RPC, and Triple-
GEM detectors. The signals from these four types of muon detectors are first combined into
track segments, which are thereafter used as the input to a Kalman filtering algorithm. In the
tracker, tracks are reconstructed iteratively, with each iteration seeded by a different combina-
tion of pixel or strip detector hits, to ensure all relevant track topologies are reconstructed [22].
Dedicated iterations seeded by standalone muons maximize the efficiency of muon track re-
construction. Tracker tracks and standalone muons with compatible momentum, direction,
and position in the transverse plane are combined into “global muons”, and a combined fit
to all associated tracker and muon system signals is performed to determine the parameters
of the global track. The global muon trajectory is built “outside-in” in that it starts with the
outer tracker layers and propagates inwards towards the interaction point. The pt resolu-
tion of global muons is 1-3%, while for standalone muons, it is about an order of magnitude
larger [21, 44]. The trajectories of muons with very low pr are bent in the magnetic field to
such a degree that they do not reach all stations of the muon system. To recover such muons,
for which a standalone muon might not be reconstructed, tracker tracks are extrapolated to the
muon segments and a loose geometrical matching to DT and CSC segments is performed. If at
least one compatible segment is found, the track is classified as a “tracker muon”. The tracker
muon trajectory is built from the center of the detector towards the muon system and is called
“inside-out”. The offline muon reconstruction and performance are described in more detail in
Refs. [21, 45].

In the trigger system, three types of muons are defined, referred to as L1, L2, and L3 muons [46].
An L1 muon is identified by the hardware-based L1 trigger system using only information from
the muon detectors. The L2 and L3 muons, on the other hand, are defined within the HLT: an
L2 muon is identified using information from the muon detectors alone, analogous to the of-
fline standalone muon reconstruction algorithm, while an L3 muon additionally matches the
muon detector track to a track from the tracker, analogous to the offline tracker and global
muons, with both inside-out and outside-in trajectories. Displaced muons are found with both
the inside-out and outside-in L3 muons. As is the case with their offline counterpart recon-
struction algorithms, L3 muons have better pr resolution than L2 muons. Standard muon HLT
paths usually use the full L3 muon reconstruction, while muon HLT paths targeting displaced
signatures often stop after the L2 muon reconstruction algorithm, including some paths de-
scribed in Sections 6.3.3, 6.3.1, 6.3.2, 6.3.4, and 6.4.2. On the other hand, L3 muons can still have
sensitivity to displaced muons as well, especially with the L3 muon reconstruction algorithms
for displaced muons that are described in Sections 6.3.3, 6.3.1, and 6.3.2.
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4.4 Electrons and photons

Electron and photon reconstruction is based on clusters of ECAL energy deposits [20]. In the
offline reconstruction, these clusters are formed by grouping crystals with energies typically
exceeding 80 MeV in the ECAL barrel and 300 MeV in the ECAL endcaps. The crystals must
also be timed within 5ns of the collision and corrected for the time of flight of a particle. A
useful concept in the reconstruction of calorimeter objects is the transverse energy Et, which is
the energy of the object in question multiplied by sin(6), where 6 is the polar angle with respect
to the center of the CMS detector. Placing requirements on this quantity is an efficient way to
reduce the number of objects reconstructed to a manageable level, and this is used when only
calorimeter energy is available for a reconstruction element, without any associated primary
vertex. A seed cluster is then defined as the one containing most of the energy deposited in
any specific region with Ey > 1GeV. Clusters of ECAL deposits within a certain geometric
area around the seed cluster are combined into “superclusters” to include photon conversions
and bremsstrahlung losses. A dedicated tracking algorithm, based on the Gaussian sum filter
(GSF) [47], is used for electrons to estimate the track parameters. This GSF tracking step is
seeded by both pixel detector seeds that are compatible with the supercluster position and the
trajectory of an electron, as well as all tracker tracks with pp > 2GeV that are compatible with
an electron trajectory. A dedicated algorithm [48] is used to find the tracker tracks that are
likely to originate from photons converting into electron-positron pairs. Then, ECAL clusters,
superclusters, GSF tracks, as well as conversion tracks and associated clusters, are all imported
into the PF algorithm, which resolves the inputs into electron and photon objects.

In the online reconstruction, the electron and photon candidates at the L1T are based on trigger
towers. In the barrel, these trigger towers are defined by 5x5 ECAL crystals that are grouped
with the HCAL tower directly behind them, while in the endcaps, the trigger towers are formed
from groups of 5-25 crystals depending on their #-¢ position [17]. The trigger tower with the
largest Et is clustered together with its adjacent E; towers using a procedure that also trims the
energy deposits to only include contiguous towers to match the electron or photon signature in
the calorimeter. To form an L1 candidate, energy clusters must satisfy additional identification
criteria and optionally isolation requirements.

The HLT electron and photon identification begins with a regional reconstruction of the en-
ergy deposited in the ECAL crystals around the L1 candidates [19]. Since Run 2, the signals in
the ECAL crystals have been reconstructed by fitting the signal pulse with multiple template
functions, to mitigate out-of-time “pileup” (PU), which are additional pp interactions within
nearby bunch crossings. Superclusters are then built using the same reconstruction algorithm
as used offline [49]. Not all the energy of the incident particle is captured by the supercluster-
ing algorithm because of energy threshold requirements on individual crystals or because the
energy is deposited in an uninstrumented area of the detector. Therefore, in both the online
and offline reconstruction, the supercluster energy is corrected to better reflect the energy of
the incident particle. At the HLT, this correction is designed to be more tolerant of changing
detector conditions and the presence of background, at the expense of ultimate achievable pre-
cision. The resulting superclusters can then have additional selections applied to them, such as
further kinematic selections, selections based on shower shape, and selections based on isola-
tion, depending on the HLT path. Electrons in particular can be further identified by looking
for pixel hits that match the trajectory the electron took through the detector based on its su-
percluster position, in a process known as pixel matching. If further background rejection is
required, a GSF track can be reconstructed using the trajectory of any matched pixel hits as
a seed. In contrast to the offline reconstruction, GSF tracks are not seeded by generic tracker
tracks at the HLT. Thus, any electron tracks at the HLT must have hits in the pixel detector and
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therefore can not be significantly displaced. As a result, analyses that target displaced electron
signatures often do not require a matched electron track at the HLT (Sections 6.2.4, 6.2.3, and
6.3.3). Since 2017, the pixel matching algorithm has required three pixel detector hits rather
than two to maximize early background rejection, while a hit doublet is accepted only if the
trajectory passes through a maximum of three active modules.

The electron momentum is estimated by combining the energy measurement in the ECAL with
the momentum measurement in the tracker. The momentum resolution for electrons with py ~
45GeV from Z — ee decays ranges from 1.6 to 5%. It is generally better in the barrel region
than in the endcaps, and also depends on the bremsstrahlung energy emitted by the electron
as it traverses the material in front of the ECAL [20, 50].

4.5 Jets

Offline, hadronic jets are clustered from the energy deposits in the calorimeter towers using
the infrared and collinear safe anti-kt algorithm [51, 52] with a nominal distance parameter of
0.4. Jet momentum is determined as the vectorial sum of all particle momenta in the jet, and is
found from simulation to be, on average, within 5 to 10% of the true momentum over the whole
pr spectrum and detector acceptance. The PU can contribute additional tracks and calorimetric
energy deposits to the jet momentum. To mitigate this effect, charged particles identified to
be originating from PU vertices are discarded, and an offset correction is applied to correct
for remaining contributions. Jet energy corrections are derived from simulation to bring the
measured response of jets to that of particle-level jets on average. In-situ measurements of the
momentum balance in dijet, photon+jet, Z+jet, and multijet events are used to account for any
residual differences in the jet energy scale between data and simulation [28]. The offline jet
energy resolution amounts typically to 15-20% at 30 GeV, 10% at 100 GeV, and 5% at 1 TeV [28].
Additional selection criteria are applied to each jet to remove jets potentially dominated by
anomalous contributions from various subdetector components or reconstruction failures.

Jets are also reconstructed at the HLT [19] using the anti-kt clustering algorithm. The inputs
for the HLT jet algorithm can be either calorimeter towers or reconstructed objects from the PF
algorithm. Most HLT jet paths use the PF inputs (“PF jets”), whereas calorimeter jets (“calo
jets”) are used as a first step to identify jet signatures and initiate the PF reconstruction. To
account for detector and collision conditions, several corrections are applied to the estimated
PF hadron energies, average PU energy, and jet energy scale.

Several HLT b-tagging algorithms designed for promptly produced b jets, such as the DEEPJET
and PARTICLENET neural networks discussed in Section 3, can provide complementary effi-
ciencies for displaced-jets signatures with ¢t < 1 mm. However, the HLT b-tagging algorithms
take standard HLT tracks and secondary vertices as inputs, which are tuned for b-tagging and
not efficient for LLPs with significant displacements or large masses. Furthermore, the DEEPJET
and PARTICLENET neural networks are trained for the identification of the prompt b jets pro-
duced in SM processes. Therefore, their efficiency decreases rapidly for ¢t 2 1 mm, necessitat-
ing the development of dedicated triggers targeting displaced and delayed jets. Sections 6.1.3,
6.2.2,6.2.1, and 6.4.1 describe triggers that target displaced and delayed jet signatures.

4.6 Tau leptons

Tau leptons decay hadronically (7;,) to one or three charged hadrons most often, with zero,
one, or two neutral pions accompanying them [4]. These final state particles may produce
clusters in the calorimeters that are separated in ¢ because of the magnetic field. At the L1T,
the 7}, reconstruction is based on an adaptation of the ey dynamic clustering, which is used
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to reconstruct single clusters around local maxima or seeds that can subsequently be merged
into a single 7}, candidate. Both offline and at the HLT, hadronic T decays are reconstructed
from jets using the hadrons-plus-strips (HPS) algorithm [53], which combines 1 or 3 tracks
with energy deposits in the calorimeters to identify the tau lepton decay modes. Neutral pions
are reconstructed as strips with dynamic size in #-¢ from reconstructed electrons and photons,
where the strip size varies as a function of the py of the electron or photon candidate. The HLT
Ty, algorithm is composed of three steps. The first two steps, called L2 and L2.5, are the same as
those used in the online 7}, reconstruction in Run 2, and they are described in detail in Ref. [53].
The L2 step uses the energy deposits in the calorimeter towers, while the L2.5 step complements
energy deposits with the information from the pixel detector. The third step, L3, consists of the
HPS algorithm, which receives the necessary inputs from the PF event reconstruction. The
tracking reconstruction step within the PF algorithm is inefficient for displaced tau leptons
because it assumes prompt tracks, and it is adapted in Run 3 for the displaced T, use case,
as discussed in Section 6.1.2. In addition, the standard HPS algorithm requires that the 7},
constituents originate from the interaction point, making it inefficient for displaced 7, objects.
Overcoming this challenge at the HLT is also discussed in Section 6.1.2.

It is possible for light leptons and jets originating from the hadronization of quarks or gluons
to be erroneously reconstructed as T, candidates. The deep neural network DEEPTAU [54]
was developed to distinguish genuine T, from misidentified 7, candidates. Information from
all individual reconstructed particles near the 7, axis is combined with properties of the 7},
candidate and the event. The rate of a jet to be misidentified as 7}, by DEEPTAU depends on the
pr and quark flavor of the jet. In simulated events from W boson production in association with
jets, it has been estimated to be around 3% for a genuine T, identification efficiency of 60%, for
jets with 20 < pr < 100GeV. The misidentification rate for electrons (muons) is 2.60 (0.03)%
for a genuine T, identification efficiency of 80 (>99)%. Section 6.1.2 describes triggers that
target displaced Ty, signatures, and Section 6.2.2 describes triggers that make explicit use of L1
tau seeds.

4.7 Hadrons, energy sums, and missing transverse momentum

Charged hadrons are identified as energy clusters associated with charged particle tracks that
are neither identified as electrons, nor as muons. Neutral hadrons are identified as HCAL
energy clusters not linked to any charged hadron trajectory, or as a combined ECAL and HCAL
energy excess with respect to the expected charged hadron energy deposit.

The total hadronic transverse momentum Hr is defined as the scalar py sum of all jets that meet
certain selection criteria. While the details of the selection may vary among different offline
analyses and different HLT paths, a common definition is to use all jets with pr > 30 GeV and
| < 3.0.

The missing transverse momentum vector P is computed as the negative vector sum of
the transverse momenta of all the PF candidates in an event, and its magnitude is denoted as
piss [55]. The piss is modified to account for corrections to the energy scale of the recon-
structed jets in the event. The PU per particle identification algorithm [56] is applied to reduce
the PU dependence of the pss observable. The p** is computed from the PF candidates
weighted by their probability to originate from the PV [55]. At the HLT, it is crucial to account
for the instrumental effects of noise and beam-induced backgrounds to keep the rates of the
piss triggers within reasonable limits. Thus, additional filtering algorithms are applied during
the HLT p2iss reconstruction to achieve lower rates for pis® triggers [19]. Calorimeter deposits
consistent with noise signature or beam halo are removed from the energy sum computation
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at the HLT. Online jet energy corrections can also be propagated to the calculation of the HLT
1'%, similar to that performed offline. An alternative p7'** trigger is based on a calculation

Pt
that uses all the reconstructed PF objects except for muons, leading to the “ p?lss”'l ” HLT paths.
Therefore, in this approach, events with high-pr muons are also assigned large online p"**,
whereas for events with no reconstructed muons, the two calculations coincide. The main uses
for this path are searches for new physics in final states with only jets and pss, which require

the lowest piss thresholds possible. A dedicated trigger to select disappearing tracks was de-
veloped (Section 6.1.1) by requiring an isolated track in addition to p%uss’l’{ , thereby allowing
for the minimum threshold on pITmSS”/ to be lowered.

5 Data and Monte Carlo simulation

The trigger performance studies use data collected with the CMS detector during 2022-2024.
In addition, Monte Carlo (MC) simulation of both background and LLP BSM signal processes
is used. The simulation of collision events is implemented through a fixed-order perturbative
quantum chromodynamics (QCD) calculation of up to four noncollinear high-pt partons, sup-
plemented with a description of the underlying event, parton showering, and hadronization.
The former step is usually performed by a matrix-element calculator and event generator, and
the MADGRAPH5_aMC@NLO [57] and POWHEG [58] packages are used for almost all the stud-
ies presented in this note; the latter step is usually implemented by the PYTHIA 8 [59] generator.
Combining the two steps is a delicate procedure; a matching procedure must be implemented
to avoid double-counting of processes in the combination, with the exact recipe depending on
the order of the perturbative calculation. The MLM merging [60] is used for leading-order (LO)
calculations, while the FxFx [61] method is used for next-to-LO (NLO). A parton distribution
function (PDF) must be used to map the simulated colliding protons to the initial state par-
tons that are present in the matrix-element calculation, and the PYTHIA parameters must be
adjusted to a set of values that better describe the observed dynamics of high-energy proton
collisions, which is referred as a tune. The samples used here employ the NNPDF3.1 next-to-
NLO PDFs [62] and the CP5 tune [63]. The detector response to simulated particles is modeled
using the GEANT4 software [64]. Minimum-bias interactions are superimposed on each event
to simulate the effect of additional PU interactions within the same or neighboring bunch cross-
ings.

To demonstrate the performance of the triggers, a set of LLP signal processes described below
is used.

Figure 3 shows Feynman diagrams for an anomaly-mediated supersymmetry (SUSY) breaking
(AMSB) model [65, 66] in which a chargino X7 is nearly mass-degenerate with a neutralino x9,
and the decay of the chargino is of the form Y7~ — x"+X, where ‘X’ is an SM particle that can
be a charged pion 1%, an electron, or a muon, depending on the type of neutralino. The j{f is
generated for masses between 100 and 1200 GeV and ct values between 0.1 and 10 m.

Figure 4 shows the Feynman diagram for the H — XX process. This scenario makes use of a
simplified model that is motivated by the twin Higgs scenario [67-69]. Generically, we define
H to be a SM-like Higgs boson with a mass of 125GeV (that undergoes an exotic decay) or a
heavier BSM Higgs boson. The X particle can be a generic LLP. In most H — XX scenarios
discussed in this note, however, the X is specifically a long-lived scalar particle and then de-
noted S. The masses of the H and X/S, as well as the lifetime and decay mode of the X /S, are
specified in each scenario described below.
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Figure 4: Feynman diagram for the H — XX process.

