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Long Lived Particles to Search for New Physics

• Long lived particles are in many BSM 
models, resulting from:
• small couplings
• suppressed phase space
• approximate symmetries

• LLP signatures may be observable at the LHC!
• Unique energy deposits, delayed time stamps, characteristic jet shape, and 

shower position are handles to search for LLPs

• Improving searches involves expanding our ability to trigger on LLPs 
• Highlight first hardware-based CMS calorimeter LLP trigger, in Run-3! 
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LLPs in CMS

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

PRESHOWER
Silicon strips ~16 m2 ~137,000 channels

SILICON TRACKERS

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic field

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

Pixel (100x150 μm2) ~1 m2 ~66M channels
Microstrips (80–180 μm) ~200 m2 ~9.6M channels
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• CMS has utilized many handles to 
trigger on LLPs, including with the 
tracker, ECAL timing, and the muon 
system

• CMS LLP triggers have expanded for 
Run 3, both at software and hardware 
levels, making this an exciting run for 
LLP searches!

This talk’s focus: utilizing the hadron 
calorimeter upgrade for additional LLP 
trigger capabilities at Level 1 (hardware) 
that are implemented for Run 3.
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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

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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HCAL Barrel
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CMS HCAL Phase 1 Upgrade

• HCAL Phase 1 upgrade replaced HPDs 
with SiPMs and updated the on-
detector electronics (dedicated ASICs)
• Major upgrade improved energy resolution 

by replacing HPDs with SiPMs
• SiPMs allow for increased number of 

readout channels (depth segmentation) and 
new ASICs have time-to-digital converter 
(TDC) measurements 

• In addition, these upgrades provide 
new ways to identify long lived 
particles! 
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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
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• 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 
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• On track to complete installation & commissioning before Dec 2019
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• 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

Δ𝑡 =
𝑙!!"
𝑣!!"

+
𝑙#
𝑐
− 𝑡$%&$'($)

• Two handles for triggering on long lived 
particles:
• Timing information (TDC) – identify 

delayed jets, resulting from the decay of 
massive LLPs



Trigger Motivations
• In Run 3, HCAL measures TDC and 

energy at each depth layer (Phase 1 
HCAL upgrade)
• Trigger on LLPs at L1 with this new 

capability
• Sensitive to both delayed timing of hits, 

and large energy deposits in deep 
calorimeter layers from LLP decays 

• Timing feature bits used to send 
information to Level 1

• Expands our physics reach in Run 3 
by providing coverage of LLP masses 
and lifetimes not covered by 
standard triggers

5 November 2021 Gillian Kopp         |         US CMS Annual Meeting 4

HCAL
• Barrel electronics upgrade, last Phase-1 upgrade

✦ Corresponding endcap upgrade completed in 2018

• Replacement of HPDs with SiPM 
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• 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. 
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3m
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../

0

Significant energy in depths 3 and 4 
and little energy in early depths 1 and 2

Signature: energy deposited in deep calorimeter layers

CMS HCAL for LLP Triggering
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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

• Two handles for triggering on long lived 
particles:
• Timing information (TDC) – identify 

delayed jets, resulting from the decay of 
massive LLPs
• Depth segmentation – the trigger 

algorithm identifies displaced jets, 
resulting from LLPs that decay inside the 
HCAL

 

• Create LLP flagged L1 jets 
• Require a cluster of timing or depth 

flagged towers within the jet



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

HCAL TDC LUT defines 3 timing 
ranges:
• Prompt
• Slightly delayed
• Very delayed

HCAL uHTR sends 6 bits to L1 6:1

6 fine grain bits per tower are set based on 
time and energy measurements

Calo L1 LUT requires either depth or timing 
flag (with a prompt hit veto) and forwards 
to Calo L2 jet algorithm

TDC Code TDC Code Fine grain bits LLP flag

Per HCAL Cell Per Trigger Tower (4 depths) Per L1 Jet

Jet LLP flag

LLP jet flag set if jet contains ≥ 𝟐 
LLP towers in 9x9 jet region

L1 Accept after jet and HT energy 
requirements applied

5 L1 pathways (single, double jet)
13 HLTs seeded with L1 LLPs
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HCAL Timing Scan in Run 3

Scanning the HCAL clock artificially places prompt signals in the delayed range. 
Timing data from these scans allow to:

1) Align the calorimeter with high precision
2) Evaluate LLP trigger performance with delayed jets in collisions
3) Validate the new firmware and new trigger algorithm
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Large effort to use online timing to 
align HB to within 0.5ns: new 
alignment was deployed June 12, 
implementing shifts of several ns to 
achieve consistency across the 
detector
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HCAL TDC Distributions
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Prompt
Slight delay
Delayed
No TDC

Per HCAL Cell

Four TDC codes throughout timing scan: 
Prompt (TDC ≤ 6 ns)
Slight delay (6 < TDC ≤ 7 ns)
Delayed (TDC > 7 ns)
No valid TDC (set in another bunch crossing)

The prompt timing distribution (blue) is 
maximized at the optimal time alignment (0 ns). 
With increasing phase offset, more delayed 
(green and orange) TDC codes are seen, as 
pulses arrive in the delayed region.

