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Outline

Introduction: LHC, HL-LHC, and the CMS Experiment 

Precision Timing and the MIP Timing Detector (MTD) 

Endcap Timing Layer 

Sensor Performance Requirements and Results
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Physics at the LHC

Large Hadron Collider (LHC): 
13 TeV pp collider

Ongoing SM studies: 
cross-sections, precision 

measurements, 
couplings, etc.

Searches for BSM physics: 
SUSY, DM, exotica, etc.
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HL-LHC will help us 
find new physics with 

more particle collisions
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High Luminosity LHC
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Compact Muon Solenoid (CMS)
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Pileup Increase with HL-LHC

~10 cm

40 million BX/sec with 100-200 interactions/BX

Beam line axis
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Pileup Increase with HL-LHC

~10 cm

40 million BX/sec with 100-200 interactions/BX

Beam line axis
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Resolving Pileup With Precision 
Timing
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Vertices that overlap in 3D are clearly separated in 4D

~200 ps

~10 cm
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CMS Precision Timing with the 
MIP Timing Detector (MTD)
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Fast Facts 
•In between inner tracker and calorimeters 
•Time resolution: 30-40 ps/track 
•Installation date: 2023 (HL-LHC)

Endcap Timing Layer

Barrel Timing Layer
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What else can we see with the MTD?

Improvement on resolution of tracks/
PV with increased time resolution

•Improved pileup resolution (CMS 
LHCC-2019-003) 

• B-tagging + lepton isolation 
improvement 

• Increased effective luminosity for rarer 
signals/Higgs Program

https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf
https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf
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What else can we see with the MTD?
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Improvement on resolution of 
mass measurement for neutralino 

with increased timing resolution 

•Additional physics capabilities 

• Heavy ion studies/low pT 
hadron studies 

• LLP studies with timing 
(arXiv:1903.05825v2)

• Improved pileup resolution (CMS 
LHCC-2019-003) 

• B-tagging + lepton isolation 
improvement 

• Increased effective luminosity for rarer 
signals/Higgs Program

https://arxiv.org/abs/1903.05825v2
https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf
https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf
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MTD Structural Overview

Barrel Timing Layer (BTL): 
Scintillating crystals read out 

by SiPMs

Endcap Timing Layer (ETL): 
Silicon low gain avalanche 

detectors (LGADs)

Two main technologies
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•15 m2 of silicon 

• 2 disks per endcap 

•Each LGAD sensor: 16x32 
pads (512) 

•Each pad: 1.3x1.3 mm 

•~10 million readout channels
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MTD Structural Overview: Endcap 
Timing Layer (ETL)

Expanded view of ETL disk half
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ETL Low Gain Avalanche Detectors
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•Silicon with gain layer 

•Gain layer creates high E 
field 

•Thin sensors 

•Gain ~10-30 (SiPMs ~1000s)
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ETL LGAD Sensor Requirements
Time resolution requirement: 30-40 ps 

Efficiency requirement: ~100% uniformly throughout 
the sensor 

Radiation tolerance throughout the detector
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X-Y view of ETL

Medium fluence: 4e14 neq/cm2

High fluence: 1.5e15 neq/cm2

Low fluence: 0 neq/cm2

3000 fb-1
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Test Beam Setup @ Fermilab
Characterizing LGAD sensors (different radiation strengths, 
manufacturers)
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Permanent test beam set-up at 
Fermilab

• Amplitude (gain) distributions 

• Interpad gap distance 

• Efficiency studies 

• Timing resolution

120 GeV beam

Strip (7) Pixel (4)
Scintillator  

Trigger Strip (2)

ETL Cold Box

LGADs MCP
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LGAD Event Reconstruction
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A RooPlot of "Signal Amplitude [mV]"

Amplitude MPV

•Take time difference between arrival and LGAD and at MCP 

•Make distribution of these time differences (     ) 

•Standard deviation of distribution is time resolution
Δt

σt

Other values of interest: 
•Most probable value of amplitude distribution 
•Efficiency of sensor
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ETL LGAD Studies:  
Sensor Uniformity - Timing Res.
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Uniform timing 
resolution ~ 30 ps

Uniform timing 
resolution ~ 30-40 ps

Low fluence

Medium fluence

1 mm

3 mm
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ETL LGAD Studies:  
Sensor Uniformity - Efficiency
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~100% Efficiency 
Uniform Performance 

Radiation Tolerant
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ETL LGAD Studies:  
Interpad Distance

Check “dead area” 
between pads
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Summary
•CMS Phase 2 (HL-LHC) upgrade includes the addition of 

precision timing hardware, specifically the MTD 

• Precision Timing @ CMS helps to reduce effects of pileup 

• Opens up opportunities for new physics searches 

•MTD concluding R&D phase 

• ETL sensors performance meet expectations 

• Results are consistent with timing resolution goal (30-40 ps)
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Backup
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LGAD Sensors

HPK 4x4 LGAD array

FBK 2x8 LGAD array

1 mm

3 mm

1 mm

1 mm
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ETL LGAD Studies:  
Sensor Uniformity - Timing Res.
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April 2019 Test Beam Results
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Machine Learning for Timing

Time res.

Using neural networks to 
extract time resolution Neural network schematic
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LLP Mass Calculation


