
CMS Detector Upgrades for 
the HL-LHC

JULIE HOGAN, CMS COLLABORATION

BETHEL UNIVERSITY

APRIL 16, 2020



CMS HL-LHC Upgrades

 Huge fluences expected with HL-LHC luminosity (5.0-7.5 x 1034 / cm2)

 Expect ~3000/fb over the course of the HL-LHC – upgraded detectors have to 
last and reconstruct physics objects well in 200 interaction conditions

 Rebuilds or extensions coming to most CMS subdetectors

 CMS Phase-2 forward detectors could form a forward spectrometer
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CMS TP

LHC: New low-b triplet quadropoles + crab cavities

https://cds.cern.ch/record/2020886/
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CMS Phase-2 for FMS?
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 Silicon tracking, pixel-based

 Silicon timing layer, LGAD technology

 Silicon-based calorimetry

 Gas electron multiplier (+others) for muons

 FMS: small-area versions around beampipe? 

 ~0.25 m2 annulus + timing

M. Albrow

https://indico.cern.ch/event/899213/contributions/3789359/attachments/2010279/3358668/Albrow_Forward_EXO_20200327.pdf


Tracking Upgrades

 Radiation tolerance: blue = dead @ 1000/fb

 Higher granularity for lower occupancy

 Increased coverage, pixels out to |η| ~ 4

 Whole tracker will use two-phase CO2 cooling
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CMS TP

Trk TDR

https://cds.cern.ch/record/2020886/
https://twiki.cern.ch/twiki/pub/CMS/Phase2TrackerTDR/TDR-17-001_30062017_LHCC.pd


 Inner tracker: n-in-p pixels of 25 x 100 μm

 Outer tracker: n-in-p sensors with 100 μm strips or 100x1400 μm macro-pixels

 Pairs of sensors in each module, modules in layers overlap in 𝑧 and 𝜙

Tracking Upgrades
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Trk TDR

IT:

OT:

https://twiki.cern.ch/twiki/pub/CMS/Phase2TrackerTDR/TDR-17-001_30062017_LHCC.pd


Tracking Upgrades

 Smaller pixel sensors for better granularity

 Particles hit more than 8 layers out to η = 3.5, and more 
than 6 to η = 4

 Better track separation, reduce hit merging in high 
energy jets

 Reduced material -- better routing of services around 
sub-detector interfaces
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Phase 1                                 phase 2

Trk TDR

https://twiki.cern.ch/twiki/pub/CMS/Phase2TrackerTDR/TDR-17-001_30062017_LHCC.pd


Tracking Upgrades

 Efficient track finding for L-1 trigger

 Stub-finding in 2-sensor modules

 15k stubs @ 14 MHz, pT > 2 GeV

 Goal is FPGA-only tracking
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FPGA tracklet (stub-pair) 
road search tracking

tracklet

extrapolate

Track!

Trk TDR

https://twiki.cern.ch/twiki/pub/CMS/Phase2TrackerTDR/TDR-17-001_30062017_LHCC.pd


Tracking performance

 Momentum & IP resolution will improve

 Efficiency can maintained to 200 PU

 Vertex merging becomes an issue at high pileup

 Motivates including timing layer
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momentum Efficiency

Trk TDR

Impact param.

https://twiki.cern.ch/twiki/pub/CMS/Phase2TrackerTDR/TDR-17-001_30062017_LHCC.pd


MIP Timing Layer
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MTD TDR

 Fits between outer tracker and ECAL (barrel), and between tracker bulkhead 
and future HGCAL (endcap). Tight squeeze!

 30-40 ps timing resolution for HL-LHC start

 Adds p / K / π particle ID (backup)

https://cds.cern.ch/record/2667167?ln=en


MIP Timing Layer

 Endcap: much higher fluence

 Low gain avalanche detectors

 1.3 x 1.3 mm2 pads in 16x32 arrays

 2 ROCs to read 16x16 arrays
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MTD TDR

https://cds.cern.ch/record/2667167?ln=en


Calorimetry upgrades

 Electronics upgrades for barrel calorimeters to improve latency, add cluster 
timing capabilities, and lower the operating temperature

 Radiation damage will cause large light losses in the endcaps

 Complete replacement required with more robust technology

 High granularity silicon endcap calorimeter – 3D shower images

 Could allow triggering on displaced objects with large cτ
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HCAL endcap

CMS TP

https://cds.cern.ch/record/2020886/


HG Encap Calorimeter
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• CE-E: Si sensors, tungsten/copper and lead/steel absorbers

• CE-H: Si sensors, steel absorber

• Si sensors  plastic scintillator where fluence is lower

• Hexagonal sensors cooled to -30 C to minimize damage

• Thinner sensors in regions of higher fluence

CE TDR

 High granularity silicon endcap calorimeter – 3D shower images

https://cds.cern.ch/record/2293646?ln=en


HGCAL silicon Module

 Hexagonal Si sensors with pads of ~1.2 cm2 (thick) or 0.5 cm2 (thin) 

