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CMS HL-LHC Upgrade: Scope

• Aim to enable full program of Precision Measurements and Direct Searches 
for Rare Processes, Subtle and/or Exotic Signatures, in the search for BSM 
Physics, allowing for the challenging HL-LHC environment
• The High Radiation Environment necessitates

• The complete replacement of the Tracker and End-Cap Calorimeter systems
• Cold operation of the Barrel ECAL (APD Noise Mitigation)
• Major electronics overhaul and consolidation of the Barrel Calorimeters and Muon systems

• The High Pile Up motivates
• Improved granularity wherever possible
• Novel approaches to in-time Pile Up mitigation: Precision Timing detectors (30ps)

• The High Luminosity requires
• Substantially improved L1 Trigger primitives for better selectiveness, despite the high PU
• A complete overhaul of the Trigger and DAQ systems
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These challenges define the scope of

the CMS HL-LHC upgrade program



CMS HL-LHC Upgrade: Scope
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New paradigms for a HEP experiment to meet the unprecedented challenges
and fully exploit the HL-LHC luminosity and physics potential

Tracker**

https://cds.cern.ch/record/2272264
• PT module design for tracking in L1-Trigger
• Extended coverage to η ≃ 3.8
• Much reduced material budget
• Si-Strip and Pixels increased granularity

L1-Trigger/HLT/DAQ**

https://cds.cern.ch/record/2283192
https://cds.cern.ch/record/2283193
• Tracks in L1-Trigger at 40 MHz 
• PFlow-like selection 750 kHz output 
• HLT output 7.5 kHz

Calorimeter Endcap**

https://cds.cern.ch/record/2293646
• 3D showers imaging for pattern recognition
• Precision timing for PU mitigation
• Si, Scint+SiPM in Pb/W-SS

Barrel Calorimeters*

https://cds.cern.ch/record/2283187
• ECAL crystal granularity readout at 40 MHz 
• Precision timing for e/γ at 30 GeV, for vertex localization (H → gg)
• ECAL and HCAL new Back-End boards 

Beam Radiation Instr. and Luminosity
Common Systems and Infrastructure
https://cds.cern.ch/record/2020886

MIP Timing Detector***

https://cds.cern.ch/record/2296612
• Precision timing for PU mitigation
• Barrel layer: Crystals + SiPMs
• Endcap layer: Low Gain Avalanche Diodes

Muon systems*     ***

https://cds.cern.ch/record/2283189
• Extended GEM coverage  to η ≃ 3 
• DT & CSC new FE/BE readout 
• RPC back-end electronics
• New GEM/RPC 1.6 < η < 2.4

Technical proposal CERN-LHCC-2015-010 https://cds.cern.ch/record/2020886
Scope Document CERN-LHCC-2015-019    https://cds.cern.ch/record/2055167/files/LHCC-G-165.pdfComplete replacement**

New Detector System***

Major Electronics Upgrade/
Consolidation *

https://cds.cern.ch/record/2272264/files/CMS-TDR-014.pdf
https://cds.cern.ch/record/2283192
https://cds.cern.ch/record/2283193/files/CMS-TDR-018.pdf
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2020886
https://cds.cern.ch/record/2296612
https://cds.cern.ch/record/2283189
https://cds.cern.ch/record/2020886
https://cds.cern.ch/record/2055167/files/LHCC-G-165.pdf


CMS HL-LHC Upgrade: from Concept towards Construction
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2014 2019

Q1 2020



CMS HL-LHC L1 Trigger
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CMS HL-LHC Tracker: Layout and Material Budget
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Extended h coverage

Much reduced X0



CMS HL-LHC Tracker: engineering for low mass
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Much reduced X0

CO2 Cooling



CMS HL-LHC Tracker: pT Module Design
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C a on F iber

Bottom wire 
bond pads

Top wire bond 
pads 8 x SSA ASIC

various 
spacing

Silicon strip sensor

Macro-pixel sensor

Carbon fibre stiffeners

1 x CIC ASIC

Foldable flexAL-CF support and cooling contact
MPA ASIC

2S

PS

pT Modules
select pair of hits (Stubs) compatible with track pT > 2GeV
=> local data reduction for L1 Tracking Trigger @ 40MhZ



CMS HL-LHC Tracker: from Stubs to L1 Tracks @ 40MHz
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CMS HL-LHC Tracker: pT Module Development
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2S

550 µm

550 µm CF

Compensator 

150 µm Flex

150 µm Flex

Compensator

Carbon Fiber

Modified hybrid construction 
with compensator

o 4 Layers flexible circuits, carbon fibre stiffened.
o High density interconnect: 42.5 µm tracks width and spacing.
o Laser copper filled microvias on all layers: 25 µm laser drills, 120 µm capture pads.
o Tight fold.
o High pin-count 250 µm pitch flip chips: CBC3, SSA, CIC.
o High speed 90 Ω differential pairs in 150 µm thin flex.

