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Outline

üCMS phase-1 & CMS Phase-2
üTracker (phase-1, phase-2)
üTrigger (phase-1, phase-2)

Hardware

üTrack Finding
üTriggering with TracksTrigger

üPhysics ReachPhysics
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CMS Track Finding QuickStart guide

Å40 million protonтproton collisions every second

ÅThousands of charged particles produced in each 
collision

ÅReconstruction of charged particle tracks and 
vertices

ÅHigh-granularity pixel detectors for precise vertex 
reconstruction

ÅRadiation-hard detector technologies for+10 
yearsof operation

ÅMinimal material budget to reduce multiple 
scattering and electron bremsstrahlung
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Track Finding and Trigger glossary

ÅPileup :  simultaneous proton-proton interactions per bunch crossing, LHC currently ~60, rising to 200 
in HL-LHC

ÅPixel detector : Silicon detector divided into micrometre pixels, innermost detectors, highest 
granularity

ÅStrip detector : Silicon detectors with readout strips, good measurement in one direction only, cheaper, 
lower data rate

ÅPseudorapidity  (͎ь: Angle from beamline, logarithmic

ÅpT: Transverse momentum, momentum in the r-͝Шplane

ÅModule :  Detector element containing the silicon sensor, readout electronics, power and other 
infrastructure

ÅHitаШШÉŔŰŊũĲШƓŸŔŰƣШŸŉШċШƓċƖƣŔĦũĲƚќШƣƖċŢĲĦƣŸƖǃШƽőĲƖĲШŔƣШŔŰƣĲƖċĦƣƚШƽŔƣőШƣőĲШĬĲƣĲĦƣŸƖ

ÅStubаШШÉůċũũШƓċƖƣШŸŉШċШƓċƖƣŔĦũĲƚќШƣƖċŢĲĦƣŸƖǃЯШŉŸƖůĲĬШĤǃШƣƽŸШőŔƣƚЯШƨƚĲĬШƣŸШƚĲĲĬШƖĲĦŸŰƚƣƖƨĦƣŔŸŰ
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Hardware
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CMS Detector Overview
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CMS phase-1 Tracker

Outer Tracker
Å Instrumented up to |͎ =҇2.4
Å Single sided modules
Å Double sided modules

Inner Tracker
Å Records particle trajectories up to an 

|͎ ҇of 3
Å Pixel sensors 150x100 ͓ m2 pixels
Å Layer 1 replaced in 2021 7



CMS phase-1 Tracker

Outer TrackerInner Tracker

2007 Strip + Pixel integration test
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Phase-ΝШÑƖċĦťĲƖШŉƨŰШŉċĦƣв

Probably the only sub-ĬĲƣĲĦƣŸƖШŉĲċƣƨƖĲĬШŸŰШċŰШċũĤƨůШĦŸƻĲƖвШ
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CMS Trigger system architecture

Level-ΝаШΠΜШ~cǍШӛШΝΜΜШťcǍ
o Latency of < 10 µs
o Implemented in hw / fw
o Calorimeter and muon spectrometer
information only (at a reduced level)
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cxÑаШΝΜΜШťcǍШӛШΝЮΡШťcǍ
o Ideally, timing within a few ms
o Streamlined version of the CMS offline 

reconstruction sw
o Exploits full detector information by 

including the track information



Level-1 Trigger т phase 1

CMS Level-1Trigger
o Level-1 HW trigger, low granularity
o 4 s͓, 110KHz rate, 99.7% rejection

L1 Calorimeter Trigger
o Layer 1 receives information from calorimeters 

and runs calibrations
o Layer 2 reconstructs physics objects (e/͊ о͛оjets)

L1 Muon Trigger
o 3 muon track finders to reconstruct muon 

candidates in different detector regions
o Reconstructed muons are sent to Global 

Muon Trigger for final muon selection

L1 Global Trigger
o Collects Muon & Calo objects
o Runs 128 different L1 algorithms
o Accept or discard decision
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High Luminosity LHC 

ÅTarget luminosity of HL-LHC 3000-4000 fb-1

ÅIncreased sensitivity to rare BSM processes and 
precision Standard Model measurements

ÅUp to200 simultaneous protonтproton 
interactions per bunch crossing at40 MHz
ÅCMS originally designed for PU ~25
Åcannot cope without loss in physics performance

ÅPhase-1 Tracker not designed for High Luminosity
ÅWill not survive further radiation

ÅA comprehensive CMS upgrade is required 
ÅTrigger & DAQ system with exceptional 

performance is needed
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Simulated event display with average pileup of 140.

