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An Avenue to New Physics: Exotic Higgs Decays

• Compelling direction for new particle searches
• Probe exotic decays of the Higgs boson
• Newest discovery in Standard Model
• Higgs can couple to any massive particle –

potential avenue to physics beyond the 
Standard Model
• BR H → undetected ≤ 16% [1]
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AAAS

https://www.nature.com/articles/s41586-022-04892-x
https://www.eurekalert.org/multimedia/985701


Compelling model: ! → ## → $%$$%$
• Exotic decay of the Higgs boson
• Less well covered when / is long-lived

Often leads to high energy-based searches to reduce backgrounds

Long-Lived Particle (LLP) Searches at the LHC
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Calorimeter Based LLP Reconstruction

19 July 2024 Gillian Kopp      |      ICHEP 2024 4

1.29 m

1.77 m

2.95 m

Many tracks

1.29 m

1.77 m

2.95 m

Evenly distributed 
calorimeter hits

LLP

Trackless

Clustered 
calorimeter hits

Prompt jet            LLP jet

HCAL

ECAL

Tracker

HCAL

ECAL

Tracker

Readouts = E, t

1.29 m

1.77 m

2.95 m

Many tracks

1.29 m

1.77 m

2.95 m

Evenly distributed 
calorimeter hits

LLP

Trackless

Clustered 
calorimeter hits

Prompt jet            LLP jet

HCAL

ECAL

Tracker

HCAL

ECAL

Tracker

Readouts = E, t

Segmented calorimeters are a powerful handle in LLP identification

Unique transverse and 
longitudal spread

Phase 1 HCAL upgrade segmentation + timing = excellent opportunity for LLP triggering



Phase-1 Upgrade of the Hadron Calorimeter
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• Hadron Calorimeter (HCAL) upgrade for Run 3:
• Replaced HPD with SiPMs and 

upgraded front-end ASIC
• Depth segmentation available due 

to more readout channels 
• Custom QIE 11 ASIC reports time of 

pulse rising edge with high resolution

SiPMs are able to withstand the expected CMS radiation
dose, which is 14 Gray for both neutrons and ionizing parti-
cles. The target tolerance dose of SiPMs is 100 Gray for both
neutrons and ionizing particles. Figure 3 represents the signal
loss in the high-⌘ region of the HE detector as a function of in-
tegrated luminosity in 2017. The lines show the response loss
of all 72 tiles at the same ⌘ and layer position but at di↵erent
locations in �. While thin lines represent individual tiles read
out by HPDs, the two bold lines correspond to the tiles read out
by SiPM photodetectors. It is seen that the signal loss for the
two scintillator tiles read out by SiPMs is much smaller than
scintillator tiles read out by HPDs.

Figure 3: Signal loss in the high-⌘ region of the HE detector as a function of
integrated luminosity in 2017. A significant portion of signal loss resulted from
aging HPDs, which have since been replaced by SIPMs.

The other advantage of SiPMs is their readout allows an in-
creased number of channels, which can be exploited to increase
the depth segmentation in HB (Figure 4). This mitigates the ef-
fect of radiation damage to HB scintillator tiles, provides better
calibration of depth-dependent e↵ects, and brings some physics
benefits like long-lived particle detection. Moreover, the new
depth segmentation maintains good physics performance for
jets and missing transverse energy.

Figure 4: Depth segmentation of the HB and HE detectors.The segmentation of
the Phase 0 detector (top) is compared to the Phase 1 detector (bottom).

3. Front-end (FE) Electronics for the HB Upgrade

The front-end (FE) electronics are installed on the detector
within the Readout Box (RBX) at the edge of the HCAL ab-
sorber. The major components of the RBX are Readout Mod-
ules (RMs), Clock Control Modules (ngCCMs) and a Calibra-
tion Unit (CU). Each RM mainly consists of an Optical De-
coder Unit (ODU), one SiPM Mounting Board (SiPM MB)
hosting eight SiPM arrays, one SiPM control board, and four
QIE boards (Figure 5).

Figure 5: Inside an HB Readout Module.

