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The Large Hadron Collider

• The Large Hadron Collider (LHC) @ CERN is the largest proton-

proton and ion-ion collider in the world. 

• Underground 27-km ring, where particles collide every 25 ns 

with 𝑠 = 13.6 TeV.

• It aims at exploring the fundamental interactions, test the 

Standard Model (SM) and search for new physics beyond the 

Standard Model (BSM).

• 2012: Discovery of the Higgs boson from the ATLAS and CMS 

experiments → Nobel Prize to Higgs and Englert
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LHC and HL-LHC plan
Hi-Lumi LHC project web page

Hi-Lumi LHC project web page

• Upgrade of the LHC collider during the 

next Long-Shutdown (LS3).

• Higher energy → 14 TeV

• Higher luminosity → more collisions  

→ new physics potential!

What does this 
mean on the 

detector side?

https://hilumilhc.web.cern.ch/
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Experiments @ HL-LHC

• Instantaneous luminosity (𝑁𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠 per second per 

𝑐𝑚2) up to 7.5 ⋅ 1034 𝑐𝑚−2𝑠−1 @ 14 TeV (x7.5 the 

design LHC value)

• Integrated luminosity of 4000 𝑓𝑏−1

• Enormous statistics

• Precision physics in the Higgs sector 

• Access to rare or new processes? 

• Increased average number of interactions per 

bunch crossing (pile-up)

• Higher background

• Stringent detector and trigger requirements

• High rate of detector data to be handled

• Enormous amount of fully-reconstructed 

events to be stored. 

Benefits New detector challenges
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Phase-II ATLAS upgrade

ATLAS Collaboration Web page
ATLAS Collaboration Web page

𝜂 = − ln tan
𝜃

2

Barrel
End-cap

End-cap

https://atlas.cern/Updates/Feature/High-Luminosity-ATLAS
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Muon spectrometer

Muon 
spectrometer
(MS)

Hadronic
calorimeter

Electromagnetic
calorimeter

Inner tracker
ATLAS-OUTREACH-2021-052

ATLAS-OUTREACH-2021-052
CERN-PH-EP-2010-045

CERN-PH-EP-2010-045

https://cds.cern.ch/record/2770815
https://cds.cern.ch/record/2770815
https://cds.cern.ch/record/1275998?ln=it
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Muon spectrometer

Innermost BI (Barrel Inner) MDT layers will be 
replaced by sMDTs and BI RPCs and additional

sTGC in the endcaps.

Reduction of trigger fake rate, and increase in 
geometrical coverage and trigger performances

⊙𝑩

BARREL ENDCAP

BO

BM

BI

j.nima.2016.06.065

16 independent sectors along 𝜙 direction for 
both barrel and encap regions per each half of 
the detector (32 sectors in total)
     BARREL: MDT, RPC 
                        (trigger: RPC)
     ENDCAP: sTGC, MM, TGC, MDT 
                          (trigger: sTGC, MM, TGC)
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ATLAS Trigger System

IDEAL CASE

DETECTORS
DATA

ACQUISITION
SYSTEM

STORAGE
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ATLAS Trigger System

Why do we need 
a trigger system?

REAL CASE

DETECTORS
TRIGGER AND DATA

ACQUISITION
SYSTEM

STORAGE

• Collisions every 25 ns → millions of collisions per second, but 
only a few interesting events (e.g., ∼1 Higgs Boson per second!)

• Too many PB of data!

40 𝑀𝐻𝑧 ⋅ 1.5
𝑀𝐵

𝑒𝑣𝑒𝑛𝑡
~ 60

𝑃𝐵

𝑠
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ATLAS Trigger System
Collisions @ 40 MHz

Hardware Trigger (Level-1/0)

First-selection data @ 
100 kHz

Accepted events @   
10 kHz

High-Level Trigger/ Event 
Filter

Storage Disks

The trigger system selects interesting events reducing the 
amount of data passed to the storage disks

Two-level trigger → hardware and software

Algorithms with low latency 
and low consumption of the 

hardware resources
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Current/New Trigger

INFN RomaI 
and Sapienza
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L0Muon Barrel Trigger

• 9 RPC concentric layers in each 
Phi-sector.