HL-LHC expected ~200PU



CMS phase-2 Upgrade

ÅBrand new tracker

ÅBrand new endcap calorimetry

ÅBrand new muon system

ÅBrand new timing layer

ÅBrand new Level-1 Trigger
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Level-1 Trigger phase-2 upgrade

L1T will now receive significantly more precise inputs 
ӛШċĤũĲШƣŸШĦŸůƓƨƣĲШƣƖŔŊŊĲƖШŸĤŢĲĦƣƚШƽŔƣőШƓĲƖŉŸƖůċŰĦĲШ
comparable to offline reconstruction

Levelт1 Trigger

üTracks from outer tracker in L1T @40 MHz

ü ĦĦĲƓƣċŰĦĲШƖċƣĲаШӈΝΝΜШťcǍШӛШ750 kHz

ü  Latency: ~4 ͓ ƚ ӛШ12.5 ͓ ƚ

üÉƣċƣĲШŸŉШƣőĲШċƖƣШ[Â] ƚШӛШƨƚĲШŸŉШ~xШċũŊŸƖŔƣőůƚ

üHigh granularity information @L1 T  from calorimeter 
and muon detectors. (particularly HGCAL 
in the endcap)

üParticle Flow (PF) brought to L1T 

üPile-Up Per Particle Identification (PUPPI) for
mitigation of extremely high PU environment
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CMS phase-2 Tracker

NB: blue & red here have different meanings vs Ph-0/1

The new Tracker will have the same general envelope as the old
ü Solenoid, Vacuum Tank, Barrel Calorimeter unchanged from Phase-0/1

But some differences already obvious at first glance
ü High-  ͎ƓŔǂĲũШƣƖċĦťŔŰŊШӛШŔůƓƖŸƻĲĬШŢĲƣШƖĲĦŸŰƚƣƖƨĦƣŔŸŰ
üÑŔũƣĲĬШŔŰŰĲƖШĤċƖƖĲũШӛШŉĲƽĲƖШůŸĬƨũĲƚШĬĲƚƓŔƣĲШőŔŊőШÂÖЯШĤĲƣƣĲƖШƣƖŔŊŊĲƖШƓĲƖŉŸƖůċŰĦĲ
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CMS phase-2 Tracker

Outer Tracker
Å Instrumented up to |͎ =҇2.8
Å Tilted geometry
PS modules -> pixel-strip modules
2S modules -> two strip modules

Inner Tracker
Å |͎ ҇up to 4
Å Pixel sensors 25 x100 & 50x50 ͓m2 

pixels
Å Replaceable 3D pixel inner layer

NB : the Tracker will 
no longer comprise 
ċШљƚƣƖŔƓњШċŰĬШċШљƓŔǂĲũњШ
detector

16



Inner Tracker

2G pixels vs 125M phase-1
3892 Modules, 1x2 or 2x2 readout chips

TBPX т Tracker Barrel PiXel 4 Layers
TFPX т Tracker Forward PiXel 8 small double disks
TEPX т Tracker Endcap PiXel 4 large double disks
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Outer Tracker

ü Two types of module Pixel Strip (PS) and Two 
Strip (2S)

ü Tracker Barrel PS TBPS
ü Tracker Barrel 2S TB2S
ü Tracker Endcap Double Disks TEDD

ü 213M readout channels (vs 9.3M)
ü Novel tilted geometry
ü Significantly reduced material budget
ü Participation in the L1 trigger
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Outer Tracker pT modules

Most significant innovation is participation in the L1 trigger
ü Tracking information in Phase-ΞШƽŔũũШĤĲШċƻċŔũċĤũĲШċƣШΠΜШ~cǍЯШƽŔƣőШΠ͓ƚШũċƣĲŰĦǃ

Outer tracker requires double-sided pT modules
Å Hits from 2 independent sensors correlated in the front-end ASICs

Å ÂƖŸƻŔĬĲƚШƚőŸƖƣШƣƖċĦťШƚĲŊůĲŰƣƚШыљƚƣƨĤƚњьЯШĦŸŰƚŔƚƣĲŰƣШƽŔƣőШpT > 2GeV
Å pT threshold is achieved via the size of the strip correlation window
Å The 2GeV cut reduces rate to backend electronics by a factor of 10

Å Real time tracking performed with stubs in Tracker backend electronics
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Outer Tracker PS/2S modules