Figure 5 shows the Feynman diagram for the H — ZjZ, process, which arises in a hidden
Abelian Higgs model (HAHM) [70]. Here, H, is the dark Higgs boson (generated with a mass
of 400 GeV), which mixes with the 125 GeV SM Higgs boson via the mixing parameter x, taken
here to be 0.01, and gives mass to the long-lived dark photon Z,. The Z is generated with
masses between 10 and 60 GeV, and the Z-Z, kinetic mixing parameter € is varied between
107 and 2 x 10~°. One Zp, is required to decay into two muons, but the other’s decay is not
restricted. In fact, the branching ratio of Z, — uu depends on the mass, but for the masses
considered in this note, it is around 10%. Thus, about 10% of the generated H — ZZ, samples
provide events with four muons.

Figure 6 shows the Feynman diagram for a gauge-mediated SUSY breaking (GMSB) model
where a pair of T sleptons is directly produced, followed by the decay of each T to a T lepton
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Figure 5: Feynman diagram for the H — ZZ, process.

and a neutralino x? or gravitino G. The T is generated for masses between 100 and 500 GeV
and ct values of 0.01 to 1m.

p F/%g/g
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Figure 6: Feynman diagram for the direct T pair production, followed by decay of each T to a
7 lepton and a neutralino x! (or a gravitino G).

Figure 7 shows an example Feynman diagram for another GMSB SUSY model, commonly re-
ferred to as the “Snowmass Points and Slopes 8” (SPS8) benchmark model [71], in which pair-
produced squarks and gluinos undergo cascade decays and eventually produce a gravitino
C~§, which is the lightest SUSY particle, and as such is stable and weakly interacting. In this
benchmark model, the lightest neutralino X! is the next-to-lightest SUSY particle, and its na-
ture largely determines the phenomenology of the cascade decay chains. The mass of the X!
is linearly related to the effective scale of SUSY breaking A. Depending on the value of A, the
coupling of the x? to the G could be weak and lead to long X9 lifetimes. A benchmark A value
of 100 TeV is generated for ¢t values of 10 and 1000 cm. The dominant decay mode of X7 is to
G and a photon, resulting in a final state with one or two photons and p™i. The dominant
squark-pair and gluino-pair production modes also result in additional energetic jets.

Figure 8 shows a Feynman diagram for a compressed dark sector with a small mass splitting
between a dark matter candidate x° and a charged dark partner x* [72]. The small mass split-
ting induces the dark partners to be long-lived, decaying via an off-shell W boson to a dark
matter candidate. At the LHC, this benchmark model would produce soft particles (e.g., lep-
tons, as used here) and pss. A benchmark x* mass of 220 GeV and mass splitting of 20 GeV is
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Figure 7: Feynman diagram for the GMSB SPS8 benchmark model, where pair-produced
squarks and gluinos undergo cascade decays and eventually produce a gravitino G.

generated for )(0 ¢t values of 3, 30, and 300 cm.
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Figure 8: Feynman diagram for the singlet-triplet Higgs portal dark matter benchmark model,
where a charged dark partner particle x* in a compressed dark sector decays via an off-shell
W boson and produces a stable neutral dark matter candidate x°.

6 Long-lived particle trigger algorithms and efficiencies

In this section, we describe the CMS LLP trigger program, namely, the trigger algorithms
specifically designed to collect events that could contain LLPs. The rates are given through-
out this note for an instantaneous luminosity of 2.1 x 103 cm~2s~! unless specified otherwise.
Sometimes we indicate the “pure” rate of a trigger, which means the exclusive rate consumed
by the trigger, but most often, we display the “total” rate of a trigger, which includes events

that are also selected by other, similar triggers.

The total and pure rates of LLP triggers are shown in Table 1. The rates are calculated from
a single run in 2024 data (run 386593), for an instantaneous luminosity of 2.1 x 10** cm2s7},
with a mean PU of 63.6. These instantaneous luminosity and mean PU values were typical of
the maximum output of the LHC during a pp collision fill in 2024, although the peak instanta-
neous luminosity achieved in this year was 2.3 x 103 cm~2s~. Here, the pure rates correspond

to the unique events added from the logical OR of all the dedicated LLP HLT paths, on top of
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the rate from the logical OR of the rest of the CMS HLT paths. The pure rate, therefore, quan-
tifies the rate of completely new events saved by these triggers that would otherwise not be
saved by CMS. The total rate of the LLP triggers accounts for about 10, 5, and 18% of the total
rate collected by CMS for standard, parking, and scouting data taking, respectively. Most of the
rate saved by LLP triggers is pure, constituting around 79, 78, and 90% of the total rate of LLP
triggers for standard, parking, and scouting data taking, respectively, further demonstrating
the extent to which these triggers extend the CMS phase space coverage. In addition to report-
ing the total and pure rates for standard, parking, and scouting data taking, Table 1 also reports
those for the logical OR of standard and parking data taking, representing fully reconstructed
events. The modest overlap between standard and parking LLP triggers, which is concentrated
in the displaced and delayed jet paths, has been addressed for recent data taking.

Table 1: The total and pure HLT rate of all dedicated LLP triggers, as calculated from 2024
data for an instantaneous luminosity of 2.1 x 10%* cm~2s~!, with a mean PU of 63.6. Rates
are reported for triggers in the standard, parking, and scouting data taking separately, as well
as for combined standard and parking data to show the rate of all events that are fully re-
constructed. The total rates include events that may or may not have been selected by other
triggers, while the pure rates correspond to events that pass dedicated LLP HLT paths and do
not pass non-LLP HLT paths. The pure rates are measured separately in standard and parked
data. The combined rates are slightly less than the sum of the separate standard and parking
rates because some events overlap. All rates shown have a statistical uncertainty of less than
1%.

Data Total rate [Hz] Pure rate [Hz]
Standard 393 311
Parking 234 182
Scouting 4200 3800
Full reconstruction: standard or parking 586 389

The various LLP trigger algorithms are outlined in Table 2. In this section, we describe the
algorithms and any important updates or new triggers introduced for Run 3 data taking, show
their rates and efficiencies, and mention which analyses use these triggers. The trigger effi-
ciencies shown throughout this section are usually measured by requiring selection criteria
similar to what is used in the offline analysis, and the efficiencies are typically shown with re-
spect to offline object quantities, such as jet pr or muon d,. (In contrast, Section 7 shows the
acceptance of the different LLP triggers within a defined fiducial region as a function of LLP
cT or decay position, to demonstrate the complementarity of the different triggers.) We orga-
nize the algorithms” descriptions into four subsections: tracker-based algorithms (Section 6.1),
calorimeter-based algorithms (Section 6.2), muon spectrometer-based algorithms (Section 6.3),
and No-BPTX algorithms (Section 6.4).

At the start of Run 3, a few hundred Hz of additional trigger rate at the HLT was allocated for
new LLP triggers. The HLT menu was significantly expanded to explore this type of new and
unconventional physics signature. Additional information can be found in Refs. [73-77].

The HLT paths for hadronically-decaying displaced tau leptons are new for Run 3. These paths,
which feature a dedicated reconstruction algorithm, will be described in Section 6.1.2.

There are now several flavors of displaced and delayed jet triggers available at the HLT in
Run 3. As will be described in Sections 6.1.3, some of the displaced jet triggers were already
available to a certain extent in Run 2, but have gone through major improvements over time,
while the delayed jet triggers, described in Section 6.2.2 and 6.2.1, are completely new for Run 3.
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Table 2: The LLP triggers and their total rates at the HLT in Run 3, calculated from 2024 data

for an instantaneous luminosity of 2.1 x 103 cm™~

2

s~!, with a mean PU of 63.6. Triggers im-

plemented for the first time in Run 3 are indicated by a dagger (*). Rate values in parentheses
correspond to the parked data rates; all others are standard data rates except for dimuon scout-

ing. Nearly all rates shown have a statistical uncertainty of less than 1 Hz. “Disp.”

7

is used as

an abbreviation for “displaced” and “req.” is used as an abbreviation for “requirement”. The
terms used in this table are explained in the corresponding subsection within Section 6.

Triggered signature

Trigger description

HLT rate [Hz]

Disappearing track

Disp. tau

Disp. jet

HCAL-based disp.
and delayed jet

ECAL-based delayed jet
Delayed diphoton

Disp. photon + Hy

Disp. single and dimuon

Double disp. L3 muon

Disp. L3 muon+photon

Dimuon scouting

MDS in CSCs

MDS in CSCs + X

MDS in DTs
Jet No-BPTX

Muon No-BPTX

piss > 105GeV + >1 isolated track (pr > 50 GeV)

>2 disp. Ty, (pr > 32GeV, dy > 0.005 cm)*
>1disp. Ty, (pr > 24GeV) + >1 u (pr > 24GeV)?
>1disp. T}, (pr > 34GeV) + >1 e (pp > 34GeV)?

>2jet (pr > 40 GeV, inclusive tagging req.) + Hy > 430 GeV

>2jet (pr > 40GeV, disp. tagging req.)
+ Hp > 240GeV + >1L1 u (pr > 6 GeV)

>2jet (pr > 40 GeV, displ. tagging req.) + Hy > 170 GeV'
>2jet (pr > 40 GeV, inclusive. tagging req.) + Hy > 200 GeV'
>1jet (pr > 60 GeV, neutral hadron energy fraction >0.7) + Hy > 200 Gev?t

>1 inclusive and trackless jet+
>2 ECAL superclusters (time >1ns)*
>1 v (pr > 60GeV) + PF Hy > 350 GeV

>212 p (pp > 10GeV, dy > 1cm)?
>2L3 i (pr > 16,10GeV, dy > 0.01 cm)*
>212 u (pr > 23GeV)

>1L2 u (pr > 50GeV, dy > 1 cm)t
>1L3 u (pr > 30GeV, dy > 0.01cm)?

>2 L3 pu (pp > 43GeV)

>1L3 u (pr > 43GeV) + v (pr > 43 GeV)

>1L3 u (pr > 38GeV,dy > 1cm) + 7y (pr > 38GeV)
>2 scouting i (pr > 3 GeV)

>1 CSC cluster (>200/500 hits in outer/inner rings)"
>2 CSC clusters (>75 hits)*

>1 CSC cluster (>100 hits) + >1 e (py > 5GeV)*
>1 CSC cluster (>100 hits) + >1 L3 u (pr > 5GeV)*
>1 CSC cluster (>100 hits) + >1 7, (pr > 10GeV)*
>1 CSC cluster (>50 hits) + >1 v (pp > 20 GeV)?

L1 piss > 150 GeV + >1 DT cluster (>50 hits)*
>1L1 CSC cluster + >1 DT cluster (>50 hits)*

>1 out-of-time jet (E > 60 GeV)

>1 out-of-time L2 u (pp > 40 GeV)

4

36

53 (163)

35

37 (77)
15

12

165

4200

14

14
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The signal efficiency for the displaced-jet triggers was improved, targeting low-mass LLPs and
making particular use of the new L1 triggers that use HCAL timing and depth information.
There are also new HLT paths that exploit the timing of the electromagnetic calorimeter.

Triggers for displaced muons at the HLT have also been improved in Run 3. Displaced dimuon
high-level triggers take L1 muons with low py thresholds and new displaced double muon
triggers as input. These L1 muons feed into several types of displaced dimuon triggers at the
HLT, designed to cover a wide range of displacements and improve the signal efficiency over
that of Run 2. These displaced dimuon triggers are further described in Section 6.3.1.

In addition, as described in Section 6.3.4, the dimuon scouting triggers were improved in Run 3
to increase their performance for displaced muons.

Neutral LLPs with particularly long lifetimes could decay beyond the calorimeters, creating a
high-multiplicity shower in the muon system. Such a muon detector shower (MDS) is expected
to consist of hundreds of hits, but no reconstructed tracks or jets in the direction of the cluster of
hits. New MDS triggers at L1 have been developed for Run 3 to collect these high-multiplicity
events in the CSCs and provide input to triggers at the HLT. Several MDS HLT paths were
developed, reconstructing clusters in both the CSCs (described in Section 6.3.5) and the DTs
(described in Section 6.3.6).

6.1 Tracker-based algorithms

Here, LLP triggers that primarily employ tracking algorithms are described. These in-
clude pTisS-based triggers for disappearing tracks (Section 6.1.1), displaced-tau triggers (Sec-
tion 6.1.2), and displaced-jet triggers (Section 6.1.3).

6.1.1 pTiss-based disappearing-track triggers

For the disappearing-tracks analysis [13], specialized trigger algorithms were developed in
Run 2. The analysis searches for a disappearing-track signature, i.e., a track made by charged
particles that live sufficiently long to decay into undetectable particles inside the volume of the
tracker. This track can recoil off a jet produced from initial-state radiation (ISR) and is highly
isolated, which results in a small amount of deposited energy in the calorimeter associated
with the track, calculated in a cone of AR = 0.5 around it (E_,,), and a large number of missing
hits in the outermost region of the tracking detector. Tracks are said to have a missing hit if
they are reconstructed as passing through a functional tracker layer, but no hit in that layer is
associated with the track. A missing hit is described as “inner” if the missing layer is between
the interaction point and the track’s innermost hit, “middle” if between the track’s innermost
and outermost hits, and “outer” if it is beyond the track’s outermost hit. (Note that it is possible
to have more than one hit per layer.) Offline, the disappearing track must have a large number
of missing outer hits. Given that there is no tracking in the L1 trigger, a disappearing-track
trigger must rely on only calorimeter pTi® (calo piiss) at the L1T, and a combination of pfiss
and an isolated track at the HLT. An event display of a simulated signal event can be seen in
Fig. 9.

Below is a detailed description of the main HLT path used in the analysis, with the specifica-
tions used in Run 3. The disappearing-track triggers use the logical OR of several L1 seeds
to select events with relatively high p™i*, that is, pTss > 70GeV. The algorithm starts with
the calo pIss reconstruction and requires pis* > 105GeV to reject a large fraction of events
and increase the algorithm’s speed. For events that pass this requirement, isolated tracks are

reconstructed and required to have:
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Figure 9: Event display of a simulated disappearing track. The Xf (red line) is the LLP that
decays in the tracker and recoils off an ISR jet (green lines), while x? (yellow line) is undetected
by the detector, and 71 (blue curve) is not reconstructed because of its low pr. The yellow and
red arrows represent the calo and PF piiss, respectively.

e E.o < 100GeV;

e isolation (I) such that the scalar sum of the pr of all other tracks within AR < 0.3 of
the candidate track must be <5% of the candidate track’s pt (I < 0.05);

e number of missing inner hits =0;

e number of missing middle hits =0;
e number of hits >5;

o || <55

e pr > 50GeV.

The total rate of this HLT path is 4 Hz.

The efficiency of the HLT path is evaluated with data containing at least one muonand W — (v
simulation, to select events that contain significant p2¢ (coming from the neutrino) and an
isolated track (coming from the muon). The efficiency is also calculated with the AMSB signal
benchmark model, the Feynman diagram for which is shown in Fig. 3, as described in Section 5,
for three different values of LLP proper lifetimes. Given the small mass difference between the
chargino and the neutralino (Am (X7, X1) ~ O(m, +)), the outgoing SM particle does not have
sufficient energy for it to be reconstructed as a track in the detector, and the chargino proper
lifetime is large enough for it to travel through the inner layers of the tracker subdetector. In
addition, the neutralino does not interact with the CMS detector material. This signature is the
target of the disappearing-tracks analysis: a track of a charged particle that vanishes inside the
volume of the tracker.

To calculate the efficiency, charginos with a mass of 900 GeV, which is the smallest chargino
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mass not yet excluded by the disappearing tracks search, and three distinct proper lifetimes
cT are used: 0.1, 1, and 10m, where T is the chargino proper lifetime and c is the speed of
light. The efficiency is calculated as the number of events passing a given HLT path, divided
by the total number of events. Table 3 shows the offline requirements applied when calculating
the efficiency in data and simulation. To study the trigger efficiency, requirements are applied
to data and W — /v simulation to select a control sample of muons. On the other hand,
requirements are applied to the signal simulation to obtain a sample of candidate disappearing
tracks. This second set of requirements mimics the offline analysis requirement for the events to
have an isolated, high pt track. In the table, the tight muon identification [21] refers to global
muons that have a given number of hits in the muon chamber included in the global-muon
track fit, pixel tracker, tracker layers, and matched muon station segments, more specifically
>1, >1, >10 and >2, respectively. They are also required to be consistent with the PV with
dy < 0.2cm and to have x?/ndof < 10 with respect to the global muon fit. The track high
purity identification [78] is based on the selection of tracks with a deep neural network (DNN).
The DNN algorithm makes use of several kinematic and geometric parameters of the track and
its hits, and its identification value is assigned based on the score of the network.

Table 3: Event requirements for the disappearing-track trigger efficiency calculation, for data
and W — (v simulation (left) and signal simulation (right). The selection criteria are applied
sequentially over the given objects, and an event is selected if at least one object per event
passes all requirements.