Figure 6 describes the data flow in HB/HE. The scintillator
tiles connect to the RM by a set of multi-fiber optical cables
that connect to the ODU. Each optical cable carries the sig-
nals from all ⌘ values of a given scintillator layer. The ODU
remaps these signals to distribute the light from various layers
to the appropriate phototransducer. At this point, SiPMs receive
light from the calorimeter segments and convert it into electri-
cal pulses. The electrical pulses are received on the QIE boards,
where integration and timing measurements are performed by
QIE chips and the digital results are transferred to two FPGAs.
These FPGAs are responsible for data formatting and for in-
terfacing between the ngCCM modules and the QIE chips. The
data are next sent o↵-detector by a GBT chip and Versatile Link
transmitter (VTTx) residing on the QIE board. Finally, the data
are transferred to the back-end electronics by a µHTR mod-
ule, and from there to the CMS data acquisition (DAQ) by an
AMC13 module [3].

Figure 6: The data flow in HB/HE through the front-end and the back-end
electronics to the CMS DAQ.

4. Installation of the HB Electronics

During the installation of the HB Phase 1 FE electronics, a
total of 36 RBXes, 144 RMs, 72 ngCCMs, 36 CUs, and nearly

2

DocDB

https://cms-docdb.cern.ch/cgi-bin/DocDB/RetrieveFile?docid=13342&filename=HCAL-Depth-Segmentation-Phase1-HBHE-View-HBHEHFHO-v201706A.pdf&version=1


HCAL LLP Trigger for Run 3 (2022)

• Two handles for triggering on LLPs:
• Depth segmentation – identify displaced 

jets, resulting from LLPs decaying inside the 
HCAL
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Signatures: energy deposited in deep calorimeter layers
 

HCAL
• Barrel electronics upgrade, last Phase-1 upgrade

✦ Corresponding endcap upgrade completed in 2018

• Replacement of HPDs with SiPM 
✦ Improve noise levels, light yield & radiation tolerance 
✦ Maintain physics performance for jets & MET

• On track to complete installation & commissioning before Dec 2019

5

HPD=Hybrid PhotoDetectors
SiPM=Silicon Photo-Multipliers

HCAL Phase1 motivation overview 

June 4, 2019 Pawel de Barbaro, University of Rochester 2

• Eliminate high amplitude noise, drifting response, and premature aging of HPDs by replacing with SiPMs.
• Mitigate radiation damage to both HE and HB scintillator:

* High photo-detection efficiency SiPM, especially relevant for low light levels;
* Longitudinal segmentation for calibration of depth-dependent effects. 

• Maintain physics performance for jets and missing transverse energy. 
• HE upgrade was completed in 2018, HB upgrade is carried out during LS2.
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Signatures: delayed time of arrival of hits in calorimeter
    energy deposited in deep calorimeter layers
Identify LLP L1 jets based on a cluster of flagged towers



HCAL
• Barrel electronics upgrade, last Phase-1 upgrade

✦ Corresponding endcap upgrade completed in 2018

• Replacement of HPDs with SiPM 
✦ Improve noise levels, light yield & radiation tolerance 
✦ Maintain physics performance for jets & MET

• On track to complete installation & commissioning before Dec 2019
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HPD=Hybrid PhotoDetectors
SiPM=Silicon Photo-Multipliers

HCAL Phase1 motivation overview 

June 4, 2019 Pawel de Barbaro, University of Rochester 2

• Eliminate high amplitude noise, drifting response, and premature aging of HPDs by replacing with SiPMs.
• Mitigate radiation damage to both HE and HB scintillator:

* High photo-detection efficiency SiPM, especially relevant for low light levels;
* Longitudinal segmentation for calibration of depth-dependent effects. 

• Maintain physics performance for jets and missing transverse energy. 
• HE upgrade was completed in 2018, HB upgrade is carried out during LS2.
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Signatures: delayed time of arrival of hits in calorimeter
    energy deposited in deep calorimeter layers
Identify LLP L1 jets based on a cluster of flagged towers
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HCAL LLP Trigger for Run 3 (2022)

• Two handles for triggering on LLPs:
• Depth segmentation – identify displaced 

jets, resulting from LLPs decaying inside the 
HCAL
• Timing information (TDC) – identify delayed 

jets, resulting from the decay of massive 
LLPs

• Define LLP-flagged L1 jets in a hardware-
based LLP trigger [2, 3]
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Signatures: energy deposited in deep calorimeter layers
    delayed time of arrival of hits in calorimeter

https://cds.cern.ch/record/2891496?ln=en
https://cms-docdb.cern.ch/cgi-bin/PublicDocDB/RetrieveFile?docid=12306&filename=LLPbits_uhtr_spec.pdf&version=22