PS Modules
Å One Pixel, one strip layer
Å 1.47 mm long, 100 ͓ ů wide pixels 

give z0 resolution for a track of 1 mm
Å 100 ͓ ů pitch strip sensor
Å Angled barrel region increases efficiency

2S Modules
Å Two strip sensor layers
Å 90 ͓ ů pitch
Å High resolution in ὲ, poor resolution in z (͎ ) in 

the barrel (endcap)
Å Lower occupancy and bandwidth motivates 

their use in the outer layers

This functionality requires a relatively complex module design for the OT
ü Strip-strip (2S) at outer radii, pixel-strip (PS) at inner
ü Sub-variants of each with different sensors spacing

~13200 modules 
total in the OT
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Readout System Architecture

Level-1 Trigger
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Trigger ATCA boards

Apollo Board
ü Targets TFP + Inner tracker readout
ü Boston + Cornell

Serenity S1 board
ü Targets DTCs + Level-1 GTT
ü UK + KIT

APx board
ü Targets Level-1 GTT
ü Wisconsin

Single VU13P FPGA
o Onboard Zynq CPU
o IPMC for board control
o Firefly optics giving 63 Tb/s Input
o > 250 boards in trigger system 22

Dual VU13P FPGA
o TFP algorithm split between the two
o  124 optical links @ 25 Gb/s
o >3Tb/s aggregate bandwidth
o Zync Ultrascale+ control processor

ATCA-technology based boards hosting powerful Xilinx Ultrascale+ FPGAs
Å 4 different flavors for Phase-2 L1-Trigger: Serenity, APx, X2O, BMTL1

X2O BMTL1



Trigger
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Level-1 Tracking challenge

Track finding constraints
Á200 PU at 40 MHz processing

o Highly parallelised algorithm, time and space

Á5 ͙ ƚ to receive data and produce tracks
o 1 ͓ ƚ stub processing, 4 ͓ ƚ track finding

ÁNeed to be able to reconstruct a vertex
o 1 mm track resolution in z0

ÁNeed to be able to pass tracks to 
downstream algorithms e.g. particle flow 

o well reconstructed pT, ͎ , ͝ , z0, quality variables

×Track finding objectives
o Low fake rate
o High efficiency & robustness
o Displaced Track Finding

x2
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Hybrid algorithm
üReconstruct all tracks pT > 2 GeV, |͎ | < 2.4

ü4 ͓ ƚ to process over 10,000 stubs and form ַ(100) ײ prompt tracks per event

Hybrid algorithm
1. Road search algorithm: based on tracklet seeds, looks for track seeds within a large number of hits

2. Kalman filter: to identify best stub candidates for a given track and to fit track parameters to a high level 
of resolution

3. Boosted decision tree: ML technique to evaluate track quality

21 3
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Hybrid algorithm - Tracklet

Step 1

ü Use two stub seeds to create 
initial tracklets

ü 8 different combinations of
barrel and endcap layers

26



Hybrid algorithm - Tracklet

Step 2
ü Project track candidates
outwards/inwards
ü Based on a beamspot constraint
ü Create a search window for
more stubs

Step 1

ü Use two stub seeds to create 
initial tracklets

ü 8 different combinations of
barrel and endcap layers
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Hybrid algorithm - Tracklet

Step 3
ü Add matching stubs to track
candidate
ü Smallest residual stub is kept
ü Minimum 4 stubs, maximum 6
stubs for a track

Step 2
ü Project track candidates
outwards/inwards
ü Based on a beamspot constraint
ü Create a search window for
more stubs

Step 1

ü Use two stub seeds to create 
initial tracklets

ü 8 different combinations of
barrel and endcap layers
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Hybrid algorithm - Tracklet

Step 4
 
ü Pass track candidates downstream 

to track merger and Kalman Filter

Step 2
 
ü Project track candidates
outwards/inwards
ü Based on a beamspot constraint
ü Create a search window for
more stubs

Step 1

ü Use two stub seeds to create 
initial tracklets

ü 8 different combinations of
barrel and endcap layers

Step 3
 
ü Add matching stubs to track
candidate
ü Smallest residual stub is kept
ü Minimum 4 stubs, maximum 6
stubs for a track
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Hybrid algorithm т Track fitting

ÅFinal track fitting uses Kalman Filter algorithm

ÅIterative algorithm as used in offline reconstruction, seeded 
by tracklet

ÅAble to fit and select different combinations of stubs on 
track candidates

ÅOnly constants are hit errors (and scattering angle vs pT if 
required)

ÅTwo versions available for 4 or 5 (with d0) parameter fits
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Tracks in Level-1 Trigger
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