 Thinned p-type substrate, $$ but better against radiation-induced noise

 Diamond substructure for convenient readout and triggering

 Wirebonds drop through holes in the PCB where 3 Si pads intersect
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Corner cutouts expose 
mounting holes, allow 
wirebonds to Kapton

CE TDR

https://cds.cern.ch/record/2293646?ln=en


HGCAL scintillator

 This scintillator must last throughout the HL-LHC

 Current detector shows dose-rate-dependent chemical damage

 Considering polyvinyltoluene or polystyrene scintillator

 SiPM-on-tile technology

 direct readout of light

 SiPM in a dimple on the scintillator

 Cell size of 4 through 32 cm2
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CE TDR

https://cds.cern.ch/record/2293646?ln=en


Muon Upgrades

 Current detectors will receive upgraded electronics

 New: forward gas electron multipliers and improved RPCs

 Standalone (no PV) muons in trigger up to η = 2.4

 Reliable triggering and offline measurement of muons up to η = 2.8
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Muon TDR

https://cds.cern.ch/record/2283189?ln=en


Muon Upgrades

 Gas electron multipliers can handle hit rate of MHz/cm2! 

 Better muon bending measurement within a station (up to 6 foils)

 Improved resistive plate chambers can handle HL-LHC rates

 Faster electrode recovery (thinner), less charge (lower HV), better electronics

 Better spatial & time resolution, suppression of low pT tracks
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Muon TDR

https://cds.cern.ch/record/2283189?ln=en


Summary

 CMS Phase-2 program is progressing well with dedicated 
effort of many teams

 Technical Design Reports for Trackers, Muon Detectors, 
Barrel Calorimeter, Timing Layer, Endcap Calorimeters, L-1 
Trigger available 

 Critical improvements to triggering & reconstruction of all 
physics objects for good performance at 200 PU

 Physics case is extremely broad! Lots of attention given to 
signatures that are difficult with the current detectors such 
as triggering long-lived particles

 Exciting things are coming in the forward detector region! 
CMS Phase-2 detectors may be appropriate for a FMS.
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https://cds.cern.ch/collection/CMS Reports?ln=en


Backup
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Tracker modules

 Two pixel options: rectangular 25 x 100 microns or 50 x 50 microns

 Both effective after high fluence, rectangular currently preferred

 Also investigating 3D innermost layer option
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Tracker modules
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Tracker modules
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Sensor noise after time at -30C



Hit occupancy
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tracking
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tracking
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tracking
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MIP Timing Layer

 Separate vertices in time as well as space for 4D reconstruction 

 30-40 ps resolution for HL-LHC start

 Vertexing conditions similar to Run 2 in each ~30 ps time window
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200 PU

Multiple blue circles on a vertical 
yellow line indicate vertices that 
would be merged without timing 

MTD TDR

https://cds.cern.ch/record/2667167?ln=en


Vertexing performance

 Separate vertices in time as well as space for 4D reconstruction 

 30-40 ps resolution for HL-LHC start

 Significant reduction of pileup tracks associated to the PV

 Benefits for tau, photon, b identification. Adds time-of-flight ID
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MTD TDR

https://cds.cern.ch/record/2667167?ln=en


Particle ID

 Time-of-flight-based particle ID K/p/pi
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MTD TDR

https://cds.cern.ch/record/2667167?ln=en


Endcap timing layer
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MTD TDR

https://cds.cern.ch/record/2667167?ln=en


Endcap timing layer
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MTD TDR

https://cds.cern.ch/record/2667167?ln=en


HCAL light loss
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HCAL Barrel light loss

CMS TP

https://cds.cern.ch/record/2020886/


CE structure
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CE TDR

https://cds.cern.ch/record/2293646?ln=en


CE structure
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% occupancy / channel
200 PU, 3000/fb

Leakage current at 
1000V

CE TDR

https://cds.cern.ch/record/2293646?ln=en


CE performance
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Photons separated by 
~3 cm. Depth on y-axis

Photon energy 
resolution

Reco of 2 charged pions
(+grey noise)

Charged pion 
energy resolution 

(no tracking)

CE TDR

https://cds.cern.ch/record/2293646?ln=en


Muon performance
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L1 rate reductions

L1 Efficiency

Results of 
tests with 
eco-friendly 
gas in RPC

Muon efficiency

Muon TDR

https://cds.cern.ch/record/2283189?ln=en


Muon performance
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Dphi for gen 
muon and pileup 

particles if 4 ME0 
hits were found

Muon direction 
resolution

Muon efficiency

Muon TDR

https://cds.cern.ch/record/2283189?ln=en