Data and W — (v simulation Signal simulation

Object Selection Object Selection

>1isolated muon with pp > 24 GeV at the HLT | >1tracks || < 2.5

>1muons pp > 55GeV passing high purity ID
| < 2.1 dy < 0.02cm
passing tight muon ID d, <0.5cm
1<0.15 hits >4
missing inner hits =0 missing inner hits =0
missing middle hits =0 missing middle hits =0
match HLT muon (AR < 0.1) I <0.01

The left plot of Fig. 10 shows the overall efficiency of the main disappearing-track HLT path in
)ﬁt — )’(v(l)+X simulated events, for ct = 10, 100, and 1000 cm. The efficiency is shown without

corrections to improve the agreement between the simulation and the data. The events in this
miss,

figure are required to have p; > 120 GeV to replicate the disappearing-tracks search selec-
tion. The efficiency is plotted as a function of the number of layers with valid measurements
of the track that pass the offline selection. This is done to reflect the signal region bins used in
the search, showcasing the different efficiencies for tracks of different sizes. The figure shows
that the chargino proper lifetime has a large impact on the efficiency. In particular, for the
10 cm c7 line, the efficiency is smaller in the “4 layers” than in the “5 layers” bin, even though
most of these tracks would disappear before the fifth layer of the tracker detector. This smaller
efficiency comes from requiring a minimum of 5 hits in the online tracks. The offline tracks,
which are used to estimate the efficiencies, are reconstructed with more robust algorithms, as
is only possible offline. This step can cause some of the offline tracks to have 4 layers with
measurements, even when the HLT track has 5 hits.

The right plot of Fig. 10 shows the overall efficiency of the main disappearing-track HLT path
in 2022 and 2023 data and W — ¢v background simulation. The overall efficiency is defined
as the number of events that pass the offline selection from Table 3 and the disappearing-track
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Figure 10: LIT+HLT efficiency of the disappearing-track trigger: Efficiency as a function of the
number of tracker layers with valid measurements of the track that pass the offline require-

ments, in Xli — X7+X simulated events in 2022 conditions, where Mot = 900 GeV and x! is
1

nearly mass-degenerate with Xli (left). The efficiency is shown for LLPs with ¢t = 10, 100,

and 1000 cm in black, blue, and red, respectively. Comparison of efficiencies calculated with

2022 data (black), 2023 data (blue), and W — fv simulation (red), as a function of offline recon-
miss,

structed PF py (right). The efficiency follows the turn-on shape but does not reach 100%
because of the isolated track leg of the algorithm.

HLT path (including the L1T, HLT pi**, and HLT isolated-track requirements), divided by the
number of events that pass the offline selection from Table 3. Because the disappearing-track
triggers use calo pIss, the efficiency is measured with respect to the offline prTmSS”'{ .

The overall efficiency is the convolution of the per-leg efficiencies, which are shown in Fig. 11
left and right. The L1T + HLT piiss-leg efficiency (Fig. 11 left) is defined as the number of
events that pass the offline selection from Table 3 and the L1T and HLT p{"*® requirements,
divided by the number of events that pass the offline selection from Table 3. The isolated track
leg efficiency (Fig. 11 right) is defined as the number of events that pass the offline selection
from Table 3 and the disappearing-track HLT path (including the L1T, HLT p™i¢, and HLT
isolated-track requirements), divided by the number of events that pass the offline selection
from Table 3 and the L1T and HLT p™* requirements.

The overall efficiency curve (Fig. 10 right) does not reach 100% because of the selections made
in the isolated track leg of the HLT path (as can be seen in Fig. 11 right), and because the HLT
tracking efficiency does not reach 100% as well [79].

The efficiency in 2022 and 2023 data is very similar, but there is a large data-to-simulation
discrepancy in Fig. 10 right and Fig. 11 right. This difference between data and background
simulation comes from slightly higher efficiencies in simulation in the HLT selections made on
the track isolation and the number of missing inner and middle hits. When measuring these
properties offline, 9.2% more MC-simulated events than data events pass these requirements.
This behavior is expected since there are no corrections applied to the MC simulation.

An important note is that the disappearing-tracks signature may also be triggered by standard
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Figure 11: L1T+HLT efficiency of each leg of the disappearing-track trigger in 2022 data (black),
2023 data (blue), and W — /(v simulation (red). Efficiency of the L1T + HLT pis leg as a

function of offline reconstructed PF p?iss”'{ (left). Efficiency of the full HLT path, taking into
account only events that already passed through the p7'** leg, as a function of the selected
muon pr (right).

prTmss”'{ triggers since those also target events containing a large amount of calo p's. However,

the disappearing-track triggers increase the efficiency to trigger on the disappearing tracks, in
miss, no mu

part because they lower the threshold on p™™ ™™ from 110 GeV in the standard pf

triggers to 105GeV. Using standard p?iss’ﬂ triggers in logical OR with the disappearing-track
triggers to select simulated signal events provides access to additional phase space for a small

increase in rate, with respect to using standard prTniss”'{ triggers alone.

6.1.2 Displaced-tau triggers

Displaced tau leptons represent a well-motivated signature in many BSM theories, in particu-
lar, in some GMSB models [80-82] that include the process described in Section 5 and shown
in Fig. 6. About one-third of the time, the tau lepton will decay into a displaced muon or dis-
placed electron, and two neutrinos. Dedicated HLT reconstruction techniques are available for
displaced muons, as described in Sections 6.3.1 and 6.3.2, while for displaced electrons, the
options available at the HLT are to select superclusters as described in Section 6.2.3 or photons
as proxies for displaced electrons, as described in Section 6.3.3. Almost all the remaining decay
final states of tau leptons contain hadrons and a neutrino. The reconstruction of displaced 7},
particles is particularly challenging, both at the offline and trigger levels. In particular, there
was no online T}, reconstruction sequence in CMS addressing this topology in Run 2, and the
previous search [83] had to rely on a combination of prT“iss-based triggers and prompt di-t},
triggers to select events with at least one of the final state tau leptons decaying hadronically.
Figure 12 shows an event display of a simulated GMSB benchmark signal event, with two 7, s
in the final state.

A dedicated set of HLT paths has been designed and included in the menu for the Run 3 data
taking since 2022, targeting the direct reconstruction of displaced 7}, using a combination of a
pixelless tracking iteration on top of the standard tracking and a modified T, reconstruction
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Figure 12: Event display of simulated T pair production in a GMSB benchmark model, fol-
lowed by the decay of each T to a T lepton and a neutralino x?, with the T leptons decaying
hadronically. The magenta lines indicate the T particles, the light blue lines indicate the neu-
tralinos, and the dark orange lines indicate the T leptons. The shaded dark yellow cones show
the two reconstructed jets, and the orange lines inside the jets are the hadrons from the T decay.

algorithm.

Studies performed on the standard L1 7}, reconstruction algorithm have shown that it was not
necessary to develop a dedicated displaced 7,, L1 seed. Therefore, the HLT displaced recon-
struction is seeded by standard L1 7}, objects.

The dedicated displaced reconstruction is a modification of the standard HPS algorithm, which
is described in Section 4.6 and is used in the third step of the online reconstruction of promptly
decaying Ty,s. To enable the HPS algorithm to reconstruct displaced tys, the standard track-
ing algorithm has been extended to include a dedicated displaced iteration, which starts from
combinations of hits in the strip tracker (pixel-less seeds) and builds tracks without assum-
ing their provenance from the interaction point. To meet the CPU constraints, this iteration
is only used in regions around isolated L2 tau leptons. Modifications to the HPS algorithm
itself have also been introduced. The standard algorithm includes requirements on the 7, con-
stituents (charged and neutral hadrons) to originate from the interaction point, effectively pre-
venting the reconstruction of displaced 7, objects. These requirements have therefore been
loosened. While the nominal algorithm performs poorly for 7, decaying significantly beyond
the T proper lifetime scale, the dedicated one provides the ability to target 7, s with decay
lengths as long as 20 cm.

A suite of trigger paths using the modified HPS algorithm has been developed, targeting final
states with two 7}, or with one 7, and one displaced lepton. In the di-t;, path, each Ty, is
required to have d, > 0.005cm and py > 32GeV. The cross-flavor paths, which have been
available online since 2024, require pr(7y,) > 24(34) GeV and p1(¢) > 24 (34)GeV for the
muon (electron) flavored one, respectively. The total rate of these HLT paths is 36 Hz.

Figure 13 shows the trigger efficiency in simulated pp — T7 (7 — TX)) events, emulating 2022
data-taking conditions, with each T decaying hadronically and the T having a simulated ct of
10 cm. The displaced di-y, efficiency and the combination of this path’s efficiency with those of
the previously available Run 2 pfss-based and prompt di-7,, path efficiencies are shown with
filled markers, while the efficiencies of the Run 2 trigger options are shown with open markers.
The improvement introduced with the novel trigger path can be seen in the lower panels and
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is noticeable at low to medium d, values and low p™i* values, where the previously available

triggers could not be efficient.

Figure 14 shows the rate of the trigger path in 2022 and 2023, as a function of PU. The plots
indicate a linear rate response with respect to PU, although the rate increased slightly in 2023
because of the data-taking conditions.
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Figure 13: LIT+HLT efficiency of the displaced 7}, trigger, for simulated pp — T7(T — TX))
events, where each T decays hadronically and the T has a simulated ¢t of 10 cm. The efficiency
is shown for the displaced di-t}, trigger path (blue filled triangles), the previously available
pmiss_based paths (orange open circles), the previously available prompt di-t}, paths (purple
open squares), the combination of the p7"**-based and prompt di-t;, paths (gray open trian-
gles), and the combination of the pTi*>-based, prompt di-7}, and displaced di-t;, paths (red
filled circles), using 2022 data-taking conditions. The efficiency is evaluated with respect to
truth-level quantities. Efficiency of the highest-pr T of the event as a function of the d, (left).
Efficiency as a function of p2iss (right). A selection on the visible component of the truth-level
tau lepton pr > 30GeV and its pseudorapidity || < 2.1 is applied. The lower panels show
the ratio (gain in %) of the trigger efficiency given by the combination of the displaced di-t;,
trigger path with the pTi**-based and prompt di-}, paths, divided by that of the combination
of the previously available pi**-based and prompt di-t}, paths.

6.1.3 Displaced-jet triggers using the tracker

A suite of displaced-jet triggers was already available in Run 2 [84], utilizing the tracking in-
formation at the HLT system. Displaced jets are identified, or “tagged”, in the HLT as jets with
a small number of prompt tracks or with the presence of displaced tracks. With these triggers,
the Run 2 [84] and Run 3 [85] displaced-jets searches set stringent limits on a large number
of BSM models with hadronically decaying LLPs and with LLP masses as low as O(100GeV),
including split SUSY [86-92], GMSB [80-82], R-parity violating (RPV) SUSY [93-99], covering
a variety of final-state topologies. Such a displaced-jets signature is well-motivated in many
BSM scenarios, especially the ones involving Higgs-portal hidden sectors. Figure 15 shows a
display of an H — SS — qqqq event with mg = 55GeV, where one long-lived S decays inside
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Figure 14: Total rate of the displaced T}, trigger in 2022 (left) and 2023 (right) data, as a function
of PU.

the tracker, producing a pair of displaced jets accompanied by displaced tracks and a displaced
vertex. The Feynman diagram for this process is shown in Fig. 4.
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Figure 15: Event display of a pair of displaced jets arising from an LLP decay, producing dis-
placed vertices and tracks. The simulated processis H — SS — qqqq. The blue curves indicate
the reconstructed tracks. The yellow cones indicate two reconstructed jets, with a number of
associated displaced tracks. The blue point indicates the displaced vertex induced by the LLP
decay.

2

In Run 3, the displaced-jets triggers have gone through major improvements to increase the
trigger efficiencies for low-mass LLPs with masses smaller than 100 GeV, such as those ex-
pected in the exotic Higgs boson decays. The main improvements are in the tracking-based
displaced-jets tagging requirements. Displaced jets are tagged at the HLT using two types of
requirements. The first requires calo jets with at most one associated prompt track, referred
to as the “inclusive” tagging requirement. Prompt tracks are tracks that have py > 1GeV and
dy measured with respect to the leading PV smaller than 0.5 mm. Tracks are associated with
the calo jets by requiring the angular distance AR between a given track and a given jet to be
smaller than 0.4. The second requirement, referred to as the “displaced” tagging requirement,
starts with the inclusive tagging requirement and additionally requires that if there is exactly
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one associated prompt track, there should also be at least one associated displaced track with
pr > 1GeV and d; > 0.3 mm.

Two sets of displaced-jets triggers are implemented in standard data taking: a main set, which
provides most of the data and signal efficiency, and an auxiliary set, which was added to re-
cover some additional signal efficiency. The main displaced-jet trigger is seeded by an Hy L1
trigger and then requires Hy > 430 GeV at the HLT, where Hy is the scalar sum of pr for all calo
jets satisfying pr > 40GeV and || < 2.5. The trigger also requires the presence of at least two
calo jets with pr > 40GeV and |77| < 2.0 that also pass the inclusive tagging requirement. Since
2023, the HLT Hy threshold of this trigger has been lowered to 390 GeV, with correspondingly
lower L1 Hry thresholds, and this set of triggers has been moved to the parked data.

The auxiliary set of displaced-jet triggers in standard data taking is seeded by an L1 trigger
that requires Hy > 240 GeV and the presence of a muon with pr > 6 GeV, to further improve
the efficiencies for LLPs with heavy flavor decays. The trigger further requires the presence
of at least two calo jets with pr > 40GeV and |y| < 2.0 that also pass the displaced tagging
requirement.

As described in Section 4, the CMS experiment employs an iterative process for the track recon-
struction, and the displaced tracking iterations are usually not used at the HLT because they
are CPU-intensive. However, a displaced tracking iteration is used in the displaced-jet trig-
gers. To meet the stringent HLT CPU timing constraints, only the seeds near jets are considered
for track reconstruction in the displaced-jet triggers. Furthermore, the next tracking iteration
proceeds only if a given event has two tagged displaced jets based on the tracks from earlier
iterations.

The total HLT rate of these displaced-jet paths is 53 (163) Hz in standard (parked) data taking.
The efficiency of the main displaced-jets triggers is shown in Figs. 16, 17, and 18.

Figure 16 shows the efficiency of the Hy > 430GeV (the 2022 minimum threshold) and
Hp > 390GeV (the 2023 and later minimum threshold) HLT requirements measured in data.
The measurements are performed using events collected with an isolated single-muon trig-
ger that requires the presence of a muon with pr > 27GeV. The efficiency of the HLT
Hy > 390 (430) GeV requirement is larger than ~98% when the offline Hy is larger than
400 (440) GeV. The left plot of Fig. 17 shows the efficiency of an offline calo jet to pass the
online pr requirement in displaced-jets triggers as a function of the offline jet py. The right plot
of Fig. 17 shows the efficiency of an offline calo jet in simulated signal events to pass the online
inclusive tagging requirement as a function of the number of offline prompt tracks.

Figures 16 and 17 split the 2023 data before and after an update of the HCAL energy response
corrections (and a simultaneous minor update to the HCAL gains). This conditions update was
primarily due to a change in the ¢-dependent timing alignment of the HCAL barrel, which
increased the energy response. The change in energy response can impact the trigger turn-on
curve, as observed for the tracking-based displaced jet triggers.

Figure 18 shows the fraction of displaced b quarks, d quarks, and 7 leptons that pass the
displaced-jets tagging requirement at the HLT as a function of the truth-level L, , indicating
that the displaced-jets triggers have good performance for a variety of final states across the
tracker volume. The overall trigger efficiencies are ~0.4-1.0% for H — SS — qqqq signatures
with ¢t < 1m. Figure 19 shows the gain in trigger efficiency for the displaced-jet triggers in
Run 3 compared to Run 2. The Run 3 trigger efficiencies are larger than those of Run 2 by a
factor of 4 to 17 for 10 < mg < 60GeV and 1 < ct < 1000mm. Compared to the standard
trigger that requires Hy > 1050 GeV at the HLT, the displaced-jets triggers have more than a
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factor of 20 higher efficiency for the H — SS — qqqq signatures with ¢t 2 10 mm.

The data collected with the displaced-jets triggers in 2022 has been analyzed in a Run 3
displaced-jets search [85]. This search has achieved up to a factor of 10 increase in sensitiv-
ity compared to previous searches [84, 100] for H — SS — qqqq signatures, despite analyzing
a data set of a much smaller integrated luminosity. The full Run 3 data set collected with the
displaced-jets triggers is expected to further improve the CMS sensitivity to this signature sig-
nificantly.
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Figure 16: HLT efficiency for a given event passing the main displaced-jets trigger to satisty
HLT calorimeter Hy > 430GeV (left) and Ht > 390GeV (right) as a function of the offline
calorimeter Hy. For this trigger, the minimum calorimeter Hy threshold was 430 (390) GeV in
2022 (2023 and later). The measurements are performed in data collected in 2022 (green circles),
in 2023 before an update of the HCAL gains and energy response corrections (black squares),
and in 2023 after the update (blue triangles).

