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High-Luminosity LHC (HL-LHC)
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Fig: HL-LHC timeline

Å Luminosity: indicatethe performanceof

anaccelerator

Å Proportionalto: numberof collisions

thatoccurinagivenamountoftime

Å highertheluminosity: themoredata

theexperimentscangather

Å Aim: to delivera muchlargerdatasetfor

physicstotheLHCexperiments

Å Pile-up: Numberof simultaneousproton-

protoninteractions(~200)

Å With high pile-up, need more

advancedselectionalgorithmsat L1

trigger

Å This increased datasets will help in the high 

precision measurements of:

Å Standard model (SM)

Å new territories beyond the SM (BSM)

Instantaneous

Luminosity

Pile-up (average) Integrated luminosity

Run-2 2.1 x 1034 cm-2s-1 55 160 fb-1 

(4 years)

HL-LHC(baseline) 5 x 1034 cm-2s-1 140 3000 fb-1 

(10 years)

HL-LHC(ultimate) 7.5 x 1034 cm-2s-1 200 4000 fb-1 

(10 years)
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CMS HL-LHC upgrade

3

Å TheCMSdetectorplannedupgradefortheHL-LHCera:

Å New pixel and strip tracking detector

Å New high-granularity calorimeter  (HGCAL) of the endcap

Å New frontend/backend electronics for the:

ÅBarrel calorimeter

ÅElectromagnetic calorimeter (ECAL)

ÅHadronic calorimeter (HCAL)

ÅMuon system

ÅDrift tube (DT)

ÅCathode strip chambers (CSC)

Å 40 MHz Scouting system

Åcan be used to scrutinize the collision events and 

identify potential signatures unreachable through 

standard trigger selection processes

Å L1 trigger:

Å Inclusion of the tracker information

ÅExtensive usage of:

Å large FPGA (Virtex UltraScale+/Kintex UltraScale)

Åhigh-speed optical links (28 Gbps)
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Fig: CMS detector HL-LHC upgrade
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L1 trigger principle
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Å At designparameterstheLHCproduces:

Å ~109 events/secondinCMSdetectors.

Å eacheventis~ 1 MB.

Å 109 events/sx 1 Mbyte/events= 1015 bytes/s = 1

PB/s(1 Petabyte/second)

Å Problem:

Å It is impossibleto storeandprocessthis large

amountofdata

Å Solution:

Å adrasticratereductionhastobeachieved

ÅLevel-1: 40MHzto750kHz

ÅHighleveltrigger(HLT): 750kHzto7.5 kHz

Å Atriggerisdesignedtorejecttheuninterestingevents

andkeeptheinterestingonesforphysics.

Fig: Trigger system
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L1 trigger architecture
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Fig: HL-LHC L1 trigger architecture
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Å TheHL-LHCL1 triggerreceivesinputfromthebackendelectronics

of:

ÅCalorimeters

ÅMuonspectrometers

ÅTrackfinder

Å Calorimetertrigger: (creatingclustersfromtheenergydepositedby

theparticleinthecalorimeter)

ÅRegionalcalorimetertrigger(RCT)

ÅBarrelECALandHCAL

ÅGlobalcalorimetertrigger

ÅRCT,forwardhadronic(HF),andHGCAL

Å Correlatortrigger(CT)receivesinputfromallthetriggersub-system:

ÅAim: identifyingand reconstructingall the particleswith a

particleflowalgorithm

Å Globaltrigger:

ÅAim: IssuesthefinalL1 triggerdecision

Å Inputrate: 40MHz

Å Increasedoutputrate: 100kHz=>750kHz

Å Increasedlatency: 3.8ǩS=>12.5ǩS
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L1 trigger architecture
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Fig: CMS Phase-2 L1 trigger design. Mentioning the time-multiplexing (TMUX) period, regional (RS) and functional segmentation 

(FS), and the number of FPGAs for each architecture component.
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Technology R&D examples
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BOARD FAMILIES

APx Serenity

Ocean BMT-L1

Å ATCAbasedelectronics

ÅGenerichighI/O (>100)processingboards

ÅOneortwoVirtexUltraScale+/KintexUltraScaleFPGAfromXilinx

Å Widerangeoftestingandprototypes

ÅExtensivelinktests@28Gb/s

Åendurancetest(<10-12BER)oftheFPGAquads.