Displaced Decay Sensitivity
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HCAL
• Barrel electronics upgrade, last Phase-1 upgrade

✦ Corresponding endcap upgrade completed in 2018

• Replacement of HPDs with SiPM 
✦ Improve noise levels, light yield & radiation tolerance 
✦ Maintain physics performance for jets & MET

• On track to complete installation & commissioning before Dec 2019
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HPD=Hybrid PhotoDetectors
SiPM=Silicon Photo-Multipliers

HCAL Phase1 motivation overview 

June 4, 2019 Pawel de Barbaro, University of Rochester 2

• Eliminate high amplitude noise, drifting response, and premature aging of HPDs by replacing with SiPMs.
• Mitigate radiation damage to both HE and HB scintillator:

* High photo-detection efficiency SiPM, especially relevant for low light levels;
* Longitudinal segmentation for calibration of depth-dependent effects. 

• Maintain physics performance for jets and missing transverse energy. 
• HE upgrade was completed in 2018, HB upgrade is carried out during LS2.
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Signatures: delayed time of arrival of hits in calorimeter
    energy deposited in deep calorimeter layers
Identify LLP L1 jets based on a cluster of flagged towers

LLPs decaying in HCAL depths 3 and 4 are identified with high efficiency 

Depth 1: 177 cm
Depth 2: 190 cm 
Depth 3: 214 cm
Depth 4: 245 cm

[5] CMS DP-2024/058

https://cds.cern.ch/record/2904694?ln=en


# Events

Provides Sensitivity to Lower Energy Events

New hardware trigger saves low energy events that are often inaccessible with purely energy-based 
seeds! Previous choice for many displaced jet paths was L1 HT 360 GeV seed, reaching 80% 
efficiency at HT 400 GeV [4].

80     200       360 
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New triggers increase accessible phase space:

implicit with double 
jet tag requirement

unprescaled L1 LLP 
trigger requirement

Event HT [GeV]

[5] CMS DP-2024/058

https://cds.cern.ch/record/2868796/files/DP2023_054.pdf
https://cds.cern.ch/record/2904694?ln=en


Provides Sensitivity to Lower Energy Jets

High sensitivity to displaced jets 
resulting from LLPs decaying 
within the calorimeter volume
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Comparison: Lowest single jet energy-based trigger (180 GeV) reaches 80% efficiency at offline jet pT of 200 GeV [4].
[5] CMS DP-2024/058

https://cds.cern.ch/record/2868796/files/DP2023_054.pdf
https://cds.cern.ch/record/2904694?ln=en
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During collisions, scan HCAL clock to selectively adjust the timing of incoming jets
Enables calibration and evaluation of LLP trigger in data



Trigger Rates Sensitive to Delayed Jets
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High sensitivity to pulse timing:
• Delayed towers (> 6 ns arrival time) are 

identified with high efficiency 

[6] CMS DP-2023/043

HCAL
• Barrel electronics upgrade, last Phase-1 upgrade

✦ Corresponding endcap upgrade completed in 2018

• Replacement of HPDs with SiPM 
✦ Improve noise levels, light yield & radiation tolerance 
✦ Maintain physics performance for jets & MET

• On track to complete installation & commissioning before Dec 2019

5

HPD=Hybrid PhotoDetectors
SiPM=Silicon Photo-Multipliers

HCAL Phase1 motivation overview 

June 4, 2019 Pawel de Barbaro, University of Rochester 2

• Eliminate high amplitude noise, drifting response, and premature aging of HPDs by replacing with SiPMs.
• Mitigate radiation damage to both HE and HB scintillator:

* High photo-detection efficiency SiPM, especially relevant for low light levels;
* Longitudinal segmentation for calibration of depth-dependent effects. 

• Maintain physics performance for jets and missing transverse energy. 
• HE upgrade was completed in 2018, HB upgrade is carried out during LS2.
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Delayed L1 LLP-flagged jets are identified
• Fraction reaches 1 as phase delay is increased
• Implicit requirement for a jet to have two cells 

with ET > 4 GeV sculpts the distribution with 
respect to L1 jet ET

[6] CMS DP-2023/043

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3LLPHLT


Conclusions
• Hardware (L1) trigger uses both the new depth and timing 

capabilities of HCAL for LLP identification
• Expands LLP phase space sensitivity into otherwise difficult regions
• First L1 trigger use of the HCAL segmentation

• Triggers enable increased LLP acceptance 
• Up to a factor of 4 for 0! = 125 GeV, 0" = 50 GeV, c5 = 3 m [6]
• Triggers and calorimeter segmentation utilized in ongoing Run-3 LLP analysis! 
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Thank you!