DC-DC



CMS HL-LHC MIP Timing Detector - MTD
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CMS HL-LHC MIP Timing Detector - MTD
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CMS HL-LHC MIP Timing Detector - MTD

5/25/20 Marcello Mannelli CMS Phase II Upgrade LHCP 2020 14



CMS HL-LHC MIP Timing Detector - MTD
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CMS HL-LHC MIP Timing Detector - MTD
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Barrel - BTL

End-Cap - ETL



CMS HL-LHC MTD: BTL sensor response
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16x1 array



CMS HL-LHC MTD: BTL LYSO-SiPM Module Development
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CMS HL-LHC MTD: ETL LGAD Sensor response
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LGAD response vs n fluence



CMS HL-LHC MTD: ETL LGAD Module Development
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1.3x1.3mm2 LGAD sensor granularity



CMS HL-LHC HGCAL
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8” Si Sensors



CMS HGCAL: Silicon Sensor Module Development
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8” Silicon Sensors

Silicon Sensor Modules



CMS HGCAL: SiPM-on-Tile Module Development
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SiPM-on-Tile Modules



CMS HGCAL: HGCROC Development
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Front-End Electronics

16bits effective dynamic range => ADC +TOT
Precision timing => TOA (25ps lsb)



CMS HGCAL: Front-End Electronics Architecture
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Front-End Electronics



CMS HGCAL: Front-End Electronics Architecture
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Front-End Electronics

DC-DC
converter



CMS HGCAL: Front-End Electronics Architecture
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Front-End Electronics



HGCAL Precision Timing and PU mitigation
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HGCAL Timing response for neutral hadrons

HGCAL PU mitigation with Precision Timing H -> gg, PU = 200

Dt < +-90ps



CMS HGCAL: Pattern Recognition and Reconstruction
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CMS HL-LHC Muon System: GE1/1
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GE1/1

Improved L1 µ Trigger
in challenging EndCap region:

O(10) rate reduction AND improved efficiency



CMS HL-LHC Muon System: GE1/1
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• Installation of the first full disc (negative side) ended on Oct 24th

• After connection of services commissioning started

• Second GE1/1 disc (positive side) was planned for Summer 2020, 
GEM super-chambers are in the final cosmic test stand

• This will be the first new Phase-2 detector installed in CMS

GE1/1

Improved L1 µ Trigger
in challenging EndCap region:

O(10) rate reduction AND improved efficiency



CMS HL-LHC Muon System: ME0
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ME0

Extended µ coverage, up to h=3
In combination with extended Tracker coverage

And profiting from denser, more compact, HGCAL



CMS HL-LHC Muon System: ME0
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ME0

Extended µ coverage, up to h=3
In combination with extended Tracker coverage

And profiting from denser, more compact, HGCAL



CMS HL-LHC Muon System: RPC Timing
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RPC Timing

Improved redundancy with new RE3/1 & RE4/1 RPC
Fully exploit intrinsic timing resolution => eg HSCP @ L1



CMS HL-LHC Upgrade: ASICS
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Common ASISCS: CERN 

System Specific ASISCS: Collaboration Institutes
with CERN Support 

LDO



CMS HL-LHC Upgrade: Schedule
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CMS Phase-2 schedule, taking into account the additional year reflected CERN’s November 27th schedule 
→ no Covid-19 correction
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overall float, a fraction invested for risk mitigation



CMS HL-LHC Upgrade: Summary and Outlook

In view of the unprecedented challenges of the HL-LHC environment and physics 
program

• the CMS Upgrade program introduces new paradigms
• pT modules for L1 Trigger Tracking, HGCAL, and Precision Timing for PU mitigation

• breaks new ground in detector technology
• very large scale deployment of 8” Silicon Sensors, radiation hard SiPMs, LGADs, GEMs