ÅThermalperformancetestandsimulation

ÅHeat sink test (in orderto keepoperatingtemperature

bellow1000C)

ÅAlgorithmfirmware

Å Infrastructurefirmware

Fig: APxF 25G eye scans, quads 121-135

APx 25G quad eye scans

Å 25.78125 Gbps

Å Using pseudorandom 

binary sequence 

(PRBS31)

Å Clock and data recovery 

(CDR) ON

28 July, 2022

Heat sink



Trigger Algorithms Development
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Å ThetriggeralgorithmsareimplementedbyusingXilinxVivado-

HLS(highlevelsynthesis)tool

Å Rapidprototyping

Å CodesarewritteninC++

Å HLSsynthesizesthecodetogeneratetheRTLand

Å Providean early estimateof latencyand resource

utilization

Å Increasedeaseof collaborationand codesharingfor

algorithmdesign

Å Downstream:

Å Integrationofthealgowiththefirmwareshell(orangebox)

thatprovides

ÅMGTlinkinstantiation

ÅTimingand ControlDistributionSystem(TCDS)

connectivity

ÅDAQsupport

ÅandanAXIinterfacetothecontrollingsystem

Å UsesHDLwrapperforintegration(magentabox)

Fig: Trigger algo device 

implementation 

Fig: Vivado-HLS performance 

estimates of trigger algorithm

Aim is to write HLS algorithms in a framework agnostic way 

28 July, 2022
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Barrel calorimeter segmentation
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Fig: Barrel calorimeter segmentation
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L1 Trigger Algorithms
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Calorimeter Trigger

Regional Calorimeter Trigger (RCT) creates electrons/photons energy clusters and towers and sends them to Global Calorimeter Trigger (GCT)

Å TheXilinxUltraScale+XCVU9PFPGAsupports

3superlogicregions(SLR).

Å Forefficientimplementation,thealgorithmis

partitionedSLRwise in 2 SLR(SLR2 and

SLR1)

Å RCTalgorithmisdividedinthreepart

Å RCT8x4:

Å ImplementedinSLR1

Å Processesthe 8Ǥx 4‰ RCT

regions

Å onlyECAL.

Å RCT9x4

Å implementedinSLR2

Å processesthe 9Ǥx 4‰ RCT

regions

Å ECAL

Å 16Ǥx4‰HCALdata.

Å RCTSUM

Å implementedinSLR2

Å combinesboth the algorithm

and sendsthe output to the

GCT.
Fig: RCT algorithm HLS results

Fig: e/gamma cluster 

making in RCT algorithm

Fig: RCT algorithm organisation and dataflow 

RCT geometry for the FPGA processing: 17Ǥ×4‰of the barrel (total 36 APx cards)

The implementationis

scalablefor theregionof

17Ǥ×6‰ (can use 3

SLRs). RCTAPxboardwill

reducefrom36to24
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RCT to GCT slice test
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Å The GCTalgorithm(mergingthe energies

betweenthe RCTcardsin phi direction)is

synthesizedinVivado-HLS

Å TheRCT(SLR2 andSLR1) andGCT(SLR0) is

implementedtogetherinXCVU9PFPGA.

Å Testedonasinglecard:

Å Replicatethe4 RCToutputlinksx5 (20

input)~ GCTprocessing5 RCTcards

Å Implementationdetails

Å XCVU9P-FLGC2104-1-EFPGA

Å Clock: 240MHz

Å Linkbandwidth: 16Gbps

Fig: GCT algorithm HLS results  

Fig: RCTTDR and GCT algorithm implementation in three SLR
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RCT to GCT slice test
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Fig: GCT device implementation

Å Thebitstreamisgeneratedandtheprojectpasses

thetimingconstraints.