Questions?
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3

LLPS HAVE BEEN A THING FOR AWHILE 

1 Recently, a comprehensive collec-
tion of the vast array of theoretical
frameworks within which LLPs nat-
urally arise has been assembled as
part of the physics case document
for the proposed MATHUSLA exper-
iment [2]. Because the focus of the
current document is on the experimen-
tal signatures of LLPs and explicitly
not the theories that predict them,
the combination of the MATHUSLA
physics case document (and the large
number of references therein) and the
present document can be considered,
together, a comprehensive view of the
present status of theoretical motivation
and experimental possibilities for the
potential discovery of LLPs produced
at the interaction points of the Large
Hadron Collider.

1
Introduction

Document editors: James Beacham, Brian Shuve

Particles in the Standard Model (SM) have lifetimes spanning an
enormous range of magnitudes, from the Z boson (t ⇠ 2 ⇥ 10�25 s)
through to the proton (t & 1034 years) and electron (stable).
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Figure 1.1: Particle lifetime ct, expressed in meters, as a function
of particle mass, expressed in GeV, for a variety of particles in the
Standard Model [1].

Similarly, models beyond the SM (BSM) typically predict new
particles with a variety of lifetimes. In particular, new weak-scale
particles can easily have long lifetimes for several reasons, includ-
ing approximate symmetries that stabilize the long-lived particle
(LLP), small couplings between the LLP and lighter states, and sup-
pressed phase space available for decays. For particles moving close
to the speed of light, this can lead to macroscopic, detectable dis-
placements between the production and decay points of an unstable
particle for ct & 10 µm. 1

The experimental signatures of LLPs at the LHC are varied and,
by nature, are often very different from signals of SM processes. For
example, LLP signatures can include tracks with unusual ionization
and propagation properties; small, localized deposits of energy in-
side of the calorimeters without associated tracks; stopped particles
that decay out of time with collisions; displaced vertices in the inner

3

Long-lived Particle Motivations

• Small couplings 
• b quark 

• Suppressed decay phase space
• 7 → 8# + :$ + <̅%
• Limited decay phase space due to the 

small mass difference between n and 
p

• Scale suppression (heavy mediator)
• =± have longer lifetimes than =' due 

to weak interaction mediator 
contribution to small matrix element
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Searching for LLPs beyond the SM at the LHC

Lepton
Meson
Baryon
Boson
Quark

http://dx.doi.org/10.1088/1361-6471/ab4574


LLP Trigger Pathway: HCAL through L1
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HCAL TDC in 6:2 bits

HCAL IGLOO2 LUT defines 3 timing 
ranges
00 = Prompt
01 = Delay 1
10 = Delay 2
Set per (), depth

HCAL uHTR sends 6 bits to L1 6:1

6 fine grain bits from uHTR are set based 
on TDC and energy measurements
Calo L1 applies 6:1 LUT, requiring either 
depth or timing flag set (with prompt veto) 
and forwards to Calo L2 jet algorithm

TDC Code TDC Code Fine grain bits LLP flag

Per HCAL Cell Per Trigger Tower Per L1 Jet

Jet LLP flag

LLP jet flag set if jet contains ≥ , 
LLP towers in 9x9 jet region

L1 Accept after jet and HT energy 
requirements applied
5 L1 pathways (single, double jet)
15 HLTs seeded with L1 LLPs

Depth OR Timing = bit0 || (!bit1 && (bit2 || bit3))



HCAL Alignment with Phase Scan
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Four TDC codes throughout timing scan: 
00: Prompt (TDC ≤ 6 ns)
01: Slight delay (6 < TDC ≤ 7 ns)
10: Delayed (TDC > 7 ns)
11: No valid TDC (set in another bunch crossing)

The prompt timing distribution (blue) is maximized 
at the optimal time alignment (0 ns)
As pulses are moved later (increasing phase 
offset), more delayed (green and orange) TDC 
codes are seen
New TDC-based HCAL alignment improves over 
previous methods, which are biased by pulse 
shape differences across &' and depths.

June 2023 TDC-based alignment 
Consistent pulse arrival time across detector

[6] CMS DP-2023/043

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3LLPHLT


HCAL Interaction Lengths
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support). The materials in each layer are:

• Layer 0: 9 mm scintillator, 61mm stainless steel.