• TDAQ and computing

• The Upgrade program is underpinned by a broad ASICs development program 
for both common applications
• lpGBT, VTRx+, BPOL12V, BPOL2V5, FEAST, GBT-SCA, RD53

• and detector specific designs
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CMS HL-LHC Upgrade: Summary and Outlook

• The CMS HL-LHC upgrade program is by necessity ambitious, and many 
challenges still lie ahead

• With the completion of the TDRs for the major detectors, and the submission 
of the Trigger TDR, the CMS upgrade projects are now advancing well in the 
development phase and preparation for production
• The additional year foreseen in the “November 17” CERN schedule allows to
• set aside more time as necessary to mitigate technical risks
• while restoring a ~ 12 month master float for contingency

• This, together with the commitment and support of CERN and of all the 
Collaborating Funding Agencies and Institutes, provides a solid footing for 
successful completion of the HL-LHC Upgrade and physics program
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Backup Material
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CMS HL-LHC Upgrade: from Concept towards Construction
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CMS HL-LHC Tracker: pT Module Development
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2S SEH: Powers the module hybrids and transmits the readout data

Shield; DC-DC converters 
are underneath

Input voltage 
connectorsLow power 

GBT 
(LpGBT)

VTRx+
opto-electrical
converter

Flex cable,
two lengths

Bias voltage circuit Fold-over Kapton flex tails: supply of bias voltage to sensors
+ 1 thermistor to measure sensor temperature

Connectors  
to FE hybrid bPOL12V

1 x VTRx+
I = 0.12A

16 x CBC3
2 x CIC
1 x LpGBT
1 x VTRx+
I = 2.7A

~11V 2.55V

1.25V
bPOL2V5

CF stiffener

Demonstrator prototype

• Features full functionality, but uses predecessors of final active 
components: 

• GBTx + SCA, VTRx, FEAST2.1, commercial DC-DC converter 
• Used for DAQ and hybrid test system development, module 

assembly tests, system tests and test beam experiments
VTRx

Electro-magnetic shield
(DC-DC converters below)

Input 
(LV+HV) GBTxSCA



CMS HL-LHC Tracker: pT Module Development

5/25/20 Marcello Mannelli CMS Phase II Upgrade LHCP 2020 42

Magnetic field scans of 1st DC-DC stage:
effect of shield

• First prototype of the POH, using FEAST2.1 (1st stage) and 2 x bPOL2V5 (2nd stage)

PS Power Hybrid (POH)

Shield; 
DC-DC converters 
underneath

Input voltage 
connector

Flex cable,
three lengths



CMS HL-LHC MTD: BTL sensor response
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CMS HGCAL: Engineering and Integration
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Detail of Cooling layout
Warm-Cold Transition

Services Integration over EndCapServices Integration inside Cold Volume:



lpGBT clock distribution studies for precision timing
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lpGBT clock distribution studies for precision timing
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Clock distribution studies

• Measurement of the clock distribution network
with two independently powered ATCA crates
(with two DTH boards and two Serenity boards)
and two lpGBT characterization boards:

• 12 ps RMS jitter for 320 MHz reference clock.
• In addition to the module specific tests, HGROC

PLL will be included in the chain (connected to
lpGBT eClocks) after the COVID19 shut down is
over.

• FE motherboards and hexaboards will be added
as soon as they are available.

• The impact of the power modulation on the lpGBT clock distribution
jitter is measured.

• 3 ps/mV RMS is observed.
• Similar tests will be performed once the FE motherboard with lpGBT

is available for these tests.
• We are also investigating techniques to monitor such shifts from the

backend DAQ system via offline simulation studies, which will be
embedded into the Serenity firmware (together with the HPTD
timing IP).
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VTRx+ lpGBT

OCXO
clock

VCU
EVB

High-speed scope

Reference 
clock

HGROC
PLL



Firmware studies

• A slow control logic block is developed to communicate with lpGBT EC and IC control lanes.
• The communication with GBT-SCA is successfully tested with the Xilinx KCU105 board.
• The temperature monitoring can be performed using GBT-SCA.

• The logic is being integrated into EMP framework (Serenity firmware),
• We are also working on a fast diagnosis and response system to detect possible link issues and

take automated actions in the firmware via the fast controls.

from Greg Iles

KCU105 VTRx+ lpGBT GBT SCA