6.2 Calorimeter-based algorithms

We now describe the LLP trigger algorithms that feature calorimeter information. In this sec-
tion, we cover displaced-jet triggers that use the HCAL (Section 6.2.1), delayed-jet triggers
using ECAL timing (Section 6.2.2), delayed-diphoton triggers (Section 6.2.3), and displaced
photon+Hr triggers (Section 6.2.4).

6.2.1 Displaced-jet triggers using the HCAL

The recent Phase I upgrade to the CMS HCAL [26] introduced both depth segmentation and
precision cell timing via a time-to-digital converter (TDC) to the HCAL barrel (HB). Although
the primary motivation for these enhancements is to maintain high efficiencies for particle iden-
tification in increasingly high-PU environments, both aspects of this upgrade also enable the
identification of displaced- and delayed-jet signatures. Making full use of the upgraded HCAL
requires new L1 trigger algorithms, where the new HCAL depth and timing information are
available. Unlike many other triggers presented in this note, this required implementing new
hardware-level LLP jet trigger algorithms that seed displaced and delayed jet HLT paths. This
section focuses on a novel L1 trigger targeting LLPs that decay hadronically before or within
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jet to pass the online p requirement in displaced-jets triggers (left), which require py > 40 GeV,
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ergy response corrections (black filled circles), and in 2023 after the update (blue open circles).
The efficiencies measured with QCD multijet simulation are also shown, with 2022 conditions
(red triangles) and 2023 conditions (purple triangles). These measurements are performed us-
ing events collected with a prescaled trigger that requires Hy > 425GeV at the HLT. An offline
Ht > 450 GeV selection is also applied to ensure the prescaled trigger reaches its plateau. The
efficiency is >96% when the offline jet pt is >40GeV. The efficiency has a broader turn-on in
the later 2023 data because of the update of the HCAL conditions. Efficiency of an offline calor-
imeter jet to have at most one HLT prompt track in 2022 conditions, as a function of the number
of offline prompt tracks, in simulated H — SS, S — bb signal events where n;; = 125GeV and
mg = 40 GeV (right). Two proper decay lengths of the S particle are shown: ¢t = 10 mm (green
circles) and ct = 100 mm (blue squares). For jets in signal events, when the number of offline
prompt tracks is <4, the tagging efficiency is larger than 70%.
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my = 125GeV and mg = 15 (blue triangles), 40 (green squares), or 55 (red circles) GeV. The
Run-3 displaced-jets trigger efficiencies are measured in 2022 conditions.
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the HB volume. The targeted signature is illustrated in Fig. 20. The signal model used to eval-
uate the trigger performance is an exotic decay of the Higgs boson (or decay of a high-mass,
exotic Higgs boson) that produces two scalar LLPs (S), which each decay into two b quarks
(H — SS — bbbb), as shown in Fig. 4. The scalar S can be long-lived, with a ¢t on the order
of meters, permitting decays before and within the HCAL volume. The mass of the scalar is
constrained to be mg < myy /2.

The L1 HCAL-based LLP triggers significantly increase the LLP acceptance with respect to
standard triggers because of their lower jet pr thresholds. In particular, the LLP acceptance is
increased by up to a factor of 4 for a signal with my = 125GeV, mg = 50 GeV, and ¢t = 3m [73].
These triggers will be used in an upcoming Run 3 search for LLPs, which relies on the upgraded
HB information at both trigger and offline analysis levels. This search aims to increase the
coverage of LLP models decaying hadronically in the calorimeter region, while also adding
sensitivity to lower jet and event energies.
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Figure 20: Diagram showing the lateral view of the CMS HCAL barrel and endcap in Run 3.
The distinct depth segmentation is indicated by the different colors, where the HCAL barrel
consists of 4 depth layers and the HCAL endcaps contain up to 7 depth layers. A delayed
jet signature (left), where the time delay results from a combination of the low LLP velocity
due to its relatively high mass and the path length difference with respect to a promptly pro-
duced particle, is shown. A displaced jet signature (right) resulting from LLPs decaying within
the HCAL volume, producing significant energy deposits deeper in the HCAL with minimal
energy deposits in shallower calorimeter layers, is also depicted.

The TDC provides high-precision timing information for each HCAL channel and is recorded
as a 6-bit value used in the trigger pathway and offline analysis. Within each 25ns bunch
crossing, the TDC encodes fifty valid time bins in half-ns steps, along with error and invalid
codes. Given the bandwidth constraints in sending timing information off-detector in the HB,
each 6-bit TDC address is compressed into a 2-bit value corresponding to the following four
timing values: prompt, slightly delayed, very delayed, and invalid or error. These categories
are defined as:

e Prompt: f, e < 6118

e Slightly delayed: 6 < f, . < 7ns

o Very delayed: 7 < t 5. < 25ns

e Invalid pulse: invalid or error code
In Run 3, the barrel region of HCAL is segmented into four depths, each with time and energy
readouts, as illustrated in Fig. 20. Each HB depth is made of interleaved layers of scintillator
and brass absorber, or stainless steel for the first and last absorbers [26]. To accommodate the
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different behavior and pulse shapes observed in the innermost depth (layer 0), two updates
are made for 2024 data taking [101]: first, the prompt range for depth 1 is set to f e < 9ns;
second, the slightly delayed range is extended to encompass a 3ns wide window, with 9 <
toutse < 12ns for depth 1 and 6 < 5. < 9ns for all other depths.

The complete information from each of the four HB depth segmentations cannot be sent to
the trigger because of bandwidth constraints. Therefore, quantities are calculated per-trigger
tower (a group of cells across four depths at the same 7 and ¢ coordinates) and encoded in a
per tower LLP flag that is used to compute the per jet LLP flag. An HCAL tower will pass the
tower LLP flag if it satisfies either of the following;:

e Delayed tower: Includes at least one delayed cell with energy >4 GeV and no prompt
cells with energy >4 GeV

e Displaced tower: Includes a cell in depths 3 or 4 with energy >5GeV and both cells
in depths 1 and 2 with energy <1 GeV.

Any L1 jet containing at least two LLP-flagged towers within the 9 x 9 HCAL towers included
is flagged as an L1 LLP jet. Additional kinematic selections are then applied, including Hy >
200GeV and jet pr > 60GeV for the lowest unprescaled L1 single LLP jet trigger and two
jets with pr > 40GeV (with no additional Ht requirement) for the L1 double LLP jet trigger.
The stringent requirement of identifying multiple delayed or displaced towers at L1 permits a
comparably low Ht minimum requirement, increasing sensitivity to a range of LLP models [80-
82, 86-99].

Timing scans in the HCAL were performed in 2022, 2023, and 2024 [101]. Timing scans are
performed at the start of data taking each year and demonstrate the stability of HCAL timing,
with no major timing adjustments needed between 2023 and 2024. These scans produce artifi-
cially delayed jets across the whole detector at a known time in collision data and are crucial to
understanding the detector and trigger performance. From the timing scan data, the delayed
tower and jet turn-on are measured, with the timing resolutions of jets in collisions. Figures 21
and 22 show the efficiency of the per tower LLP flag and the per jet LLP flag, demonstrating
the high degree of sensitivity of these flags to jet delay. In particular, jets with an arrival time
> 6ns are identified as delayed with a high efficiency.

Figure 23 shows the L1T efficiency of the HCAL-based LLP jet trigger as a function of offline
Hy and calorimeter jet pr, for jets matched to LLPs decaying in HCAL depths 3 and 4, that
is, where 214.2 < R < 295cm and || < 1.26. The efficiency plateau is reached at 300 GeV
in event Hy and 125GeV in calorimeter jet pr. Notably, this enables these dedicated LLP jet
triggers to increase the efficiency for relatively low-energy events that are inaccessible with
purely energy-based triggers. The HCAL-based LLP jet triggers increase the acceptance at L1
to signals with my = 125GeV, mg = 50 GeV, and c¢15 = 3m by up to a factor of 4 times that of
standard L1 Hy triggers. These paths provide added efficiency for low pt and Hy LLP events
that are more difficult to trigger on with the displaced-jet HLT paths seeded by L1 Hy triggers
that are discussed in Section 6.1.3.

Without a dedicated L1T HCAL-based LLP trigger, standard L1T jet or Hy triggers could be
used to seed the displaced-jet paths at the HLT. At the L1T in Run 3, the lowest minimum
threshold for an unprescaled single jet trigger is at 180 GeV, and this trigger reaches 80% ef-
ficiency at an offline jet pr of 200 GeV. As of 2023, the lowest minimum threshold for an un-
prescaled L1T Hy trigger is at 280 GeV, and this trigger reaches 80% efficiency at an offline
Hy of 320 GeV. Before the start of 2023 data taking, the lowest minimum threshold for an un-
prescaled L1T Hy trigger was at 360 GeV, and this trigger reaches 80% efficiency at an offline
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Figure 21: L1T HCAL tower efficiency of the timing-flagged towers in 2023 data: HCAL de-
layed timing tower efficiency during an HCAL timing phase scan during 2023, with efficiencies
split by trigger towers centered at 77 = 0 (blue circles), 0.65 (red squares), 1.26 (black triangles)
and with width Ay = 0.087. The sharp turn-on between timing delays of 0-6ns is expected
with the prompt timing range set at f,,, < 6ns, demonstrating the timing trigger perfor-
mance. The timing-flagged towers must have at least one delayed cell, no prompt cells, and
energy over 4 GeV. The efficiency is calculated relative to towers with any valid timing code,
meaning the tower contains at least one cell with energy > 4 GeV and a TDC code of prompt,
slightly delayed, or very delayed. Multiple flagged towers are required for the HCAL-based
displaced and delayed jet L1T to be set, and this shows the turn-on at a per-tower level relative
to incoming pulse timing.

Hy of 400GeV. A L1T Hy seed of 360 GeV has been the lowest-threshold seed used for the L1T
Hry-seeded displaced dijet HLT paths in Run 2 and Run 3, and thus is referenced for compari-
son.

Figure 24 demonstrates the efficiency of the HCAL-based LLP jet trigger, as a function of LLP
decay radius R = /Ax? + Ay?. The LLP is required to decay within || < 1.26 and be matched
to an offline jet with pr > 100 GeV. The L1 trigger has an efficiency of more than 90% for LLP
decays within HCAL depths 3 and 4 (214.2 < R < 295cm), the region targeted by the depth
trigger to identify displaced LLP jets.

In general, the high-mass sample reaches a higher efficiency at L1, as heavier LLPs are more
likely to produce jets that pass the stringent calorimeter energy deposits (multiple cells with
over 5GeV energy deposited in an individual depth) for the depth-based trigger. Low-mass
samples are typically more difficult to trigger, especially as their Hy spectra are lower, and
therefore, energy-based selections are more difficult to satisfy. The high-mass sample also
reaches higher L1T efficiencies in jet pr and event Hy because of the decay kinematics. In this
sample, the LLP is more boosted, leading to more collimated decay products. This is beneficial
as the trigger requires multiple nearby depth-flagged trigger towers. The LLP cT primarily
impacts the signal acceptance rather than the efficiency.
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Figure 22: L1T efficiency of the LLP jet trigger in 2023 data: The HCAL LLP-flagged L1T trigger
delayed jet fraction versus jet Er during the 2023 HCAL phase scan demonstrates that the
delayed jet fraction approaches unity as the timing shift, with units in ns, is increased. The
figure shows results inclusive in pseudorapidity for the HCAL barrel, corresponding to || <
1.35. The fraction of LLP-flagged L1 jets is compared to all L1 jets from a dataset of events
enriched with jets or pis. No explicit selection criterion is applied on the jet Ey, though the
implicit requirement for a jet to have at least two cells with E; > 4 GeV shapes the resulting jet
turn-on curve.
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Figure 23: L1T efficiency of the HCAL-based LLP jet triggers, as a function of event Hy (left) and
jet pr (right), for H — SS — bbbb events with my = 350GeV, mg = 80GeV, and c1g = 0.5m
(light blue circles) and my; = 125GeV, mg = 50GeV, and ctg = 3m (purple triangles), in
2023 conditions. The trigger efficiency is evaluated for LLPs decaying in HB depths 3 or 4,
corresponding to 214.2 < R < 295cm and |7| < 1.26. These LLPs are also required to match to
an offline jet in HB.

A suite of displaced- and delayed-jet HLT paths is seeded by the HCAL-based LLP L1 jet trig-
gers. The total rate of these HLT paths is about 35 Hz. Since the start of Run 3, a number of
these paths follow the HLT approach detailed in Sections 6.1.3 and 6.2.2. Owing to the seeding
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Figure 24: L1T efficiency of the HCAL-based LLP jet triggers as a function of LLP decay radius
R for H — SS — bbbb events with my; = 350GeV, mg = 80GeV, and c1g = 0.5m (light blue
circles) and my; = 125GeV, mg = 50GeV, and ctg = 3 m (purple triangles), in 2023 conditions.
The trigger efficiency is evaluated for LLPs within || < 1.26 where either the LLP or its decay
products are matched to an offline jet in HB with pt > 100 GeV.

with selective L1 triggers, the HLT Hy requirement is reduced by 230 GeV, enabling the lowest
threshold trigger with Hy > 170 GeV and calo jet pt > 40GeV. The lowest HLT Hy threshold
of 170 GeV benefits from the unprescaled L1 double-jets seed, which has no Hy requirement at
L1.

In 2024, an additional HLT path was added to target highly displaced jets arising from LLPs
decaying hadronically inside the calorimeters, complementing the depth-based L1 seed. This
HLT path, referred to as the “CalRatio” trigger, selects for jets that have a large neutral hadron
energy fraction (NHF). The composition of these objects is not necessarily enriched in neutral
hadrons; instead, this selection is associated with a large fraction of energy deposited in the
HCAL with minimal ECAL and tracker activity—a defining feature of displaced jets produced
inside the calorimeters. This trigger selects events with Hy > 200 GeV containing at least one
calo jet with pp > 60GeV, |57| < 1.5, and hadronic energy fraction > 0.7; to further suppress
background and keep rates reasonable, the trigger additionally requires at least one PF jet with
the same kinematic requirements and NHF > 0.7. The HLT efficiency of the path, together
with characteristic distributions of this variable in data, signal, and background, is shown in
Fig. 25. The efficiency plateaus at around 90% for NHF > 0.8; the reason it does not reach 100%
is largely because the additional offline kinematic selections in the trigger (e.g., Ht and jet p),
which are equivalent to their online quantities, are below their respective efficiency plateaus.

6.2.2 Delayed-jet triggers using ECAL timing

Dedicated triggers targeting delayed jet signatures were introduced at the HLT during Run 3
to improve the performance for nonprompt jets [12]. These triggers are highly efficient for
LLPs that decay into jets within the tracker or the ECAL volume, as shown in Fig. 26. Many
extensions of the SM predict the existence of LLPs that decay into jet final states, including
GMSB models [82] and hidden valley models [102]. The delayed jet triggers utilize the timing
capabilities of the ECAL [103] to search for such signatures.