Note that this layer has a larger scintillator directly behind ECAL to capture low energy shower-

ing particles from support material between HCAL and ECAL. In addition, there is no absorber

before the scintillator (no dead material), but a significant shower can develop from the ⇡ 1 in-

teraction length provided by ECAL. HCAL depth 1 is unique because it also contains a neutral

density filter.

• Layer 1-8: 3.7 mm scintillator, 50.5 mm brass

• Layer 9-14: 3.7 mm scintillator, 56.5 mm brass

• Layer 15+16: 3.7 mm scintillator, 75 mm stainless steel, 9mm scintillator

The layers are combined in four groups, forming the four depths of the upgraded HB. Depth 1 is

comprised only of layer 0, depth 2 of layers 1-4, depth 3 of layers 5-9, and depth 4 of layers 10-16 as

shown in Figure 3.5. Knowing the composition of each layer allows the number of interaction lengths

in each depth to be calculated. An interaction length (�I) is the mean distance a hadron travels

before being absorbed in the material due to a nuclear interaction. In HB, the average hadronic

interaction length is 16.42 cm. Each barrel depth can be measured in terms of how many interaction

lengths it contains, detailed in Table 3.1 and calculated from the specifications in [16].

At 90 degrees (i⌘ = 1, �1), the HB absorber thickness is 5.82 �I [30]. The interaction lengths

increase with ⌘ as 1/sin ✓ and reach 10.6 �I at ⌘ = 1.3 (end of HB) due to the larger volume of

material traversed at the high ⌘ regions. The ECAL in front of the HCAL also contributes about

1.1 �I of material [16].

Depth 1 Depth 2 Depth 3 Depth 4

�I (brass) - 1.23 1.57 1.72
�I (steel) 0.58 - - 0.72
�I (total) 0.58 1.23 1.57 2.44

Table 3.1: 14 layers of brass (743 mm) gives 4.53 interaction lengths. Stainless steel (136 mm)
would need to provide 1.3 interaction lengths to achieve 5.82 total interaction lengths [30]. Given
this assumption, this table estimates the interaction lengths per depth.

Run-3 HCAL Upgrade and Segmentation

During the Phase 1 upgrade of the CMS HCAL, the barrel was upgraded from hybrid photodi-

odes (HPDs) to silicon photomultipliers (SiPMs) from Hamamatsu Photonics. SiPMs have higher

31

TDR (page 199)
Sunanda can help derive radial 
distances in HB in CMSSW 
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Each layer is about 6cm: 
Layer 0:      9 mm scintillator, 61mm stainless steel
Layer 1-8:     3.7 mm scintillator, 50.5 mm brass
Layer 9-14:   3.7 mm scintillator, 56.5 mm brass
Layer 15-16: 3.7 mm scintillator, 75 mm stainless steel, 9mm scintillator 
  

Figure 3.5: Diagram of the radial distances to each depth layer in HCAL, computed from the values
in [29].

photodetection e�ciency and significantly larger gains than HPDs, resulting in an improved signal-

to-noise performance. The improved performance of SiPMs over HPDs allows for an increase in

the number of readout channels, allowing for enhanced depth segmentation [34]. The new front-end

electronics support the increased granularity and record precise time and energy measurements at

each depth layer (4 depths in the barrel, up to 7 depths in the endcap, in Figure 3.6). The trigger

development and implementation presented here exploit this finer segmentation availability.

In Run-3 (2022-2025), there are four depth layers available in the HCAL barrel region (HB), and

up to seven depth layers available in the HCAL endcap (HE) region, as shown in Figure 3.6. The

depth segmentation of the barrel region is a new capability not available in Run-2. The information

available from the HCAL at the L1 trigger includes tower transverse energy (ET , reported in ADC

counts) and TDC measurements at each cell. The total energy of a trigger tower is found by summing

the energy of each cell in the tower, and the noise per trigger tower is ⇡ 200 MeV. Run-3 uses a new

pulse shape filter algorithm, PFA1’, for HCAL energy reconstruction. This is designed to reduce the

out-of-time (OOT) pileup contributions by subtracting a baseline from the time slice of interest and

is based on a single time slice instead of the two time slice energy reconstruction previously used.

PFA1’ also demonstrates better agreement between the trigger primitive energy values and o✏ine

energy reconstruction [22].

