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Outline
Landscape 

The High Luminosity LHC (HL-LHC) 

The CMS HL-LHC upgrade 
Tracking at Level-1 
The Muon Detector System upgrade 

The CMS Level-1 Trigger Upgrade 
Motivation / Concept / Key features 

The L1 Muon Trigger upgrade 
Concept and implementation 

Architecture 
Electronics 
Algorithms and firmware 
What comes next 

Caveats 
Lots of material to cover, here just a flavor of what is 

Work in progress, so all preliminary of course
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https://cds.cern.ch/record/2714892

~350 pages / ~ 3yrs in the making / ~ 3yrs since

https://cds.cern.ch/record/2714892
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The HL-LHC
An ambitious project for an ambitious physics program 

14 TeV p-p collisions 
total integrated luminosity of ~3000-4000 fb-1  
instantaneous ~5-7x1034 cm-2s-1  
~200 simultaneous collisions (pileup) 

An enormous challenge 
Accelerator 
Detectors 
Trigger and data acquisition 
Computing 
Data Analysis
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Detector 
Upgrades

Accelerator Complex 
Upgrades

HL-LHC “pileup” challenge
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The HL-LHC
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More data: 

Rarer processes 
More precision 

Discovery potential

An ambitious project for an ambitious physics program 
14 TeV p-p collisions 

total integrated luminosity of ~3000-4000 fb-1  
instantaneous ~5-7x1034 cm-2s-1  
~200 simultaneous collisions (pileup) 

An enormous challenge 
Accelerator 
Detectors 
Trigger and data acquisition 
Computing 
Data Analysis

Run 1 [2011-12]:  5/20 fb-1 @ 7/8 TeV 

Run 2 [2015-2018]: ~ 140 fb-1 @ 13 TeV 

Run 3 [2022-2025]: started, ~ 300 fb-1 @ 13.6 TeV

~ X10 more data @ HL-LHC
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The CMS HL-LHC upgrade 
Major upgrade of every system ! 

+ New systems added… 
New trackers 

Tracking at Level-1 

New and upgraded calorimeters 

New timing layers 

New and upgraded muon systems 

New trigger systems 
Level-1  
High Level Trigger 

Luminosity detectors
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See Anne Dabrowski’s presentation on Tuesday



J. Konigsberg @ TIPP 2023

Tracking at Level-1
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O(x10) reduction in hit multiplicity for pT>2 GeV hits

Use pT>2 GeV hits for track finding

Kalman filter for track fitting

pT>n GeV tunable window
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Tracking at Level-1

7

Latency of about 5µsec, O(1k) tracks @ 25 Gbps

Stub data pre-processing stage Track finding stage
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Muon Detector System upgradeMotivation 
More modern, faster, electronics 

Added redundancy & robustness, for higher 
collision rates at larger rapidities 

Barrel region 
Drift Tubes (DT) and Resistive Plate Chambers 
(RPC) 

No new detectors 
Upgrade of Front End/Back End electronics and 
readout 

Overlap and Endcap Region 
Electronics upgrade of several existing systems 

 Cathode Strip Chambers (CSC) & RPC 

Build additional detectors @ the larger rapidities 
Improved RPCs (iRPC) 
New Gas Electron Multiplier detectors 
• GEM 
• ME0
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CSCDT RPC

GEM ME0 iRPC
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Muon Detector System upgrade
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RE3/1, RE4/1

RE4/1 demonstrator installed

GE2/1 demonstrator

GE1/1 taking data in Run 3

ME0 chambers
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The CMS Trigger upgrade
For HL-LHC CMS will keep its two-tier trigger concept
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The Level-1Trigger upgradeGeneral Features: 
Maintain and expand on current physics capabilities in 
high-PU environment 

Utilize all information from upgraded detectors 
Independent Calorimeter/Muon/Tracker paths 
Correlator system for particle flow and mixed-object triggers 
Global Trigger for trigger menu implementation 
Data Scouting at 40 MHz: physics with L1 info only 

Output 
Standalone and track matched electrons and muons 

Hadronic taus, photons, energy sums, jets, track-based 
jets 

Missing transverse energy, interaction vertex 
reconstruction 

Particle flow 
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Detector back-ends input to the Level-1 Trigger

ATCA digital processors 
w/ Xilinx VU13P-2 A2577 FPGA 
running @ 25 Gbps
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The Level-1Trigger upgrade
Quite a jump in complexity
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Current L1 Trigger
HL-LHC L1 Trigger
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The Muon Trigger upgrade
Big jump in complexity here as well
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Current L1 Muon Trigger

HL-LHC L1 MuonTrigger  
Architecture
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Muon Trigger architectureLet’s deconstruct this some 
At the core there are 3 systems [the focus here] 

EMTF/OMTF = Endcap/Overlap muon track finders 
(~2µ sec) 

Reconstruct standalone muons from µ systems in the 
corresponding region 
• Prompt and displaced [new] for long lived particles 

Output to GMT [including all muon stubs] and standalone µ 
directly to the Correlator and the Global Trigger 

GMT = Global Muon Trigger (~2µs) 
Operates at 18 time multiplexing factor 
Reconstructs standalone barrel muons 
• Prompt and displaced 