These HLT paths are seeded by L1 triggers that require either Hy > 350 GeV or a 1}, candidate
with pr > 120 GeV. At the HLT, requirements on the jet timing are placed on single- or double-
inclusive and trackless calo jets. An inclusive jet is defined as a calo jet that is matched to a
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Figure 25: HLT efficiency of the CalRatio trigger as a function of the leading PF jet NHF in 2024
data, measured with respect to a logical OR of the HCAL-based LLP L1 jet triggers (left). Distri-
bution of the leading PF jet NHF (right) in 2024 data (black circles), W — ¢v background simu-
lation in 2024 conditions (red squares), and H — SS — bbbb signal simulation in 2023 condi-
tions (blue and purple triangles). Events are required to have Hy > 200 GeV and the leading jet
is required to have pr > 60GeV and || < 1.5, which are equivalent to the respective HLT jet
object selections. The signal distributions additionally require the leading jet to be matched to
an LLP decaying anywhere inside the barrel calorimeter volume (129 < R < 295cm). The clear
separation between the displaced signal and the prompt background in the right plot motivates
the development of the CalRatio trigger.
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Figure 26: Diagram of a typical delayed-jet signal event.

reconstructed track from the tracker, and a trackless jet is defined as a calo jet that does not
have a matched prompt track. The triggers at the HLT include a variety of timing thresholds
to balance the trigger rates against the signal efficiency. For example, the timing thresholds for
the single jet triggers at the HLT are > 2ns, and the timing resolution is around 0.4ns. The
delayed jet triggers are designed to be model-independent and performant for lower Hr final
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states than those of the Run 2 analysis, which targeted final states with piss > 300 GeV [12].
Figure 27 shows the improvement in the trigger efficiency in Run 3 with the dedicated delayed-
jet triggers, compared to that of Run 2, where a standard trigger that requires Hy > 1050 GeV
was available. The improvement is particularly noticeable at low Hry, for a signal model where
very heavy BSM Higgs bosons decay into generic LLPs (X) and subsequently into 4 b jets, H —
XX — bbbb, the Feynman diagram for which is shown in Fig. 4. Some trigger inefficiencies
are introduced because Hry is calculated offline using jets with pr > 40GeV and differs from
the Hy calculated at the HLT.
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Figure 27: L1T+HLT efficiency of the inclusive (trackless) delayed-jet triggers introduced in
Run 3 in red squares (blue triangles), in 2022 conditions, and the Hy trigger (black circles),
which was all that was available in Run 2, fora H — XX — bbbb signal with my = 1000 GeV,
my = 450GeV, and ¢t = 10m. The addition of these delayed jet triggers results in a significant
improvement in the efficiency of the signal for 430 < Ht < 1050 GeV.
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Figure 28: LIT+HLT efficiency of the delayed-jets triggers for signal models with H — XX —
bbbb (left) and H — XX — 41 (right), with my = 1000 GeV, my = 450GeV and ¢t = 10m, in
2022 conditions. The improvement from the tau triggers (blue and green triangles) can be seen
in the Hy < 430 GeV region compared to the Hr-seeded triggers (black circles and red squares).
These plots include events with jets with pr > 40 GeV, number of ECAL cells >5, barrel region
with || < 1.48 and jet timing >2ns.

The inclusion of the tau candidate seed at the L1T improves the analysis sensitivity to low-Hy
signal models, targeting LLPs that decay into tau leptons in addition to jets. Figure 28 demon-
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strates the improvement in signal efficiency because of the L1 tau seed addition, particularly at
the low-Hr final states for H — XX — bbbb and H — XX — 41 decays.
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Figure 29: L1T+HLT efficiency of the delayed-jets triggers as a function of jet timing for 2022
and 2023 data-taking periods for the Hr-seeded trigger (left) and the T-seeded trigger (right).
A clear turn-on feature can be seen around the threshold values. The plots include events that
pass the piss > 200 GeV trigger and have at least one barrel jet with pr > 50 GeV, number of
ECAL cells >8, and ECAL energy >25GeV. The Hry is calculated using the scalar sum of jets
with offline pr > 40GeV, and this is different from the Hy calculation used at the HLT level,
which can cause trigger inefficiencies. The maximum triggerable jet time is 12.5ns.

The total trigger rate of the ECAL-based delayed-jet triggers at the HLT is 37 Hz in standard
data taking. Figure 29 shows the trigger performance in Run 3 data collected in 2022 and 2023
as a function of jet timing. A clear turn-on behavior can be seen at the trigger timing threshold.

To further increase the analysis sensitivity, triggers with lower timing thresholds are introduced
in the parked data with an upper bound on timing to ensure minimal overlap with the triggers
in standard data taking [33]. These triggers take advantage of the higher rate allocation in the
parked data and have a lower timing threshold, thus providing higher signal acceptance. The
parking triggers increase the signal acceptance by more than 30% compared to their counter-
parts in the standard data taking. The total trigger rate for these triggers in the parked data is
77 Hz.

6.2.3 Delayed-diphoton triggers

Electrons and photons produced from the decay of an LLP whose mean path length is of the
order of the CMS tracker dimensions will produce a distinct signature in the ECAL. The peak
signal time of such an electromagnetic signature will be delayed compared to an electron or
photon created from the proton collision vertex at the center of the detector. This is conceptually
demonstrated in Fig. 30. The time delay at the seed crystal of the ECAL supercluster, called e /7y
seed time, is chosen as a representative value of the time delay of the delayed ECAL signature.
For a displaced vertex in the tracker inner pixel region, the expected delay in the peak ECAL
electromagnetic signature is of the order of nanoseconds, which is significantly higher than the
ECAL timing resolution. Figure 31 shows the expected ECAL time delay for different LLP ct
values and 2023 data with only online ECAL calibrations. In data, the two largest pt electrons
that pass the tight electron identification [20] and have invariant mass between 86 and 98 GeV
are considered for the distribution. In the MC simulation, an ECAL supercluster reconstructed
with the online reconstruction algorithm is angularly matched to a truth electron. The LLP
decay appears in the ECAL O(ns) later than the prompt Z — ee data. (The peak of the Z — ee
data distribution is at less than O ns because only online calibrations are used in this plot.) The
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ECAL timing measurement is influenced by the radiation damage to the ECAL crystals, which
reduces the efficiency to trigger on delayed electrons and photons.

/

— displaced

Figure 30: Diagram of a prompt (orange dotted line) and displaced (red solid line) electron,
which comes from the decay of a chargino, reaching the ECAL in the x-z plane. The ECAL
crystal clocks are shifted so that a prompt electron arrives at the same time stamp for any
crystal. An electron produced at a displaced vertex thus arrives delayed compared to a prompt
particle. This is diagrammatically shown in the clocks above the ECAL crystals in blue.
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Figure 31: ECAL time delay of the e/ L1 seeds in the barrel (left) and endcap (right). The
distributions are shown for 2023 Z — ee data (black points) and x° T values of 3 (light red cir-
cles), 30 (darker red circles), and 300 cm (bright red circles), assuming the singlet-triplet Higgs
dark portal model (x* — x°/v, where the x* has a mass of 220 GeV and the x° has a mass of
200 GeV). The distributions are normalized to unity.

A new trigger was introduced in Run 3 to improve the CMS sensitivity to delayed electrons
and photons arising in the singlet-triplet Higgs portal dark matter model discussed in Ref. [72].
This trigger uses single and double e/ seeds at the L1T, and it selects both delayed electrons
and photons with the same HLT path by making requirements only on ECAL superclusters.
No electron track requirement is made to create specific trigger paths for electrons because
the typical electron track reconstruction algorithm is not performant for displaced electrons.
Although this trigger is highly efficient for both delayed electrons and photons, we call it “the
delayed-diphoton trigger” in what follows for simplicity.
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The delayed diphoton trigger requires at least two ECAL superclusters with |7| < 2.1 and a
minimum energy of 22 (12) GeV for the leading (subleading) supercluster. This asymmetric
minimum energy threshold is reduced to a symmetric 10 GeV threshold in both superclusters
if the event contains PF Hy > 300 GeV. The time delay for the crystal with the largest energy is
required to be larger than 1ns for both the ECAL superclusters.

The total rate of these HLT paths is about 15Hz. Figure 32 (left) shows the variation of the
delayed-diphoton trigger rate with integrated luminosity and PU in 2024. The trigger rate
decreases nonlinearly during a single fill because the increasing opacity in the ECAL crystals
causes the timing distribution to shift towards negative values. This opacity from radiation
damage recovers by the start of the next fill, with very little permanent damage between indi-
vidual fills. Over longer periods of collisions, this radiation damage could substantially reduce
the signal sensitivity. However, periodic updates to the online calibrations mitigate this dam-
age. The calibrations correct for a shift in timing towards negative values and maintain the
trigger’s efficiency for signal processes with a delay of 1 & 0.2ns. The widening of the timing
resolution throughout the year from the radiation damage results in an increased trigger rate.
In 2024 data taking, the rate of this trigger with respect to PU is linear, as shown in Fig. 32
(right).
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Figure 32: HLT rate (blue points) of the delayed-diphoton trigger in the first data collected
in 2023, corresponding to an integrated luminosity of 4.2 fb~!, compared with the PU during
the same data-taking period(red points), as a function of integrated luminosity (left). The rate
decreases nonlinearly, and then changes to linear asymptotically through a single collision fill.
It recovers by the start of the next fill with <1% reduction in rate between the fills. The rate
generally increased throughout the year because of periodic online calibrations to mitigate the
loss in trigger efficiency due to radiation damage of the ECAL crystals. The delayed-diphoton
trigger rate shows a linear dependency on PU in 2024 data, at an instantaneous luminosity of
approximately 1.8 x 103 cm 257! (right).

Data collected in the later part of 2023 and corresponding to an integrated luminosity of
10.82fb ! are used to measure the trigger efficiency of the delayed diphoton HLT path, us-
ing the tag and probe method with Z — ee decays. The coarse online calibration results in a
large number of Z boson decays with a prompt signature delayed by more than 1ns. The tag
electron was required to have p > 20GeV, || < 2.1, cluster seed time >1ns, and to have
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passed the tight identification [20]. Probe electrons are only considered if the tag and probe
electron pair are oppositely charged and in the invariant mass window 84 < m,, < 96GeV,
consistent with the mass of the Z boson. The probe electron is required to have pr > 4GeV
and || < 2.5. The trigger efficiency is defined as the ratio of the probe electrons passing the
HLT path to all the probe electrons passing the selection criteria. Figure 33 shows the trigger
efficiency as a function of the subleading probe electron seed time, which sharply rises at a
seed time of 1ns and plateaus thereafter. Figure 34 shows the efficiency as a function of the
subleading probe electron p and 7, for events with a seed time >1ns.
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Figure 33: L1T+HLT efficiency of the delayed-diphoton trigger as a function of the subleading
probe electron (e,) supercluster seed time, measured with data collected in 2023. At the HLT,
the subleading e /7y supercluster (e/7,) is required to have pr > 12GeV, |57| < 2.1, and a seed
time >1ns. The trigger is fully efficient above 1ns.

6.2.4 Displaced photon+ Hy triggers

A trigger designed to collect events containing a displaced photon in addition to hadronic ac-
tivity was originally deployed online in 2017, during Run 2. This displaced photon+ Hy trigger
was designed for the search for delayed photons [11], which targets displaced and delayed
photons coming from the decays of long-lived neutralinos in a GMSB model [71]. The de-
layed photon signature is shown in Fig. 35. At the HLT, this trigger requires a photon with
pr > 60GeV; a set of loose, calorimeter-based identification requirements; loose isolation; and
a loose set of requirements on the calorimeter shower shape, such that the shower is compatible
with a displaced and delayed photon. In particular, the shower would be more elliptical in the
-¢ plane for displaced photons than for prompt photons, and so the length of the major (mi-
nor) axis of the shower Spior (Sminor) 18 required to be less than 0.4 (1.5). In addition, in Run 3,
the trigger requires PF Ht > 350 GeV, where Hr is the scalar sum of py for all jets satisfying
pr > 30GeV and |5| < 2.5, to keep the rate around 12 Hz at the HLT. The L1 seeds of the HLT
path require at least one e /<y object, tau lepton, or jet.

The efficiency of the displaced photon+Hr trigger is shown in Fig. 36. Events in 2017 data
(Run 2) and a GMSB signal benchmark with A = 100TeV and ct = 10 or 1000 cm in 2017
conditions are selected that pass a trigger requiring isolated muons with pr > 27GeV and
at least one offline photon with # < 1.4442 and passing the displaced photon identification
criteria as described in Ref. [11]. Only the leading photon satisfying these requirements is
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Figure 34: LIT+HLT efficiency of the delayed-diphoton trigger as a function of subleading
probe electron (e,) pr (left) and # (right), measured with data collected in 2023. At the HLT, the
subleading e /< supercluster (e/y,) is required to have pr > 12GeV, || < 2.1, and a seed time
>1ns. The efficiency rises sharply for pr > 12GeV and plateaus for pr > 35GeV. The slow
rise in between is from additional L1 Hy requirements. The trigger is efficient in the region
| <2.1.

considered in the trigger efficiency measurements. Figure 36 shows the efficiency of the trigger
as a function of offline photon p (left) and the event Hy (right). These plots indicate that the
trigger is fully efficient for photon pr > 70GeV and Hy > 400 GeV. Note that in 2017, the HLT
path required Hy > 350 GeV for jets satisfying pr > 15GeV and || < 3. The HLT requirements
were subsequently changed to Hy > 300 GeV for jets satisfying pt > 30GeV and || < 2.5. The
efficiency of the standard photon identification and the displaced photon identification in the
displaced photon+Hry trigger is over 95%. For a typical high-PU run in 2017, the displaced
photon identification requirements reduced the rate of the trigger by 20%.

In 2022, the rate of this trigger increased more than initially expected as a result of the larger
PU. The HLT rate as a function of PU was also nonlinear, and thus difficult to maintain. The
trigger was improved for 2023 data taking by increasing the minimum py requirement on the
jets included in the PF Hy calculation at the HLT. After raising the minimum jet pt threshold
from 15 to 30 GeV, the total HLT rate was reduced back to 12Hz (about 4 Hz pure), and the
behavior with respect to PU was again linear. Figure 37 shows the rate of this trigger in 2022
and 2023 data as a function of PU.

6.3 Muon spectrometer-based algorithms

This section describes trigger algorithms designed to select LLP decays in the muon system.
These include displaced-dimuon triggers (Section 6.3.1), double displaced L3 muon triggers
(Section 6.3.2), displaced muon+photon triggers (Section 6.3.3), dimuon scouting triggers (Sec-
tion 6.3.4), and MDS triggers with the CSCs (Section 6.3.5) and with the DTs (Section 6.3.6).

6.3.1 Displaced single and dimuon triggers

An LLP produced in a hard interaction of the colliding protons can traverse a considerable
distance in the detector before decaying into muons. When muons are produced well within
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Figure 35: Diagrams of a promptly-produced photon in the x-y plane showering in the ECAL
(left), a delayed photon produced from a long-lived neutralino x° in the x-y plane and show-
ering later in the ECAL (middle), and an elliptical shower in the #-¢ plane produced from a
delayed photon (right). The lengths of the major (Smajor) and minor (Spiner) axes of the shower
and the reconstructed hits (RecHits) that compose the shower are labeled.
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Figure 36: LIT+HLT efficiency of the displaced photon+Hr trigger as a function of photon pt
(left) and event Hy (right), for 2017 data (black points) and a GMSB signal with A = 100 TeV
and ¢t = 10cm (blue triangles) and ct = 1000 cm (red squares). Left: The efficiency to ob-
tain a photon at the HLT passing the trigger requirements is shown. This includes the L1T
component. Right: The efficiency to pass the Hy trigger requirement is shown.

the silicon tracker, they can be reconstructed by both the tracker and the muon system. How-
ever, if the muons are produced with larger displacements, they can only be reconstructed by
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Figure 37: Total rate of the displaced photon+Hy HLT path in 2022 data (left), at an instan-
taneous luminosity of approximately 1.8 x 10** ecm~2s~!, and 2023 data (right), at an instan-
taneous luminosity of approximately 2.0 x 10** cm~2s~1, as a function of PU. The rate vs PU
behavior was nonlinear in 2022 and fixed in time for 2023 data taking.

the muon system. A pair of reconstructed muon tracks is fitted to a common secondary ver-
tex forming a “displaced dimuon”. All reconstructed dimuon events are classified into two
mutually exclusive categories: (1) where both muons are global or tracker muons (TMS-TMS
category), or (2) where both muons are standalone muons (STA-STA category). (The TMS-STA
category is not considered because it provides only a small fraction of events for the considered
signals.) Owing to the excellent resolution of the tracker, the position and momentum resolu-
tion of global and tracker muons are far superior to that of their standalone muon counterparts.
This enhanced position resolution leads to an improvement in the resolution of the TMS-TMS
dimuon vertex of a factor of 100 to 1000 for simulated HAHM events [70], depending on the
lifetime of the LLP and the masses of the exotic Higgs boson and the LLP. Figure 38 shows an
event display that illustrates the displaced dimuon signature.

Since Run 2, a set of dedicated triggers has existed that relies on muons reconstructed only in
the muon system using algorithms that are similar to those used in the standalone offline muon
reconstruction. These were deployed in 2016 and 2018 and included a beamspot constraint in
the muon track fits at the L1T, but not at the HLT. This beamspot requirement caused a large
reduction in displaced muon reconstruction efficiency for large LLP lifetimes. Each HLT muon
was required to be within the region || < 2.0 and to have pp > 28(23) GeV for 2016 (2018)
data taking. The CMS Collaboration performed a Run 2 data analysis that used these triggers
in a search for LLPs decaying to a pair of muons [104]. During Run 3, these triggers are also
used, maintaining the pt threshold of 23 GeV from 2018.

To enhance the signal efficiency, a novel set of triggers, both at the L1T and HLT, was introduced
at the beginning of Run 3. These improvements made an early search [105] possible, and its
results are competitive with those of Run 2, using only 2022 Run 3 data with less than half of
the Run 2 integrated luminosity.