Å Followingarethealgorithmsdeviceplacement:

Å RCT8x4: SLR1

Å RCT9x4: SLR2

Å RCTSUM: SLR2

Å GCT: SLR0

Å Postimplementationdeviceutilizationis within

theboundary.

Å Bitstreamis successfullytestedontheAPd1 (APx

demonstratorboard)board

Å Test vector generatedvia Monte Carlo

physicssimulationsfor different physics

models.
Fig: Utilization and timing 

summary (setup)

Fmax
= 1/(4.167-0.019) ~ 241 MHz
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Muon trigger
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Å Thefunctionofthemuontrigger:

Å Identificationofthemuontracks

Å Measuremomenta

Å inputsintheformofmuonstubs(32-64bitseach)

Å Inputs (stubs) are relaying through various

electronicsregions:

Å Barrel:

Å Drifttube(DT)

Å Resistiveplatechambers(RPC)

Å Endcap:

Å veryforwardextensioniRPC

Å cathodestripchambers(CSC)

Å gaseouselectronmultiplier(GEM)

Å Fullimplementationofthebarrelalgorithm

Å TestedonsmallKU040FPGA

Å Algorithmclock: 160MHz

Å BMTlatency: 2.25ǩS

DSP FF LUTs BRAM

10% 17% 37% 46%

Fig: Muon trigger architecture

Fig: barrel algorithm implementation
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Stubs: position, bend angle, and timing information of the muons



Track trigger
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Å Aim:

Å Reconstructionoftheprimaryvertices

Å Identifytrack-onlyobjects

Å Uses6 APxand6serenityboard

Å PrimaryVertex(PV)Finding:

Å Originoftracksconstrainedto~1mm

Å Removepileuptomaintainmanageablerates

Å Track-VertexAssociation:

Å SelecttracksconsistentwiththePV

Å Track-basedJetFinding:

Å Track-basedmissingtransverseenergy(MET)

Å Track-basedMissingHT
*

Globaltracktriggeralgorithm:

Single board, GTT framework + 

multiple algorithms

Whole 

algorithm 

fits in one 

SLR

DSP FF LUTs BRAM

1% 11% 17% 21%

Vertexing MET/Jets

Latency 540 ns 1530 ns

Implemented 

in XCVU9P
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HT: scalar sum pT of jets



Correlator trigger
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Å Aim: Collect information from 

calorimeters/muonsystems/tracker, 

combine them

Å reconstruct the particles and 

identify them.

Å Employs algorithms for:

Å Particle Flow (PF) and Particle per 

pile-up identification (PUPPI) (barrel 

+ endcap)

Å Jets/Missing transverse energy 

(MET)/HT
Å Taus, Isolation, NN MET, 

electron/photon (egamma)

Å Two layers: 

Å Correlator Layer-1: Performs full 

PF+PUPPI create particle-flow 

candidates

Å Correlator Layer-2: use PF 

candidates to reconstruct physics 

objects

Correlatortriggerlayer-1

Barrel Endcap

Latency 1120 ns 1030 ns

Å Full working PF+PUPPI 

Å Barrel/endcap implemented using  

VU9P-2

VU9P DSP FF LUTs BRAM

Barrel 33% 36% 46% 38%

Endcap 24% 24% 30% 32%

Fig: Layer-1 barrel

Fig: Layer-1 endcap
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Global trigger
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Å Final stage of the Level-1 trigger

Å Aim: responsible for implementing 

the trigger menu

Å Based on serenity board 

Å XCVU9P FPGA

Å Flexible design:

Å can be adapted for future 

algorithms

Å 480 MHz algorithm clock

Å Total latency of the GT Algorithm

Å ~250 ns (10 Bunch-crossing)

Å Budget: 40 BX (1000 ns)

Fig: 39 algorithm placed in 1 SLR

(total 117 algorithms for 3 SLR)
Fig: 78 algorithm placed in 1 SLR

(total 238 algorithms for 3 SLR)