[2] CMS DP-2023/043

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


LLP Flagged Trigger Towers
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Per Trigger Tower (4 depths)

HCAL delayed timing tower efficiency vs. 
phase offset
• Delayed timing tower requires at least one 

delayed cell and no prompt cells (in 4 depths 
contained in a trigger tower)
• Delayed timing tower efficiency greatly 

increases between 0-6 ns, as expected with 
prompt timing range set at 6 ns
• Demonstrates high sensitivity to pulse 

timing

[2] CMS DP-2023/043

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


LLP Flagged L1 Jets
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Per L1 Jet

LLP-flagged delayed Level-1 jet fraction vs. 
jet ET split by phase offset
• Require at least two LLP-flagged trigger 

towers
• LLP-flagged jet 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

[2] CMS DP-2023/043

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


Sensitivity of Triggers to Time Offsets
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L1 single jet 60 rates are maximized 
near ideal HCAL alignment (0ns)! 

0 ns in early 2022 data-taking (reference)

20ns
-4ns-8ns

L1 LLP rates maximized when all 
jets are pushed into delayed region

The total trigger rates of the five L1 LLP triggers during the 2023 HCAL phase scan demonstrate the strong dependence of LLP trigger rate on HCAL timing. 
Relative QIE11 phase values during the scan are shown, including a reference point of the 0 ns in early 2022 data-taking, while the 0 ns point of the phase 
scan is the recommended 2023 HCAL time alignment. L1 LLP trigger rates are maximized at HCAL timing delay of +6 ns, as jets have been pushed into the 
delayed region. At higher HCAL timing delays, the LLP trigger rates are decreased, as a significant amount of the jet energy is pushed into the subsequent 
bunch crossing. At optimal time alignment, the trigger rates for the five L1 LLP triggers implemented have a prescaled rate below 1 kHz. The trigger rates 
are shown vs. lumisection, which is a sub-section of a run (~23.3 seconds) during which time the instantaneous luminosity is unchanging.

Phase scan (2023 collisions) data
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The dedicated L1 LLP triggers lead to a significant 
increase in LLP acceptance with respect to standard 
triggers due to their lower jet transverse momentum 
thresholds – up to a factor of 4 for signal with 
𝑚! = 125 GeV,𝑚""# = 50 GeV, 𝑐𝜏 = 3 m. 

Dedicated triggers and increased readout granularity (used at analysis 
level!) are a powerful tool in LLP searches in Run-3. Many of these 
exciting approaches explored in Run-3 can be extended to HL-LHC.



Thank you!

Questions?
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LLP Trigger Pathway: HCAL through HLT
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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 𝑖𝜂, 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 (4 depths) Per L1 Jet

Jet LLP flag

LLP jet flag set if jet contains ≥ 𝟐 
LLP towers in 9x9 jet region

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

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



HCAL Timing Measurements (TDC)
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TDC is a very clean way of measuring pulse arrival time, and provides a 
straightforward alignment method
• Plot distribution of TDC times for each channel
• Adjust delays so that arrival time distributions

(given a minimum pulse height and low TDC  
threshold) are the same relative to clock edge

Useful for both LLP triggering and HCAL alignment!
• Large effort to use online timing to align HB 

to within 0.5 ns
• New alignment successfully deployed June 12, 

implementing several ns shifts to achieve consistency across detector 

Per HCAL Cell
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rr
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t 
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HCAL Timing Scan in Run 3

HCAL timing scans in 2022 and 2023 provide a valuable look at artificial delayed jets in 
collisions data and are crucial to understanding the detector and trigger performance. 
Timing scan is performed by shifting HCAL clock relative to LHC clock, over 30 ns. 

This approach is used for the time alignment of HCAL and to demonstrate LLP trigger 
performance. Final alignment places prompt arrival pulses close to the start of the bunch 
crossing, which is ideal for the accuracy of timing and energy measurements. 
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HCAL Alignment Procedures

• Previously, HB alignment was determined with charge weighted time, 
which was best timing measurement prior to Run 3. With upgraded 
calorimeter, can now utilize TDC readouts for improved alignment. 
• Learned that pulses were arriving early at high 𝑖𝜂 and depth; and arriving late 

at central 𝑖𝜂 and low depths. 
• After understanding arrival times of prompt jets, adjusted HCAL time 

alignment to have prompt pulses arrive at a uniform time across the detector
• Requires a shift by a few ns, specific shifts determined per 𝑖𝜂 and depth
• Validated with HCAL phase scans in collisions and LED runs

14 December 2023 Gillian Kopp 20



Timing from HCAL
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(4) TDC Response

The Performance Of The QIE10 Prototype 5   (140321)               Elliot Hughes     Rutgers University 15The QIE10 Prototype 5 Tests  (140507)                                             Elliot Hughes     Rutgers University 15The QIE10 Tests  (140507)                                                               Elliot Hughes     Rutgers University 15

The following sketch illustrates how the TDC functionality works:

The QIE10/11  (140604)                                                                         Elliot Hughes     Rutgers University 15

Timing readout added in Phase 1 
upgrade with the QIE11 (ASIC).