At the L1T, two additional sets of triggers were introduced. One set comprises double-muon
triggers with either no or a very low (4.5 GeV) minimum muon-py threshold. These triggers
require that the L1 muon candidates have opposite signs, segments in at least three different



6. Long-lived particle trigger algorithms and efficiencies 45

2 Data recorded: 2022-Oct-23 06:33:01.204544 GMT
Z==lll Run /Event/LS: 360927 / 1775850055 / 875

CW CMS Experiment at the LHC, CERN
A

Standalone muons

@ Proton-proton interaction point

Dimuon vertex

Hypothesized long-lived particle

Figure 38: A Run 3 event containing a candidate LLP decay into a pair of muons away from
the interaction point, reconstructed in the CMS detector. The red lines correspond to the two
muons, which are detected only in the muon system. The muon tracks are used to calculate a
dimuon vertex, indicated by the white circle, where the LLP is hypothesized to have decayed.

muon stations, angular separation AR, = v (A1, )2+ (A )2 that does not exceed a maxi-
mum threshold that varies between 1.2 and 1.4, and || < 1.5. The other set takes advantage of
a new track-finding procedure in the barrel section of the L1 muon trigger in the barrel muon
track finder (BMTF) algorithm. This novel technique enables the reconstruction of L1 muon
candidates and the determination of their pr without using a beamspot constraint [16]. These
triggers require py > 15 and 7 GeV for the leading and subleading L1 muon, respectively. The
minimum pt thresholds are lowered to 6 and 4 GeV when d, > 25 cm for both L1 muons.

In the overlap and endcap sections of the L1 muon trigger, the determination of muon py with-
out a beamspot constraint was implemented for 2024 data taking, extending the coverage of L1
displaced muon triggers to the full # range of CMS.

In the overlap section, to allow for the beamspot unconstrained pr measurement, the overlap
muon track finder (OMTF) algorithm first extrapolates the direction of a reference hit selected
from hits of two innermost muon stations to other muon stations. Then, the differences be-
tween ¢ values of hits in these other stations and extrapolated ¢ values from the reference hit
are used by the OMTF algorithm [106] to reconstruct the muons and determine both beamspot-
constrained and -unconstrained pr.

In the endcap section, the endcap muon track finder (EMTF) algorithm uses a neural network
(NN) to determine beamspot unconstrained muon pr and d, using 29 features extracted from
the muon track. In parallel to the NN, the original EMTF algorithm, based on a boosted deci-
sion tree [107], is used to determine the beamspot-constrained pr.

Figure 39 shows the efficiency of the BMTE, OMTEF, and EMTF algorithms for both beamspot-
constrained and -unconstrained pr, using a simulated sample of LLPs that decay into a pair of
muons.
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At the L1 Global Trigger, an additional displaced dimuon trigger algorithm was introduced in
2024. This trigger uses the outputs of BMTE, OMTEF, and EMTF and requires two high-quality
muons with beamspot unconstrained py > 6 GeV. It covers the range || < 2, thus extending
the 1 range of the displaced dimuon triggers used previously.
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Figure 39: BMTF (upper left), OMTF (upper right), and EMTF (lower) L1T efficiencies for
beamspot-constrained and -unconstrained py assignment algorithms for L1T pt > 10 GeV with
respect to truth-level muon track d,,, obtained using a sample which produces LLPs that decay
to dimuons. The L1T algorithms and data-taking conditions correspond to 2024. A selection
on the truth-level muon track pr > 15GeV is applied to show the performance at the effi-
ciency plateau. The truth-level muon tracks are extrapolated to the second muon station to
determine the 7GEN values that are used in the plot. The solid markers show the new vertex-
unconstrained algorithm performance, while the hollow markers show the default beamspot-
constrained algorithm performance. In the EMTF plot, the different colors show different |7|

regions: 1.24 < |[SEN| < 1.6 (blue), 1.6 < [755N] < 2.0 (red).

At the HLT, two new triggers were introduced. The new triggers are characterized by mini-
mum pr thresholds that depend on the muon d,,. The first algorithm, labeled “Run 3 (2022,
L2)”, attempts to reconstruct the muon candidates at the L3 stage (like global muons), taking
advantage of their superior tracker resolution for determining muon d,, instead of stopping
the online reconstruction at the L2 stage (muon system alone), as was done in the Run 2 trigger.
If either of the two L2 muon candidates is reconstructed as a L3 muon with d; < 1cm, the
event is discarded, since such an L2 muon candidate is likely to originate from the background
processes. The resulting trigger operates with minimum L2 muon py thresholds at 10 GeV and
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significantly improves the signal efficiency while contributing around 10 Hz of additional HLT
rate.

The second new HLT algorithm, labeled “Run 3 (2022, L3)”, relies entirely on the online L3
muon reconstruction. A moderate minimum threshold on the impact parameter of each muon,
dy > 0.01 cm, allows the minimum py thresholds to be fairly low: 16 (10) GeV for the leading
(subleading) L3 muon. The resulting trigger greatly improves the signal efficiency at smaller
cT compared to the Run 3 (2022, L2) trigger, while adding only another 10 Hz of HLT rate.

An equivalent trigger to the Run 3 (2022, L3), labeled “Run 3 (2022, L3 dTks)”, is also in-
cluded in the trigger menu. This new trigger uses a newly developed L3 muon reconstruc-
tion algorithm that closely resembles the algorithm used offline. The main improvements are
the inclusion of the displaced tracker muons and the optimization of the seeding stage of the
muon trajectory building, which is made more efficient for displaced muons by removing the
dg requirement. The new trigger, currently in the commissioning phase, has the same signal
efficiency but with about 15% less rate than the Run 3 (2022, L3) trigger.

The combined L1T+HLT efficiency of the various displaced-dimuon triggers and their logical
OR as a function of ¢t is shown in Fig. 40 for simulated HAHM signal events, where the dark
Higgs boson (Hp) mixes with the SM Higgs boson (H) decays to a pair of long-lived dark
photons (Zp), each with a mass my = 20 GeV, as shown in Fig. 5. The addition of new triggers
at the L1T and HLT improves the eff1c1ency for Zp, with mz_ > 10GeV and ct 2 0.l1cmby a
factor of 2 to 4, depending on ¢t and mass.
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Figure 40: L1T+HLT efficiencies of the various displaced-dimuon triggers and their logical OR
as a function of ¢t for the HAHM signal events with my = 125GeV and mz_ = 20GeV, in
2022 conditions. The efficiency is defined as the fraction of simulated events that satisfy the
detector acceptance and the requirements of the following sets of triggers: the Run 2 (2018)
triggers (dashed black); the Run 3 (2022, L3) triggers (blue); the Run 3 (2022, L2) triggers (red);
and the logical OR of all these triggers (Run 3 (2022), solid black). The lower panel shows the
ratio of the overall Run 3 (2022) efficiency to the Run 2 (2018) efficiency. Figure adapted from
Ref. [105].

An efficiency measurement is performed using J/ — pu events recorded using jets and pTiss

triggers with 2022 and 2023 data. This data set corresponds to an integrated luminosity of
64.3fb~!, which is a little more than is used in other sections of this note focused on 2022
and 2023 data, since in this case only the subdetectors needed for muon reconstruction are
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required to provide good-quality data. The efficiencies are defined as the subset of these events
that also pass the Run 3 (2022, L3) path. The measurement is compared with the efficiency in
simulation, defined as the fraction of events that pass the same trigger, obtained by combining
various simulated samples of B hadrons that decay into J/ — pu. Figure 41 shows trigger
efficiencies as a function of the minimum pr of the two muons in the event min(py) (upper
left), the maximum py of the two muons max(pr) (upper right), and the minimum d,, of the two
muons min(d,) (lower). For each measurement, the other two variables are required to be at the
trigger efficiency plateau. The efficiency plateau, where the efficiencies are close to 65% in data
and 70% in simulation, is reached for min(py) > 12GeV, max(py) > 18 GeV, and min(d,) >
0.015 cm. The main loss of efficiency at the plateau is caused by double-muon L1 triggers when
selecting two muons with small spatial separation. This inefficiency is particularly prominent
in J/Y — up events, as they typically have 0.05 < AR(uu) < 0.15. There is some remaining
efficiency of around 15% below the trigger thresholds. This is because of differences between
the online and offline L3 muon reconstructions, which can provide different estimations of the
pr and d, parameters.
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Figure 41: L1T+HLT efficiency of the Run 3 (2022, L3) triggers in 2022 data (black), 2023 data
(red), and simulation (green) as a function of min(py) (upper left), max(py) (upper right), and
min(d,) (lower) of the two muons forming TMS-TMS dimuons in events enriched in J/ — uu
events. Efficiency in data is the fraction of J/p — up events recorded by the triggers based
on the information from jets and piss that also satisfy the requirements of the Run 3 (2022,
L3) triggers. It is compared to the efficiency of the Run 3 (2022, L3) triggers in a combination
of simulated samples of J/{p — up events produced in various B hadron decays. The lower
panels show the ratio of the data to simulated events.

We also use J/¢ — pp TMS-TMS dimuon candidates with an invariant mass of 3.0 < m,,,, <
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3.2 GeV recorded with the Run 2 (2018) triggers to evaluate the efficiency of the Run 3 (2022,
L3) and Run 3 (2022, L3 dTks) triggers. This is shown in Fig. 42 (upper left) for the Run 3 (2022,
L3) trigger and split in the 2022 and 2023 years, with an efficiency higher than 90% for dimuons
with min(d;) > 0.012cm, and in Fig. 42 (upper right) for the combined 2022 and 2023 years
and both triggers simultaneously. Figure 42 (lower) shows the invariant mass distribution for
TMS-TMS dimuons in events recorded by the Run 2 (2018) triggers, and the subset of events
also selected by the Run 3 (2022, L3) or Run 3 (2022, L3 dTks) triggers. This last trigger provides
larger signal efficiency and background rejection than the Run 3 (2022, L3) trigger.
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Figure 42: HLT efficiency, defined as the fraction of events recorded by the Run 2 (2018) trig-
gers that also satisfied the requirements of the Run 3 (2022, L3) triggers, as a function of
offline-reconstructed min(d,) of the two muons forming TMS-TMS dimuons in events en-
riched in J/yp — up (upper left). The black circles represent efficiencies during the 2022
data-taking period, and the red triangles represent the 2023 period. For dimuons with offline
min(d,) > 0.012cm, the combined efficiency of the L3 muon reconstruction and the online
min(d,) requirement is larger than 90% in all data-taking periods. The HLT efficiency of the
Run 3 (2022, L3) triggers, shown with blue triangles, and the Run 3 (2022, L3 dTks) triggers,
shown with green squares, in ]/ — ppu events in the full 2022 and 2023 data set (upper right).
Invariant mass distribution for TMS-TMS dimuons in events recorded by the Run 2 (2018)
triggers in the combined 2022 and 2023 data set (black circles), and in the subset of events also
selected by the Run 3 (2022, L3) trigger (blue triangles) and Run 3 (2022, L3 dTks) trigger (green
squares), illustrating the background rejection of the L3 triggers (lower).

We use STA-STA dimuons that have a three-dimensional (3D) opening angle compatible with
a cosmic ray muon traversing CMS recorded with the Run 2 (2018) trigger to evaluate the
efficiency of the Run 3 (2022, L2) triggers. The efficiency as a function of min(d,) is shown in



50

Fig. 43 (left). It is greater than 95% for dimuons with min(d,) up to 350 cm in both 2022 and
2023 years. Figure 43 (right) shows the invariant mass distribution for TMS-TMS dimuons in
events recorded by the Run 2 (2018) triggers, and the subset of events also selected by the Run 3
(2022, 1L.2).

In 2024, a few displaced single-muon triggers were added. At the L1T, a single-muon BMTF
trigger requires a high-purity muon with beamspot-unconstrained pr > 15GeV. This trigger
seeds two paths at the HLT: one path that requires at least one L2 muon with py > 50 GeV and
rejects events with at least one L3 muon with d; < 1cm, and another path that requires at least
one L3 muon with pr > 30GeV and d > 0.01 cm.

The total rates of the displaced single and dimuon triggers described here are 67 and 102 Hz,
respectively.
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Figure 43: HLT efficiency, defined as the fraction of events recorded by the Run 2 (2018) triggers
that also satisfied the requirements of the Run 3 (2022, L2) triggers, as a function of offline-
reconstructed min(d,) of the two muons forming STA-STA dimuons in events enriched in
cosmic ray muons (left). The black circles represent efficiencies during the 2022 data-taking
period, and the red triangles represent the 2023 period. For displaced muons, the efficiency
of the online min(d)) requirement is larger than 95% in all data-taking periods. The invariant
mass distribution for TMS-TMS dimuons in events recorded by the Run 2 (2018) triggers in the
combined 2022 and 2023 data set (black circles), and in the subset of events also selected by
the Run 3 (2022, L2) triggers (pink triangles), illustrating the background rejection of the Run 3
(2022, L2) triggers (right).

6.3.2 Double displaced L3 muon triggers

Another displaced-dimuon trigger has also taken data since Run 2. This trigger is designed for
the displaced leptons analysis, described in Ref. [108], where the two leptons are not required
to come from a common displaced vertex. This signature is shown in Fig. 44 and can arise
for example in an RPV SUSY model with long-lived top squarks that decay into displaced
quarks and leptons [109], a GMSB model with long-lived sleptons that decay into a gravitino
and a lepton [110], and a model with BSM Higgs bosons that decay into two long-lived scalars,
which each decay into two displaced leptons [111]. At the HLT, this trigger requires at least two
L3 muons, each with pr > 43 GeV, whose track fit is not updated at the PV, which provides
the trigger with higher acceptance of displaced muons. This HLT path is seeded by L1 dimuon
triggers. The total rate of these HLT paths is about 2 Hz.

Figure 45 shows the efficiency of this trigger in HAHM signal events, as a function of the
min(py) of the two global or tracker muons in the event. The HAHM signal is used here,
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Figure 44: Diagram of a simulated signal event in the inclusive displaced-leptons search, from
a transverse view of the interaction point, in the analysis presented in Ref. [108]. The black
arrows indicate the lepton d, vectors. Figure taken from Ref. [112].

rather than one of the signals mentioned above that are targeted by this trigger, in order to
more readily compare the efficiency to that of other displaced muon triggers. The turn-on is
shown in muon pr, illustrating that the double displaced L3 muon trigger is fully efficient for
offline muons with min(py) > 48GeV. Furthermore, this trigger has 100% efficiency for all
displacements. The HLT path does not exhibit a turn-on at small min(d,) values because no
displacement requirement is made in this trigger.
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Figure 45: L1T+HLT efficiency of the double displaced L3 muon trigger as a function of
min(pt) of the two global or tracker muons in the event. The efficiency is plotted for HAHM
signal events in 2022 conditions with m_ = 50GeV and € = 4 x 1077 (black triangles),
mz = 60GeVand € = 2 x 1077 (red triangles), and my; = 125GeV in both cases. The events
are required to have at least two good global or tracker muons with pr > 23 GeV.
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6.3.3 Displaced L3 muon+photon triggers

Several cross-object triggers, which select at least one photon and at least one displaced muon
at the HLT, have been used in CMS since Run 2. These triggers are designed for an analysis,
described in Ref. [108], that searches for two LLPs that are produced in pp collisions and decay
in the detector, one of which to a displaced muon and other decay products, the other of which
to a displaced electron and other decay products. This signature was shown above in Fig. 44
and can arise in the same theoretical scenarios discussed in Section 6.3.2. The displaced electron
and muon would not necessarily come from the same displaced vertex. In this way, the HLT
photon is a proxy for a displaced electron. To be sensitive to larger displacements and limit
bias towards lower displacements, the displaced electron track is not reconstructed at the HLT,
but rather only in the offline analysis.

At the HLT, the first muon-photon cross-object trigger requires an L3 muon with py > 43 GeV
whose track fit is not updated at the PV to minimize the constraints to the interaction point and
maximize the efficiency for displaced muons. This trigger also requires a photon at the HLT
with pr > 43GeV and a set of loose, calorimeter-based identification selections. In addition,
there is a second muon-photon cross-trigger available at the HLT, which makes similar require-
ments except it lowers the minimum p requirements on both the HLT photon and the muon to
38 GeV, and to compensate for the rate increase, the muon is required to have dy > 1 cm. In this
way, the efficiency to trigger on lower py signals is increased, while paying a modest price in
displacement. Both muon-photon cross-object HLT paths are seeded by muon-e /<y L1 triggers.

The total rate of these HLT paths is about 5Hz. The performance of the displaced L3 muon
leg of this trigger can be seen from the performance of double-displaced L3 muon triggers,
as described in Section 6.3.2 and shown in Fig. 45. The performance of the photon leg of the
trigger, which is a standard photon reconstructed at the HLT, can be seen in Ref. [19].