Flexible 

System
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Slice test
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Trackfinder(backend)=>Globaltracktrigger(GTT)

Å VU7P Apollo=> KU15P Serenitytest

Å Apollo algo firmware: Final subcomponent of 

track finder

Å Serenity algo firmware: Vertexing algorithm

Å Tracks sent over 18 links

Å inputs is injected into the buffers on Apollo

Å Generated via CMS software (CMSSW)

Å Outputs is captured on the Serenity buffer

Å Compared with expectations: 100% agreement

Correlatorlayer1 (Serenity)ɷLayer2 (Serenity)

Å Layer-1 algo input: HGCAL => jets 

Å Layer-2 algo output: electron/photon (egamma)

Å 100% agreement with emulator

Fig: Track finder and GTT board placement in the TIF crate 



Summary
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Å Key technological choices to leverage the HL-LHC high data-taking environment:

Å High-speed optical links (from ~10 Gbps to ~28 Gbps)

Å Large FPGAs (from Virtex-7 to Xilinx Virtex UltraScale+/ Kintex UltraScale)

Å Modular and scalable algorithm firmware

Å Several FPGA boards are being developed and various tests were performed, 

such as:

Å The links eye scan (@25 Gbps) and 

Å endurance test (< 10-12 BER) of the FPGA quads.

Å FPGA thermal test to explore various heat sinks options.

Å Following trigger algorithms are being prepared and tested successfully on their 

corresponding prototyped board:

Å RCT and GCT

Å Barrel muontrigger and global muontrigger (GMT)

Å Global track trigger (GTT)

Å Correlator Layer-1 and Layer-2

Å Global track trigger

Å The latency and resource utilization is well within the desired limit. 

Å All the testing/development is going in time with the HL-LHC schedule.
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Fig: L1 trigger crate installed at CERN that houses

three Serenity, X2O, and DTH (DAQ and TCDS hub) board (for 

multi-board testing)
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Xilinx Stacked Silicon Interconnect (SSI) Technology

Fig 3: Xilinx FPGA Enabled by SSI Technology*

Å TheSSI technologyintegratemultipleSuper

Logic Region(SLR)componentsplaced on

apassiveSiliconInterposer(fig3).

Å EachSLRcontainstheactivecircuitrycommon

to mostXilinxFPGA(Fieldprogrammablegate

array) devices. This circuitry includeslarge

numbersof:

Å 6-inputLUTs(Look-uptables)

Å Registers

Å I/Ocomponents

Å GigabitTransceivers(GT)

Å Blockmemory

Å DSPblocks

Å Otherblocks

Å Thedeviceweareusingfor oursynthesisand

implementationis based on Xilinx SSI

technologyandsupportthreeSLRs.

Å Xilinx Virtex UltraScale+ xcvu9p flgc2104-

1-eFPGA *: UG872 Large FPGA Methodology Guide
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Barrel Calorimeter Segmentation (New) 
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Fig 2: Barrel calorimeter segmentation (new)
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Project hierarchy and floor planning 
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Fig 23: Project floor planningFig 22: Project hierarchy in Vivado

Sector-2 (20 Links)

Sector-1 16 Links)

Sector-0 (12 Links) Sector-3 (8 Links)

Sector-4 (20 Links)

Sector-5 (20 Links)
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APx Firmware shell
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Sector-2 (20 Links)

Sector-1 16 Links)

Sector-0 (12 Links) Sector-3 (8 Links)

Sector-4 (20 Links)

Sector-5 (20 Links)
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Iridisð64b66b-

based optimized 

signaling method 

and firmware 

cores for CMS 

Trigger 

applications



APx test
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Sector-2 (20 Links)

Sector-1 16 Links)

Sector-0 (12 Links) Sector-3 (8 Links)

Sector-4 (20 Links)

Sector-5 (20 Links)
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Serenity tests 
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Sector-2 (20 Links)

Sector-1 16 Links)

Sector-0 (12 Links) Sector-3 (8 Links)

Sector-4 (20 Links)

Sector-5 (20 Links)
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