HCAL Detector Geometry

Figure 3.6 illustrates a quarter barrel and endcap section of the HCAL, which has nearly 4⇡ coverage.

The physical towers depicted are labeled by i⌘, a detector coordinate related to ⌘, the Lorentz

invariant measure of pseudorapidity. Each i⌘ region corresponds to �⌘ = 0.087. The HCAL

barrel (HB) extends from |i⌘| = 1 � 16 (about 0 < ⌘ < 1.4), while the endcap (HE) extends from

32

support). The materials in each layer are:

• Layer 0: 9 mm scintillator, 61mm stainless steel.

Note that this layer has a larger scintillator directly behind ECAL to capture low energy shower-

ing particles from support material between HCAL and ECAL. In addition, there is no absorber

before the scintillator (no dead material), but a significant shower can develop from the ⇡ 1 in-

teraction length provided by ECAL. HCAL depth 1 is unique because it also contains a neutral

density filter.

• Layer 1-8: 3.7 mm scintillator, 50.5 mm brass

• Layer 9-14: 3.7 mm scintillator, 56.5 mm brass

• Layer 15+16: 3.7 mm scintillator, 75 mm stainless steel, 9mm scintillator

The layers are combined in four groups, forming the four depths of the upgraded HB. Depth 1 is

comprised only of layer 0, depth 2 of layers 1-4, depth 3 of layers 5-9, and depth 4 of layers 10-16 as

shown in Figure 3.5. Knowing the composition of each layer allows the number of interaction lengths

in each depth to be calculated. An interaction length (�I) is the mean distance a hadron travels

before being absorbed in the material due to a nuclear interaction. In HB, the average hadronic

interaction length is 16.42 cm. Each barrel depth can be measured in terms of how many interaction

lengths it contains, detailed in Table 3.1 and calculated from the specifications in [16].

At 90 degrees (i⌘ = 1, �1), the HB absorber thickness is 5.82 �I [30]. The interaction lengths

increase with ⌘ as 1/sin ✓ and reach 10.6 �I at ⌘ = 1.3 (end of HB) due to the larger volume of

material traversed at the high ⌘ regions. The ECAL in front of the HCAL also contributes about

1.1 �I of material [16].

Depth 1 Depth 2 Depth 3 Depth 4

�I (brass) - 1.23 1.57 1.72
�I (steel) 0.58 - - 0.72
�I (total) 0.58 1.23 1.57 2.44

Table 3.1: 14 layers of brass (743 mm) gives 4.53 interaction lengths. Stainless steel (136 mm)
would need to provide 1.3 interaction lengths to achieve 5.82 total interaction lengths [30]. Given
this assumption, this table estimates the interaction lengths per depth.

Run-3 HCAL Upgrade and Segmentation

During the Phase 1 upgrade of the CMS HCAL, the barrel was upgraded from hybrid photodi-

odes (HPDs) to silicon photomultipliers (SiPMs) from Hamamatsu Photonics. SiPMs have higher
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Approximation of interaction lengths per depth, based on brass and steel absorbers.
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[7] CMS-PAS-EXO-23-013 CMS-EXO-23-005

https://cds.cern.ch/record/2893044
https://cds.cern.ch/record/2898346


Trigger Efficiency Selections (MC, Slides 8-10)

In all plots, an LLP is matched to an offline jet, with the following cuts:
• LLP with ! ≤ 1.26 must match with Δ( ≤ 0.4 to an offline AK4 jet in HB, satisfying jet ! ≤ 1.26	

• If the LLP decays within the HCAL, require that Δ( ≤ 0.4 between LLP and jet center
• If the LLP decays before the HCAL, require that Δ( ≤ 0.4 between LLP decay product and jet center

To demonstrate the trigger performance on the efficiency plateau as a function of each variable, cuts are made 
on the LLP decay position, jet pT, and event HT:
• LLP decay R plot: additionally require event HT > 250 GeV and matched jet pT > 100 GeV

• Event HT plot: additionally require that at least one of the leading 6 jets has jet pT > 40 GeV and is matched to an LLP with 
a decay radius of 214.2 ≤ ( < 295 cm (decay occurring in HCAL depth 3 or 4, motivated by sensitivity of the depth-based 
trigger) 

• Jet pT plot: additionally require that the jet is matched to an LLP with a decay radius of 214.2 ≤ ( < 295 cm

The numerator requires the same LLP – offline jet matching, while also requiring that any of the HCAL-based L1 
LLP triggers are passed.
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