6.3.4 Dimuon scouting triggers

Dimuon scouting triggers, which are fully documented in Ref. [33], have been available since
2017. Their purpose is to substantially lower the muon minimum py thresholds compared
to standard triggers. In particular, the dimuon scouting triggers require both muons to have
pr > 3GeV at the HLT, as opposed to standard dimuon triggers, which historically required
at best minimum py thresholds of 17 and 8 GeV for the leading and subleading pt muons, re-
spectively. Since Run 3, an inclusive dimuon trigger strategy has been implemented to collect
events in the low-mass region (below the Y peak) using the parking data, with py thresholds as
low as those in scouting. However, dedicated scouting muon reconstruction still makes scout-
ing the optimal strategy for displaced muon signatures compared to parking. This is because
the dimuon scouting triggers use HLT reconstruction algorithms that lack any association be-
tween the muons and the PV. This enables scouting searches for resonances that have nonzero
displacement from the PV, such as the search described in Ref. [113]. This search targets a
displaced dimuon signature similar to the one described in Section 6.3.1, but it targets signals
with lower dimuon masses, such as a scenario with an SM-like Higgs boson that decays to four
leptons via two intermediate dark photons or through the Higgs portal via a dark Higgs bo-
son [70]. Figure 38, which is shown above in Section 6.3.1, illustrates an example signal event
that is also applicable for the search that uses dimuon scouting triggers.

In Run 2, the dimuon scouting HLT paths required that muon tracks deposit energy in at least
two layers of the pixel tracker detector. This requirement limited the maximum muon d, to
about 11cm. At the beginning of Run 3, this pixel hit requirement was removed from the
scouting muon reconstruction algorithm, which increased the efficiency to trigger on displaced
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muons, as they may be sufficiently displaced to not create hits in the pixel detector. This change
occurred at the same time as the L1T BMTF improvement mentioned in Section 6.3.1, which
also improved the displaced-muon trigger performance.

Figure 46 shows the distribution of the dimuon vertex transverse displacement L,, for events
that contain at least one pair of opposite-sigh muons associated with a selected secondary ver-
tex. Events are collected with dimuon displacements up to about 100 cm, corresponding to the
end of the sensitive region of the tracker. At the positions of the pixel layers, with radii of 29,
68, 109, and 160 mm, photons undergoing conversion processes in the material lead to peaks in
the L, distribution. These peaks are less pronounced in the Run 3 distribution because of the
removal of the pixel-hit requirement, which leads to higher efficiency, but also lower purity, if
no additional analysis-specific quality criteria are required, as is the case here.
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Figure 46: Comparison between the L,, distribution for dimuon scouting events, for Run 2
(orange) and Run 3 (blue) events in data that contain dimuon pairs with a common displaced
vertex and a minimal selection on the vertex quality. The dashed vertical lines, placed at radii of
29, 68, 109, and 160 mm, correspond to the positions of the pixel layers where photons undergo
conversion processes in the material, causing the observed peaks in the L, distribution. Figure
taken from Ref. [33].

A combination of L1T algorithms requiring one of two options is employed. These options
are to require either (a), at least two muons with minimum py thresholds of 15 and 7 GeV
for the highest-pt and lowest-pr muon, respectively, or (b), two opposite-sign muons with
pr thresholds as low as 0GeV and an additional selection on the invariant mass or angular
separation (for better handling the trigger rate). The proportional rate of these triggers at the
L1T amounts to about 10 kHz at the highest luminosity for an average PU of 60. Events selected
by at least one of the L1 seeds are then reconstructed at HLT with a minimum requirement of
3 GeV, reducing the HLT rate of the dimuon scouting trigger to about 4.2 kHz.

The efficiency of the dimuon scouting trigger is shown in 2024 data in Fig. 47 and in simulated
HAHM signal events for two illustrative masses of m; = 2.5 and 14 GeV in Figs. 48 and 49.
Figure 47 shows that the dimuon scouting trigger efficiency is driven by the L1T, which re-
quires high-quality muons. Figures 48 and 49 demonstrate that the dimuon scouting triggers
are highly efficient for HAHM events, especially for muons coming from decays of dark pho-
tons with sufficiently large m and with a less boosted decay (ensuring good angular muon
separation), and where also a significant fraction of the muons are reconstructed even for the
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longest considered lifetimes. Good efficiency is maintained for L,y values up to about 40 cm.
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Figure 47: L1T+HLT efficiency of the dimuon scouting trigger as a function of the subleading
muon pr, for 2024 data. The efficiency of the L1T dimuon seeds (pink squares) and the HLT
dimuon scouting trigger with the vertex-unconstrained reconstruction algorithm (blue trian-
gles) is shown. At least two scouting muons with x?/dof < 3 and AR > 0.1 are required.

Figure 50 shows the pr resolution of scouting muons with respect to offline muons, as a func-
tion of the scouting muon pr, for 2024 data events. The resolution is shown for two differ-
ent scouting muon reconstruction algorithms: one that is constrained to the primary vertex,
and one that is unconstrained. The vertex-constrained algorithm is appropriate for prompt
muons, while the vertex-unconstrained algorithm provides higher efficiency for displaced
muons. The vertex-unconstrained algorithm provides pr resolutions ranging from 0.5 to 1% for
pr < 50GeV and increasing to 2% at 100 GeV, for both barrel and endcap muons. The vertex-
constrained algorithm provides very good pr resolutions for both the barrel and endcaps, that
is, less than 0.5% for all py values in the barrel and between 0.5 and 1% in the endcaps.

6.3.5 Muon detector showers triggers with the CSCs

During pp collisions, LLPs could be produced at the CMS interaction point and, if they have
a sufficiently large lifetime, travel to the muon system before decaying, creating an MDS sig-
nature. The defining feature of LLP decays within the CMS muon system is the multiplicity of
hits created by particle showers. This starkly contrasts what a typical muon would deposit in
the detector, which are several hits in each detection layer that form a trajectory pointing to the
interaction point. Some Run 2 analyses have used this MDS signature offline, as described in
Refs. [114, 115], relying on other objects for the trigger strategy. To improve the CMS sensitivity
to this striking signature, several MDS triggers have been created in time for Run 3 data taking.

The overall strategy at the L1T is to first identify the LLP showers by counting the number of
hits at individual CSC chambers, and to then aggregate and condense the presence of show-
ers from the chambers through the rest of the backend electronics. Hits per bunch crossing
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Figure 48: L1T+HLT efficiency of the dimuon scouting trigger as a function of the generator-

level ny, for HAHM signal events in 2024 conditions. The efficiency is shown for Mz

14 GeV and ¢t = 100 mm (pink squares) and myz =25 GeV and ct = 100 mm (blue trlangles)
The muons are required to have py > 15GeV and |7| < 2.4 at the generator level.
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Figure 49: L1T+HLT efficiency of the dimuon scouting trigger as a function of the generator-
level subleading muon pr, for HAHM signal events in 2024 conditions. The efficiency is shown
for Z, masses of 2.5 (left) and 14 GeV (right), and ct values of 1 (purple squares), 10 (blue
triangles), and 100 mm (pink circles). The muons are required to have || < 2.4 at the generator

level.

are counted in each CSC chamber on the CSC local trigger, which has both anode-wire and
cathode-strip readout. Optimized thresholds are set on each sector individually to evaluate
whether the found number of hits is above or below such thresholds. The larger available
resources of the optical trigger motherboard allow the trigger to detect the coincidence of an-
ode and cathode counts above thresholds for chambers in ring 1, while an anode-only logic is
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Figure 50: The pt resolution of scouting muons with respect to offline muons, as a function
of the scouting muon pr, for 2024 data events. The dimuon AR is required to be greater than
0.2, and the scouting muon pr is required to be greater than 3 GeV. The resolution is shown
for muons in the barrel (blue filled points) and the endcaps (purple filled triangles) that are
reconstructed with the unconstrained vertex reconstruction algorithm, as well as for muons in
the barrel (red filled squares) and the endcaps (orange unfilled squares) that are reconstructed
with the constrained vertex reconstruction algorithm. The figure is made using a special mon-
itoring data set that collects events triggered by a mixture of HLT paths (both scouting and
standard triggers) with a very high prescale, in which all information about the muon objects
stored from the offline and scouting reconstruction.

set for chambers in rings 2 and 3. This information is encoded in several bits called “loose”,
“nominal”, and “tight”, with different thresholds for each, and then transferred to the EMTF
sector processors. Likewise, the EMTF transmits information about the existence or absence of
any chamber passing the counting criteria per sector to the global muon trigger. Finally, the
global muon trigger transfers the information to the global trigger, and the L1 physics seeds
(One-Nominal, One-Tight, and Two-Loose) are filled within the L1 menu. In the case of the
Two-Loose strategy, which targets pair-produced LLPs, the global muon trigger evaluates if
there are at least two different sectors with any chamber above loose thresholds, which vary
depending on the chamber. A display of one CMS event triggered in 2022 by this logic is shown
in Fig. 51.

The efficiency of the trigger to select LLPs is evaluated with a sample of H — SS — bbbb
events, the Feynman diagram for which is shown in Fig. 4. Signal efficiencies are shown in
Tables 4 and 5 for simulated events with one and two LLPs decaying in the CSC detector ac-
ceptance, respectively. In the latter case, it can be observed that the presence of the Two-Loose
L1 seed yields up to a 10% increase in the signal efficiency.

At the HLT, hits from all the CSC chambers or stations are available and can be reconstructed as
cluster objects. This allows the HLT to capture the properties of signal showers across multiple
CSC chambers, thus rejecting more backgrounds. The CSC 3D spatial points (hits) are clus-
tered using the Cambridge-Aachen (CA) algorithm [116, 117] in the #-¢ space with a distance
parameter of 0.4. A cluster object is defined to have at least 50 hits, a threshold approximately
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Figure 51: Event display of a collision triggered by the CSC MDS trigger. The CSC recon-
structed hits are represented by blue dots in the muon end-cap region. This event features a
CSC cluster of 210 hits in the ME1/3 ring. The event was recorded on October 8th, 2022.

Table 4: The L1T CSC MDS trigger efficiency € in H — SS — bbbb events, for different choices
of my, mg, and ctg, for simulated events with at least one LLP decaying in the CSC detector
acceptance. The €, refers to the percentage of events within the CSC detector acceptance.
The €one-Nominal (Eone-Tight) requires the number of hits in at least one CSC chamber to pass the
nominal (tight) thresholds.

my [GeV]  mg [GeV] c¢tg[mm]  €xcc €one-Nominal €One-Tight

125 12 900 16.2% 43.1% 39.2%
125 25 1500 15.9% 43.7% 40.0%
250 60 10000 10.3% 55.5% 52.1%
250 120 10000 15.4% 29.9% 27.7%
350 160 10000 17.9% 39.1% 36.7%

two times higher than a typical muon would create in the muon system.

The additional cluster properties available at HLT allow us to design various trigger paths
to target different LLP production modes, as shown in Table 2. The single MDS path, which
was introduced in time for 2022 data taking, is the most generic path, whereas the double
MDS path (introduced in 2023) targets pair-produced LLP models more efficiently because of
its looser cluster selections. For LLPs produced together with a lepton or photon, additional
cross-trigger paths were introduced in time for 2024 data taking, where the trigger thresholds
for both the cluster and the lepton/photon selections are lowered.

The L1T efficiency as a function of the reconstructed CA cluster for one of the CSC rings and
L1T rates for One-Nominal and Two-Loose as a function of PU are shown in Fig. 52. (The
efficiencies for other CSC rings are shown in Ref. [76].) To evaluate the efficiency of individual
CSC rings, CSC clusters created by muon bremsstrahlung-induced, electromagnetic showers
are used as a proxy for LLP signal clusters in data. The efficiency is defined as the fraction of
events that pass the CSC MDS One-Nominal L1 seed, given that an uncorrelated trigger selects
the data and that a muon is matched to a CSC cluster. Because the L1 thresholds of different
CSC rings are different, the efficiency is measured separately for each CSC ring. Thus, the
centroid position of the cluster is restricted to be within a single CSC ring (e.g., ME2/2), and at
least 90% of the hits in the clusters are contained in the same CSC ring.

Figure 52 also shows that the L1T rate of both the One-Nominal and Two-Loose seeds are
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Table 5: The L1T CSC MDS trigger efficiency € in H — SS — bbbb events, for different
choices of my, mg, and c7g for simulated events with two LLPs decaying in the CSC detector
acceptance. The €, refers to the percentage of events within the CSC detector acceptance. The
€0ne-Nominal (ETwo-Loose) Te€quires having the number of hits in at least one (two) CSC chamber(s)
passing the nominal (loose) thresholds.

My [GeV] Mg [GeV] Clg [mm] Nacc €0ne-Nominal €One-Nominal OR Two-Loose

125 12 900 0.7% 69.6% 75.0%
125 25 1500 0.7% 75.1% 79.7%
250 60 10000 0.3% 74.0% 78.2%
250 120 10000 1.0% 44.4% 49.6%
350 160 10000 1.1% 63.4% 69.6%

proportional to the average PU. The cluster selections at the HLT further reduce the L1T rates
by a factor of 170, such that the single and double MDS paths have a combined total rate of
14Hz. The CSC MDS cross triggers provide an additional 14 Hz total rate at the HLT at the
same instantaneous luminosity.
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Figure 52: L1T efficiency of the One-Nominal CSC MDS trigger as a function of CSC hit cluster
size, measured with muon bremsstrahlung-induced electromagnetic showers using data taken
in 2022 and 2023 (left). L1T rate as a function of PU in a CMS run for the One-Nominal and
Two-Loose seed for a 2023 data-taking run (right). The rate dependence on PU is extracted by
using a linear fit.

6.3.6 Muon detector showers triggers with the DTs

Similarly to the MDS signature in the CSCs described in Section 6.3.5, an LLP decaying in
the DTs in the muon system can produce showers from the resulting decay products. These
showers can be identified using clusters of hits in the DTs, using this subsystem as a sampling
calorimeter. The DTs provide complementary coverage to the CSC MDS triggers described
in Section 6.3.5. In Run 2, CMS performed a search for LLPs using the DT cluster showers
and provided competitive sensitivity limits to various models, including Higgs boson to LLP
decays and first LHC limits for dark sector coupling to the Higgs boson [115].

In Run 3, dedicated triggers have been introduced that target a cluster of hits in the DTs oppo-
site the jet coming from initial or final state radiation. Figure 53 provides a visual representation
of this signature. This trigger enables a more model-independent search for LLPs decaying in
the DTs. The trigger uses p™is® with a minimum threshold of 150 GeV in the L1 seed, as im-
plementing a dedicated MDS trigger at the L1T in DTs was impossible because of the lack of
available bandwidth. At the HLT, DT clusters are reconstructed similarly to the CSCs, and a
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minimum size of 50 hits is required. Note that the hits from the first DT station, MB1, are ex-
cluded in the clusters, as it has the least amount of material upstream towards the interaction
point and thus higher backgrounds. Furthermore, another HLT path was implemented that
requires the One-Nominal MDS CSC cluster at the L1T and at least one DT cluster at the HLT.
This path recovers some efficiency for the case that multiple clusters are created in the tran-
sition region between the barrel and the endcaps. The total trigger rate at the HLT of the DT
MDS paths is 9 Hz.

DT cluster ’

-
\ b

Towards
Center of LHC

ISR jet

Figure 53: Diagram of the MDS signature in the DTs. The LLP decays in the DTs, opposite a jet
from initial state radiation.

Figure 54 shows good trigger efficiencies on simulated signal events with respect to offline
reconstruction quantities. The cluster used at the HLT is identical to the offline one, which
leads to close to 100% efficiency when there are at least 50 hits in the cluster. Less than 50 hits
are not allowed by the trigger algorithm, and so there are no measurement points in Fig. 54
right below 50 in the cluster size.

6.4 No-BPTX algorithms

The No-BPTX trigger algorithms are unique in that they are active only when no proton
bunches are colliding in the detector. They are designed to trigger on LLPs that have espe-
cially long lifetimes, are slow-moving, and could come to a stop in the detector (if the material
is dense enough) and then decay sometime later. These triggers collect data when the beam
pickup timing device (BPTX) does not detect the proton beam, and hence they are called the
“No-BPTX” triggers.

Each LHC beam consists of proton bunches arranged into an irregular pattern of “trains” [118].
Within a train, the proton bunches are nominally spaced 25ns apart, with larger spacings be-
tween trains to account for the needs of the injection process. In an LHC orbit, there are 3564
bunch slots (BXs), which are 25ns long. Each BX could be filled with proton bunches, which
usually occupy the first 2.5ns of the BX, or could be empty. The trains may be spaced such
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Figure 54: HLT efficiency of the DT MDS triggers as a function of piss (left) and cluster
size (right), for H — SS — bbbb events with my = 125GeV, mg = 40GeV, and c1g = 1m, in
2023 conditions. Events are required to have at least one cluster with more than 50 hits (left)
and piss > 250 GeV (right).

that multiple empty BXs could be between filled BXs. The maximum occupancy of the LHC in
Run 3 was about 2400 colliding bunches, depending on the year. At the end of each LHC orbit,
there is a 3.15 us long “abort gap” which is kept free of proton bunches to avoid losses during
the rise time of the LHC beam dump kickers.