Matches tracker tracks with muons and muon stubs 
from all muon systems 
Runs topological algorithms e.g.: 
• Track-isolated muons 
• Tau=>3µ BSM decays 
• … 

Outputs these objects to the Correlator and Global Trigger
14
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Muon Trigger interfaces
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We have defined the data structure/payload for all these
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Muon Trigger interfaces examples
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EMTF ==> GMT interface data structure
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Muon Trigger hardwareEMTF/OMTF/GMT Hardware 
Unified home-made ATCA platform (“X2O”) 

Modular design w/ three separate (halogen-free) modules 
Power/Control/Monitoring module 
• AMD/Xilinx Kria Zynq FPGA 

Optical Module 
• QSFP optics 30 cages 120 Rx + 120 Tx links @25Gbps 

Processing module 
• With Xilinx VU13P-2 FPGA, running all µ algorithms 

3.7M LogicCells, 1.7M LUTs, 94Mb BRAM, 12k DSP 

System size 
EMTF/OMTF/GMT = 12/6/18 boards, 36 in total 

Status 
Versions of each module are at, or very close to, final production 
specs 
Extensive tests performed on single boards 
• Signal integrity 
• Temperature 
• Optics BER
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Muon trigger board tests
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All looks very good.
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Muon Trigger algorithms in a nutshell
Standalone Barrel Muons: BMTF 

Runs on the GMT board 

Uses DT and RPC hits 

Outside in Kalman Filter track building 

Allows for displaced muons [not beam constrained]
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Efficiency vs pT

Efficiency vs dxy

Good eff up to ~100 cm
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Muon Trigger algorithms in a nutshell
Standalone Overlap Muons: OMTF 

Naive Bayes Classifier 

Uses pre-determined pT binned hit patterns from 
DT/RPC/CSC 

Probabilistic comparison of actual hits selects 
best muon track
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Efficiency vs pT

Rate vs pT 

~10kHz @ 20 GeV threshold 
[target for these track finders] 

[+ageing simulation]
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Muon Trigger algorithms in a nutshellStandalone Overlap Muons: EMTF 
Fiducial pattern segmentation {eta, 1/pT} of the 
detector layer consistent with µ trajectories 

Uses CSC/GEM/RPC/iROC/ME0 hits 

A pattern fires if enough hits on it 

Hit information {eta, phi, phi-bend, time, 
quality} is input to a Neural Network to assign 
pT and displacement 

Patterns can also be tailored for displaced µs
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Patterns for one eta region: layers (y axis), 1/pT squares

Efficiency vs pT

Rate vs pileup

current 
algorithm

new algorithm 
@HL-LHC 

PU dependance reduction
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Muon trigger algorithms in a nutshellGMT Tracker Track matching 
Everything in one box! 

Input all Level-1 tracks from outer tracker TMUX=18 

Input all reconstructed muons, and muon stubs, 
from all muon detectors 

Propagate tracks to match muons/stubs in eta/
pT windows at different muon detector stations 

Magnetic field / multiple scattering / detector 
resolutions 

Create track-matched muons with different 
qualities 

Many choices on this 

Can fill in the gaps from muon track finders 

Use the pT of the tracker track instead of muon 
Much better resolution, sharp turn on, reduced rates
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Efficiency vs rapidity 

Track matching to stubs  
fills in the gaps

Efficiency vs pT 

Track matching  
sharpens the turn-on

Rate vs pT threshold 

Track matching reduces rate  
significantly
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Muon trigger algorithms in a nutshellGMT topological algorithms 
Exploit that info from all µ detectors in one place 

Exploit that all tracker tracks available as well 

Can see if a muon is isolated from tracks 

• Relative or absolute isolation @ different pt thresholds 

Can gather several muons into a single object such as a 
BSM tau=>3µ decay 

• Find suitable triplets, reconstruct invariant mass
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Efficiency vs pT 
Isolated muonsRate vs pT threshold 

Isolated muons vs all muons
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Muon Trigger firmware overview
Advanced firmware development on all fronts 

A corresponding software emulator to compare with 

All development on VU13P FPGA
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Example: Firmware pipeline for EMTF algorithms

Split tasks by SLR (Super Logic regions). Total ~400 ns latency ! 

Endcap region firmware
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Muon Trigger firmware overview
OMTF 

Also moving towards a Neural Network, as Endocarp
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Overlap region firmware

Modest resource usage and small latency of ~280 ns
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Muon Trigger firmware overviewGMT firmware 
Different SLRs for different tasks 

Also fitting well on the FPGA
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Global Muon Trigger firmware

Integration slice tests in preparation 
At CERN b904 

Board-to-board integration 

With other trigger systems
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Summary 
CMS has developed an advanced Muon Trigger  
@L1 for the HL-LHC era 

Will preserve/expand the CMS physics program 
Fast, modular, flexible 

Much progress towards implementation 
Algorithms, emulators, firmware, hardware 
No show stoppers foreseen 

Integration slice tests picking up 
Expect to produce all boards next year 
Installation of the final system…to follow 
Then commission, take data and… 
discover something !
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Backup etc 
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