• BM and BO have strips in both 
eta and phi direction. 

• BI only have eta strips with 
front-end electronics on both 
sides → phi coordinate is 
obtained through centroid 
calculations.

• In the regions with the detector 
support structure, “feet”, i.e., 
sector 11 and 15, no BI
stations, but additional BO 
chambers.

Phase-II MS Barrel Layout

ATL-UPGRADE-PROC-2022-003
ATL-UPGRADE-PROC-2022-003

ATLAS Roma I Web page
ATLAS Roma I Web page

Increased geometrical acceptance from ∼75 % to ∼95%.

New on-detector electronics and off-detector full digital 
read-out @ 40 MHz.

(Off-detector)(On-detector)

https://atlas.cern/Updates/Feature/High-Luminosity-ATLAS
https://cds.cern.ch/record/2842370/files/ATL-UPGRADE-PROC-2022-003.pdf
https://hilumilhc.web.cern.ch/
https://www.roma1.infn.it/exp/atlas/research/detector-upgrade/muon-trigger-upgrade/
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Barrel Sector Logic

• 32  FPGA-based off-detector boards.

• Each board (Sector Logic, SL) 
receives hits from the RPC detectors 
in a given 𝜙-sector of the MS.

• Latency: ~390 ns.

• Clock: 320 MHz

FPGA
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SL FPGA Firmware
(from F. Morodei’s slides)

XCVU13P FPGA divided into 4 Super Logic Regions (SLRs)

▪ All BI-DCT data → SLR0 → SLR1/SLR2

▪ ½ BMBO-DCT data → SLR1 → trigger algorithm

▪ ½ BMBO-DCT data → SLR2 → trigger algorithm

▪ All DCT data → SLR3 → readout

▪ The trigger algorithm runs independently for the two 

halves of the sector in SLR1 and SLR2. 

https://indico.cern.ch/event/1405459/contributions/5908758/attachments/2885728/5057449/2024_06_27_Tokyo-Roma-Workshop.pdf
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Trigger logic

Current trigger algorithm exploits a 2/3 (Barrel Medium (BM) + 
Barrel Outer (BO)) coincidence logic within a coincidence window 
around a pivot candidate (BM2).
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Trigger logic

Current trigger algorithm exploits a 2/3 (Barrel Medium (BM) + 
Barrel Outer (BO)) coincidence logic within a coincidence window 
around a pivot candidate (BM2).

The straightforward extension of this trigger logic is to use 
3/4 coincidence logic without any pivot candidate (all 
combinations are allowed!).
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Trigger logic

Current trigger algorithm exploits a 2/3 (Barrel Medium (BM) + 
Barrel Outer (BO)) coincidence logic within a coincidence window 
around a pivot candidate (BM2).

The final decision is to use the 3/4 without 
pivot + (BI & BO) logic to maximize geometrical 
acceptance.

The straightforward extension of this trigger logic is to use 
3/4 coincidence logic without any pivot candidate (all 
combinations are allowed!).
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Trigger logic
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Trigger logic

CNN, Q-CNN, GNN
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Trigger logic
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Pattern-Matching

BO

BM2

BM1

BI

Hits Pattern

• MC single-muons samples with uniform 
momentum distribution and 100% RPC 
efficiency.

• The OR of the two layers for doublets and 
the 2/3 majority for triplet BI stations is 
considered.

• 2 look up tables: eta and phi.
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Pattern-Matching
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Two separate tables of patterns in the η − R and ϕ − R planes with the following structure:
• Pattern η = strip   , strip  M , strip  M , strip    + chambers + average pT  + charge. 
• Pattern ϕ = strip   , strip  M , strip  M , strip    + chambers + 𝜙 coordinate.