To search for LLP decays during these empty BXs, the main No-BPTX triggers select events at
least two BXs away from any proton bunches. Thus, these triggers are live only during these
specific time windows. This distance of two BXs is chosen so that we maximize the search
time window while suppressing most of the events from secondary pp interactions and from
“beam halo”, which are mostly muons traveling outside the LHC beam that are produced by
LHC beam-collimator scattering. As a result, these triggers collect most of their data during the
LHC abort gap. The No-BPTX algorithm is present in dedicated L1 seeds with jet and muon
variants. Higher pr thresholds for the jets and muons are employed at the HLT, to suppress
backgrounds and lower the rate to a few Hz. We will now discuss the jet and muon No-BPTX
triggers in more detail below, in Sections 6.4.1 and 6.4.2, respectively.

6.4.1 Jet No-BPTX triggers

The jet No-BPTX triggers have been used since Run 1 to trigger on hadronic decays of LLPs
that become stopped in the dense inactive material in the CMS calorimeters [119, 120]. Such
stopped LLPs arise in BSM scenarios with long-lived gluinos [87, 89] or top squarks [121-123],
for example. This signature is illustrated in Fig. 55.

The jet No-BPTX triggers are designed to trigger on particularly out-of-time calo jets at the
HLT with energy greater than 60GeV and || < 3 that are at least two BXs away from pp
collisions. A requirement is made on the total energy of the jets instead of the transverse energy
because the stopped particles will decay isotropically, and not necessarily predominantly in
the transverse plane. These triggers primarily select events with beam halo and noise in the
calorimeters; thus, their rates are largely independent of PU. The total rate of these HLT paths



7. Long-lived particle trigger acceptances 61

£ 3 HCAL HB
g {HCAL \
HE \
\
\
»

Figure 55: Diagram of a stopped particle event, which can be selected by the jet No-BPTX
triggers. The dotted black arrow indicates the LLP, such as a gluino, that travels through the
detector before coming to a stop in the dense material of the HCAL. After some time, this
stopped particle decays hadronically, producing a significant energy deposit in the HCAL.

is less than 2 Hz at the maximum number of colliding proton bunches.

6.4.2 Muon No-BPTX triggers

The muon No-BPTX triggers, like the jet No-BPTX triggers, select events when there are no col-
liding bunches of protons in the detector, i.e., empty BXs. The muon versions of these triggers
select out-of-time L2 muons and have taken data since Run 1. The main trigger selects events
at least two BXs away from the pp collision time with at least one muon reconstructed in the
muon system with pp > 40 GeV. This trigger primarily selects muons from atmospheric cosmic
rays that have produced showers of particles in the CMS detector or the rock above it. Thus,
the rate of this trigger depends on the number of filled bunch crossings but is largely constant
as a function of PU.

The rate of the main muon No-BPTX HLT path as a function of the number of colliding bunches
is shown in Fig. 56. The rate decreases linearly as the number of proton bunches increases and
there are fewer empty BXs when the No-BPTX trigger selects events. The slight rate increase
from Run 2 to Run 3 is mostly likely a result of the increase in rate from the backgrounds in
the EMTF, and the increase in rate of the LHC backgrounds overall from the increase in center-
of-mass energy. The total rate of these HLT paths is about 7 Hz at the maximum number of
colliding proton bunches.

The muon No-BPTX triggers are used to trigger on the muonic decays of stopped LLPs [120],
that arise, for example, in models with long-lived gluinos [87, 89] or multiply charged parti-
cles [124]. This signature of a stopped particle decaying into two back-to-back muons is il-
lustrated in Fig. 57 and was probed in the latest stopped particle analysis [120]. It should be
noted that the muon No-BPTX triggers are also performant for more signatures than this, as
the triggers simply require at least one out-of-time muon.

7 Long-lived particle trigger acceptances

In this section, we show the trigger acceptance, as a function of LLP c7 or decay position, for the
different types of LLP triggers described in Section 6, for a given LLP signal benchmark model
described in Section 5. In this way, the diversity and complementarity among the different
trigger strategies are demonstrated. The trigger acceptances for models that predict neutral
LLPs are shown first, for hadronic and leptonic signatures, followed by the acceptances for
models that predict charged LLPs.
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Figure 56: Rate of the main muon No-BPTX HLT path as a function of the number of colliding
bunches, for different years in Run 2 and Run 3.

LLP comes to a stop

> M2

Figure 57: Diagram of a stopped particle event, which can be selected by the muon No-BPTX
triggers. The dotted black arrow indicates the LLP that travels through the detector before
coming to a stop in the iron yoke in the muon system. After some time, this stopped particle
decays to two back-to-back muons.

The trigger performance of different LLP triggers is shown here for the benchmark H — SS —
bbbb process, the Feynman diagram for which was shown above in Fig. 4.

Figure 58 shows the trigger acceptance for the CSC and DT MDS triggers as a function of LLP
ct. Figure 58 left illustrates the improvement of the dedicated CSC MDS triggers in Run 3
with respect to the Run 2 trigger strategy, which relies on triggering on pis. Figure 58 right
illustrates the improved performance of the DT MDS triggers in Run 3 over that of the Run 2
trigger strategy, namely, triggering on piss at the L1 and HLT. Since the Run 3 MDS triggers



7. Long-lived particle trigger acceptances 63

in the DTs still rely on pTss at the L1T because of rate constraints, the improvement is less

significant than that of the CSC trigger paths.
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Figure 58: Comparison of the acceptance in Run 2 and Run 3 for the CSC (left) and DT (right)
MDS triggers at the L1T and HLT as a function of the LLP lifetime, for H — SS — bbbb
events with my = 125GeV and mg = 40GeV, in 2023 conditions. The acceptance is defined
as the fraction of events that pass the specified selection, given an LLP decay in the fiducial
region of the CSCs (left) or DTs (right). The left plot compares the acceptance of the Run 2
strategy of triggering on piss (blue circles), which was required to be >200GeV offline, with
that of the Run 3 strategy of triggering on the MDS signature in the CSCs, where the L1T
(L1IT+HLT) acceptance is shown with orange squares (red triangles). The right plot compares
the acceptance of Run 2 strategy of triggering on piss (blue circles) with the Run 3 strategy of
triggering on the MDS signature in the DTs, where the L1IT+HLT acceptance is shown with red
triangles.

Figure 59 shows the L1T and HLT acceptances for the CSC MDS trigger as a function of the
LLP decay position along the z-axis. The L1T (HLT) acceptance is approximately 40 (10)% for
showers in the ME1/1 region because high thresholds are needed in this CSC station to sup-
press hadronic punchthrough. However, the acceptance increases to around 70 (60)% in the
other stations. The shaded regions represent steel within the CSC system, and the structure
observed in the acceptance distribution partly reflects variations in steel thickness, which in-
fluences shower development. The corresponding acceptance distribution for the DT MDS
trigger is shown in Fig. 60. In this case, there is no dedicated L1T seed, so acceptance is shown
both for all events and for those that pass the L1T pTis$ trigger. Hadronic punchthrough is of
reduced concern for the DT MDS trigger, owing to the lower particle flux in the barrel region
and the presence of the solenoid, which results in higher HLT acceptance in the first station
compared to the CSC.

Figures 61 and 62 show the trigger acceptance for the CSC and DT MDS triggers, respectively,
as a function of the LLP decay radius and z position. These figures illustrate that the MDS
trigger program is comprehensive and allows CMS to trigger on the MDS signature throughout
the entire muon system.

Figure 63 shows the trigger acceptance at the HLT for various hadronic LLP triggers in H —
XX — bbbb events, as a function of the LLP decay radius. The figures correspond to different
choices of my and my. The signal acceptance used in this figure is defined as the ratio of
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Figure 59: L1T (blue circles) and L1T+HLT (orange squares) acceptance for the CSC MDS trig-

ger as a function of LLP decay positions in the z-direction, for H — SS — bbbb events with
my = 350GeV, mg = 80GeV, and c1g = 1 m, in 2023 conditions.
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Figure 60: HLT (blue circles) and L1T+HLT (orange squares) acceptance for the DT MDS trigger

as a function of LLP decay positions in the radial direction, for H — SS — bbbb events with
my = 350GeV, mg = 80GeV, and c1g = 1 m, in 2023 conditions.
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Figure 61: L1T (left) and L1T+HLT (right) acceptance for the CSC MDS trigger as a function
of LLP decay positions, for H — SS — bbbb events with my = 350GeV, mg = 80GeV , and
cTg = 1m, in 2023 conditions.
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Figure 62: HLT acceptance for the DT MDS trigger as a function of LLP decay position, for
H — SS — bbbb events with my = 350 GeV, mg = 80 GeV, and ctg = 1m, in 2023 conditions.

The L1T acceptance that is based on pTis is not included.

the number of LLPs passing the respective HLT requirements, given that the LLPs decay in
the corresponding fiducial region of the detector shown in Fig. 64. For example, the signal
acceptance for MDS triggers using CSCs is computed with respect to the decay of LLPs within
the fiducial region of the CSCs. The fiducial region used in the tracker-based displaced jet
triggers is defined as R < 300cm, |z| < 560cm, and || < 2.0. Here, the fiducial region
extends from the tracker into the calorimeters because some of the tracking-based displaced
jets algorithms rely on calo jets with a prompt track veto, enabling sensitivity to displaced LLP
decays beyond the tracker volume itself. For the ECAL (HCAL)-based delayed jet triggers, the
fiducial region is defined as R < 152 (300) cm and |7| < 1.48 (1.26), which corresponds to the
barrel region of ECAL and the barrel region of HCAL with full segmentation information. For
the MDS triggers using the DT and CSCs, the fiducial region is defined as 200 < R < 800cm
and |z| < 661 cm for the DTs, and R < 695cm, 400 < |z| < 1100cm, and 0.9 < || < 2.4 for
the CSCs, which are extended in front of the muon system to include the LLPs that initiate the
hadronic showers in the solenoid and HCAL.

Figure 63 demonstrates the complementarity of the LLP triggers, as the displaced-jet triggers
using the tracker have high acceptance for the smallest decay radii, the delayed-jet triggers
using ECAL timing provide higher acceptance up until the start of the ECAL, the displaced-jet
triggers using the HCAL provide acceptance through the HCAL, and the MDS triggers with
the DTs and CSCs provide acceptance inside the muon system.

Figure 65 shows the complementarity in coverage, in the HLT muon p-d, plane, of the various
dimuon triggers that target displaced signatures. The displaced dimuon triggers (Section 6.3.1,
covering L2 muon paths in blue and L3 muon paths in red), the double displaced L3 muon
triggers (Section 6.3.2, in red), and dimuon scouting triggers (Section 6.3.4, in green) are shown.
The coverage of these triggers somewhat overlaps in this plane, but each trigger provides access
to additional phase space.

The acceptance of the displaced T}, trigger in pp — TT (T — TX}) events where each T decays
hadronically, is shown in Fig. 66.

8 Summary

The CMS Run 3 (2022-2026) long-lived particle (LLP) trigger program, which includes many
dedicated triggers designed to select different LLP signatures, has been presented. These ded-
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Figure 63: L1T+HLT acceptance for various LLP triggers using different subdetectors, as a
function of LLP decay radius, for H — XX — bbbb events in 2023 conditions. The plots
correspond to different signal points with my = 1000 GeV, my = 200 GeV on the upper left,
my 350GeV, my 80GeV on the upper right, my 350GeV, my 160 GeV on the
lower left, and my = 125GeV and my = 25GeV on the lower right. In each of these plots,
the ct is 0.1 m for the displaced-jet triggers using the tracker and 1m for the other triggers.
The acceptance is shown for the displaced-jet triggers using the tracker (cyan points), for the
delayed-jet triggers using ECAL timing (red circles), for the displaced-jet triggers using the
HCAL (blue squares), for the MDS triggers with the DTs (green triangles), and for the MDS
triggers with the CSCs (pink points). The boundaries of the tracker, ECAL, HCAL, DTs, and
CSCs are also shown in the figures.
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Figure 64: The fiducial regions defined for the calculation of each trigger acceptance in Fig. 63.
The text contains the exact definitions of each region.



8. Summary 67

L2 muons (muon system only)

A
— L3 muons (tracker + muon system)
> .
] Scouting muons (tracker + muon system)
<€)
-
-
5 >2 L3 u (p,* > 43 GeV)
43
>2 L2 u (p,? > 23 GeV)
23 :
22 L3t (b, # 16 GeV, p,? > 10 GeV,
d,*>0.01 cm)
16 T
>2 L2 u (p,* > 10 GeV, d"* > 1 cm)
10 T
>2 scouting 12 >3 GeV.
3 2% scouting ¢t (py V) Axis not to scale
] | | ] >
1 I I | i
0.01 1 100 1000
(Tracker end) (Muon system end)
d, [em]

Figure 65: Diagram of the overlapping coverage, in the HLT muon pr-d plane, of the dimuon
triggers that target displaced signatures. The L2 muons are shown in blue, the L3 muons are
shown in red, and the scouting muons are shown in green. The displaced dimuon triggers, the
double-displaced L3 muon triggers, and the dimuon scouting triggers are shown. The pr of the
highest-pr muon (pl) is shown on the y-axis, and the minimum py thresholds on each triggered
muon (p%’z) are indicated within the colored parts of the diagram. The value of 100 (1000) cm
given on the x-axis for the end of the tracker (muon system) is approximate.
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Figure 66: LIT+HLT acceptance of the displaced 7y, trigger, for simulated pp — T7(T — TX))
events, where each T decays hadronically and the T has a simulated ¢t of 10 cm. The acceptance
is shown for the displaced di-1,, trigger path using 2022 data-taking conditions and is plotted
with respect to the generator-level T decay radius. Selections on the visible component of the
generator-level tau lepton pr (p1(7) > 30 GeV), its pseudorapidity (|7(7)| < 2.1), and its decay
radius (R < 115cm) are applied.
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icated LLP triggers extend the standard CMS trigger program and provide crucial access to
unconventional LLP event signatures. In time for 2022 data taking, some LLP triggers, such
as the tracking-based displaced-jet, displaced-muon, and dimuon-scouting triggers, have been
improved. Other LLP triggers, such as the displaced-tau trigger, delayed-jet trigger using the
electromagnetic calorimeter timing, displaced-jet trigger using the hadronic calorimeter, and
the muon detector shower trigger, were newly added in 2022. The performance of these trig-
gers has been shown with several new physics models and with 2022-2024 proton-proton col-
lision data collected at /s = 13.6 TeV.

These triggers greatly improve the CMS sensitivity to long-lived, beyond-the-standard model
particles, enhancing the experiment’s ability to search for new physics. At the time of writing,
two CMS LLP analyses based on early Run 3 data collected with dedicated LLP triggers have
been published. These analyses are a search for displaced jets [85] and a search for displaced
dimuons [105]. In the next years, many more LLP analyses using these data and the trigger
presented here are expected.
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AMSB
BMTF
BPTX
BSM
BX
CA
CMS
CSC
CPU
DAQ
DNN
DT
ECAL
EMTF
GEM
GMSB
GPU
HAHM
HCAL
HB
HLT
HPS
ISR
L1
LHC
LLP
LO
MC
MDS
ML
NLO
NN
OMTE
PDF
PF
PU
PV
QCD
RPC
RPV
SM
SUSY
TDC
3D

Anomaly-mediated supersymmetry breaking

Barrel muon track finder
Beam pickup timing device
Beyond the standard model
Bunch slot
Cambridge-Aachen
Compact Muon Solenoid
Cathode strip chamber
Central processing unit
Data acquisition

Deep neural network

Drift tube

Electromagnetic calorimeter
Endcap muon track finder
Gas electron multiplier
Gauge-mediated supersymmetry breaking
Graphical processing unit
Hidden Abelian Higgs model
Hadronic calorimeter
Hadronic calorimeter barrel
High level trigger

Hadron plus strip

Initial state radiation

First level

Large Hadron Collider
Long-lived particle
Leading order

Monte Carlo

Muon detector shower
Machine learning
Next-to-leading order
Neural network

Overlap muon track finder
Parton distribution function
Particle flow

Pileup

Primary vertex

Quantum chromodynamics
Resistive-plate chamber
R-parity violating

Standard model
Supersymmetry
Time-to-digital converter
Three-dimensional
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