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The LHC has allowed us to glimpse the outlines of some  
remarkable physics, but we don’t see the detail clearly… 

The HL-LHC is a much brighter light to shine on the situation… 



The HL-LHC is a very bright lamp to see physics details, which makes it a 
challenging environment for detectors and reconstruction 

• Radiation 
– Ionizing dose  
– Neutron fluences  up to 

2 x 1016 n/cm2 in pixels 
 

• Pileup 
– 140 average 

simultaneous 
interactions (many 
events with > 180) 
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Simulated Event Display at 140 PU (102 Vertices) 



CMS has a comprehensive plan for adjusting detector, 
where necessary, to cope with these challenges. 

New Tracker  
• Radiation tolerant - high granularity - less material  
• Tracks in hardware trigger (L1) 
• Coverage up to η ∼ 4 

Muons 
• Replace DT FE electronics 
• Complete RPC coverage in forward 

region (new GEM/RPC technology) 
• Investigate Muon-tagging up to η ∼ 3 

New Endcap 
Calorimeters 
• Radiation tolerant  
• High granularity  

Barrel ECAL 
• Replace FE electronics 
• Cool detector/APDs 

Trigger/DAQ 
• L1 (hardware) with tracks and 
   rate up  ∼  750 kHz 
• L1 Latency 12.5 µs 
• HLT output rate 7.5 kHz 
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Other R&D  
• Fast-timing for in-time pileup suppression 
• Pixel trigger 



Tracker replacement is necessary due to efficiency loss and 
fake rate increase 

Blue tracker modules are inactive after 
1000 fb-1 due to very high leakage 
currents induced by neutron fluence. 
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Detailed conceptual design for all-silicon tracker with three 
section and trigger-stub capability 

Strip/Strip Modules 
90 µm pitch/5 cm length 

Strip/Pixel Modules 
100 µm pitch/2.5 cm length 

100 µm x 1.5 mm “macropixels”  Inner Pixel 
Covers up to η=4.0 
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Tracker design provides excellent efficiency and resolution 
up to |η|≈4 with low fake rate  

Outer Tracker 
substantially lighter! 

October 21, 2014 CMS Upgrade Overview 7 

Pixel used in simulation results to 
date is identical  to the Phase 1 
Pixel  detector with additional  

forward disks. 
Further optimization of pixel 
parameters for b-tagging and 

forward track parameter 
resolution is planned 



Tracker Enabling Technologies: existing and needed 

• Sensors 
– n-in-p sensors appear to have sufficient 

neutron tolerance for HL-LHC 
– 3d or other advanced technology possible for 

inner layer 

• ASICs 
– Pixel chip is particularly challenging : RD53 

• Modules 
– Flex-hybrids for linking two sensors 

• Readout and data links 
– Outer tracker has strong requirements for 

high-speed, low-mass, low-power data link for 
trigger stubs 

• Power and cooling 
– CO2 cooling planned for full system 
– Power level is a challenge in the PS modules: 

higher power DC/DC or serial powering? 
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Excellent tracking performance is possible at L1 using the 
stub input, but implemention requires further R&D. 

• Algorithms validated in digitized simulation 
• Two hardware implementations under study 

– Associative memory (use case for 3d IC technology) 
– Tracklets in commercial FPGAs 

• Requires a trigger latency of ≈10 μs compared with current limit of 
3/6 μs in tracker/ECAL electronics 

1 mm z0 resolution 
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Barrel electromagnetic calorimeter upgrades to electronics 
required for trigger latency will bring other benefits as well 

• New on-detector electronics 
needed to meet requirements 
for track trigger latency 

• Replacement allows trigger-
level readout of each crystal 
and new shaping to reduce 
impact of out-of-time pileup 
and increasing APD noise 
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Replacement of the endcap calorimeters is required due to 
radiation-induced signal loss 

• Very significant signal 
degradation at high η 
– Particularly important region for 

VBF Higgs and VBS measurements 

• Two concepts under study for 
endcap calorimetry in Phase 2 
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Concept 1: LYSO Shashlik + Scintillator HE 

• EM Calorimeter 
– Compact Pb/LYSO Shashlik using WLS 

based on quartz capillaries and readout 
using GaInP “SiPMs” 

• Hadron Calorimeter 
– Scintillator-based hadron calorimeter 

with 30% of volume replaced by “finger 
tiles” and 10% by a solution with higher 
radiation tolerance 
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Concept 2: Silicon Calorimeter + Scintillator backing 
calorimeter 

• Silicon-lead/copper EM (25 X0, 
1λ)and silicon/brass front hadron 
(3.5 λ) calorimeter 
– 8.7 M channels, pad sizes 0.9 cm2 

or 0.45 cm2 depending on η 

• Scintillator-brass backing 
calorimeter (5.5 λ, low radiation 
zone) 
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Key Technologies for Calorimetry 

• Radiation-tolerant, fast scintillators 
– LYSO, CeF3 effective for EM calorimetry 
– Several solutions for hadron calorimetry under study: 

crystal fibers, liquid scintillator, green/orange 
scintillator systems, quartz*+WLS 

• Radiation-tolerant photodetectors (Shashlik) 
• High-radiation-tolerance, large-area, economical 

silicon sensors (HGCAL) 
• Low-power high-channel-count radiation-tolerant 

readout (HGCAL) 
• High-speed data links (all) 

– Desire for low power in HGCAL concept 
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Muon upgrades extend coverage at high rapidity and meet 
the trigger rate and latency requirements of the track trigger. 

• Improvements of existing detectors 
– Electronics: DT minicrates, CSC inner MEx/1 readout 

• Both are needed for compliance with trigger upgrade 

• Forward 1.6<|η|<2.4 upgrades 
– L1 trigger rate reduction, enhance redundancy 
– GEMs: GE1/1 and GE2/1 
– iRPCs: RE3/1 and RE4/1 

• Operation in higher rate 
• Technology to be selected 

• Very forward extension 
– Extend muon tagging  
– ME0 with GEMs  
– 6 layer stub  
– Baseline 2.0<|η|<3.0 

• Depends on calorimetry 
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The next two years are important ones for technology R&D leading up to 
the technical design reports for major subsystems 

• CMS HL-LHC Technical Proposal is being completed now 
with full-simulation physics studies 
– Decision on endcap calorimeter technology planned for early 

2015 

• CMS will complete Technical Design Reports on the key 
upgrades in 2016/17 
– Next two years are very important for final R&D leading up to 

the TDRs 
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Conclusion 

• CMS upgrades for the HL-LHC era are driven 
by achieving the physics promise of the large 
HL-LHC data set while surviving the 
challenging HL-LHC environment 
– Very high radiation doses and pileup values 

• CMS has a coherent plan for meeting these 
challenges with a set of upgrades to many of 
major detector elements of CMS 

• CMS is actively interested in opportunities to 
collaborate on R&D to finalize these designs in 
preparation for TDRs and construction 
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