Each strip is identified via an integer number which is unique in each RPC station.
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Pattern-Matching
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Simulated performance

              

              



 ta  its

  i  its

 ta priority ordered
pattern lists

Matc in  result
     per eac pattern 

Matc in  result
     per eac pattern 

  candidate per to er
  𝜂 = 0.05 

  candidate per 
c am er

 ot    ordered
list of candidates  pipelines

   ordered
list of candidates

 ta pattern eta
c am ers list

  i pattern eta
c am ers list

 ta pattern   list

 utput candidates

  i coordinate list

 artially pre computed
output  ords

INFN@Young - Triggering the Future: Fast Muon Detection 
for the HL-LHC Era 25L. Corazzina - 27/03/2025

On the FPGA



 ta  its

  i  its

 ta priority ordered
pattern lists

Matc in  result
     per eac pattern 

Matc in  result
     per eac pattern 

  candidate per to er
   = 0.05 

  candidate per 
c am er

 ot    ordered
list of candidates  pipelines

   ordered
list of candidates

 ta pattern eta
c am ers list

  i pattern eta
c am ers list

 ta pattern   list

 utput candidates

  i coordinate list

 artially pre computed
output  ords

S        attern Matc in     cloc  

INFN@Young - Triggering the Future: Fast Muon Detection 
for the HL-LHC Era 26L. Corazzina - 27/03/2025

On the FPGA
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On the FPGA
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INFN@Young - Triggering the Future: Fast Muon Detection 
for the HL-LHC Era 28L. Corazzina - 27/03/2025

On the FPGA
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On the FPGA



S        utput preparation    cloc  
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On the FPGA
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FPGA occupancy

Preliminary algorithm-only latency: 7 clock cycles
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Conclusions

• HL-LHC will provide higher luminosity, providing more statistics to the experiments at CERN.

• The Phase-II ATLAS upgrade will handle the high luminosity environment from HL-LHC.

• The L0Muon Barrel Muon Trigger will provide increased geometrical acceptance and exploit SL FPGAs to 

run fast trigger algorithms.

• The pattern-matching algorithm is a valid candidate for the Phase-2 L0Muon Barrel Trigger.

• There are ongoing studies on simulation/performance testing and implementation in the FPGA firmware.

• Pros and cons: 

✓ low latency;

✓ Changeable pattern lists;

✓ Pre-computed  𝑇 and output words to the next steps in the trigger chain;

- A huge number of patterns are to be stored in the FPGA → it looks like they can fit.

✗ The amount of patterns makes the logic more complex.
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Backup
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Interface logic
(from F. Morodei’s slides)

https://indico.cern.ch/event/1405459/contributions/5908758/attachments/2885728/5057449/2024_06_27_Tokyo-Roma-Workshop.pdf
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• The algorithm starts looking for hits in the innermost RPC layer: if no 
hit is found, the search continues in the following layer.

• Starting from one of these hits, a coincidence window (i.e. 𝜂/𝜙 bins) is 
opened in the following layers. Whenever the algorithm finds a new 
hit, it is added to the array containing all previous hits.

• If more hits lie in the same coincidence window, only the one that is 
closest in 𝜂 and 𝜙 to the line connecting the first hit and the 
interaction point (IP).

• Per every hit in the innermost layer a pattern of hits is produced.

• Patterns may contain up to 9 hits. 

• The  𝑇 estimate comes from the deflection of the candidate pattern 
from the previous straight line.

The PatFinder Algorithm
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BO

BM2

BM1

BI

Hits Pattern – Method 1

Muon track Pattern – Method 2 

Pattern – Method 3

Creation of the pattern database

Pattern 1

Pattern 2

Pattern 3

…

Pattern N

Muon 1

Muon 2

Muon 3

…

Muon M
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• Simulations provide information about the global 

eta coordinate (g_eta) of each hit and the eta 

coordinate of the muon entering the 

spectrometer (trk_ms_eta).

• The strips included in the pattern are the closest 

to trk_ms_eta.

Creation of the pattern database
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Creation of the pattern database
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Creation of the pattern database
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Muon 1

Muon 2

Muon 3

…

Muon  M

 𝑇 =
 𝑇1 +  𝑇2 +⋯+  𝑇𝑀

𝑀

Recurrence

Creation of the pattern database
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