TDC (time to digital converter) value 
describes time at which pulse reaches 
a current threshold – high sensitivity 
to pulse rising edge. 

Identifies when in a bunch crossing 
the pulse arrives. 

[1] E. Hughes

https://home.fnal.gov/~chlebana/CMS/Phase1/Elliot-Hughes.pdf


TDC and ADC from HCAL
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HCAL-based L1 and HLT Paths in Run 3
• L1_HTT120_SingleLLPJet40
• L1_HTT160_SingleLLPJet50
• L1_HTT200_SingleLLPJet60
• L1_HTT240_SingleLLPJet70
• L1_DoubleLLPJet40 

14 December 2023 Gillian Kopp 23

• HLT_HT200_L1SingleLLPJet_DisplacedDijet35_Inclusive1PtrkShortSig5

• HLT_HT200_L1SingleLLPJet_DisplacedDijet40_Inclusive1PtrkShortSig5

• HLT_HT240_L1SingleLLPJet_DisplacedDijet40_Inclusive1PtrkShortSig5

• HLT_HT280_L1SingleLLPJet_DisplacedDijet40_Inclusive1PtrkShortSig5

• HLT_HT170_L1SingleLLPJet_DisplacedDijet40_DisplacedTrack

• HLT_HT200_L1SingleLLPJet_DisplacedDijet40_DisplacedTrack

• HLT_HT270_L1SingleLLPJet_DisplacedDijet40_DisplacedTrack

• HLT_HT200_L1SingleLLPJet_DisplacedDijet60_DisplacedTrack

• HLT_HT320_L1SingleLLPJet_DisplacedDijet60_Inclusive

• HLT_HT420_L1SingleLLPJet_DisplacedDijet60_Inclusive

• HLT_HT200_L1SingleLLPJet_DelayedJet40_DoubleDelay0p5nsTrackless

• HLT_HT200_L1SingleLLPJet_DelayedJet40_DoubleDelay1nsInclusive

• HLT_HT200_L1SingleLLPJet_DelayedJet40_SingleDelay1nsTrackless

• HLT_HT200_L1SingleLLPJet_DelayedJet40_SingleDelay2nsInclusive

• HLT_L1SingleLLPJet

The first four triggers (*_DisplacedDijet*_Inclusive1PtrkShortSig5) require a displaced dijet, which is

two calo jets above the energy threshold listed in the HLT path, each having at most one associated prompt

track (impact parameter < 1.0 mm). The second group of four (*_DisplacedDijet*_DisplacedTrack)

require a displaced dijet with one displaced track. The displaced track requirement means that each of

the two jets must have one associated track with impact parameter > 0.5 mm. The next two paths

(*__DisplacedDijet60_Inclusive) have a displaced dijet, but allow for two associated prompt tracks (thus

requiring the higher jet and HTT energy thresholds). The next four (*_DelayedJet40_DoubleDelay*ns*

and *_DelayedJet40_SingleDelay*ns*) require a delayed jet along with ECAL jet timing delays. The final

HLT HLT_L1SingleLLPJet is for monitoring. This is a highly prescaled path that is used to evaluate the

e�ciency of the L1 jet triggers at HLT.

62



Tau Seeded HLTs in Run 3
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Suite of Run-3 triggers developed targeting LLPs using ECAL timing at HLT to identify delayed jets. A subset of these are seeded 
with L1 taus, requiring tau pT > 120 GeV. The tau seeded triggers have improved signal efficiency, as seen on 𝐻 → 𝑋𝑋 → 4𝑏 and 
𝐻 → 𝑋𝑋 → 4𝜏 (𝑚! = 1000 GeV, 𝑚" = 450 GeV, and 𝑐𝜏 = 10 m). The tau triggers (blue and green curves) show improvement 
in HT < 430 GeV region compared to the HT seeded triggers (black and red curves, with HT 360 GeV).  Additional requirements 
are: jet pT > 40 GeV, jet timing > 2 ns, number of ECAL cells > 5, and 𝜂 < 1.48. [2] CMS DP-2023/043

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


LLP Models Targeted

• Particularly targeting models with 1-10+ m 𝑐𝜏 LLP
• 𝐻 → 𝑋𝑋 → &𝑏𝑏&𝑏𝑏 with 𝑚8 = 125,𝑚9 = 50 GeV performs well (3-4x 

integrated luminosity gains)
• L1 efficiencies are carried through at HLT
• New detector signature made possible by Phase 1 HCAL 

upgrade
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