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The CMS GEM project
GE1/1: 

1.55 < |η| < 2.18
baseline detector for GEM project
36 staggered chambers per endcap, each 
chamber spans 10°
One chamber is made of 2 back-to-back Triple-
GEM detector
Installed in 2019-20
Recording LHC Run-3 data since 2022

GE2/1: 
1.55 < |η| < 2.45
18 staggered chambers per endcap, each 
chamber spans 20°
Installation: After LS3ME0: 

The only Muon station at the highest η
2.0 < |η| < 2.8
6 layers of Triple-GEM
each chamber spans 20°
Installation: LS3 (2027)
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• To improve muon tracking and 
triggering performance in the most 
forward region of the CMS muon 
spectrometer
• With ME0: extend the muon coverage 

beyond 𝛈 = 2.4
• GE1/1 specifications
• Particle rate: a few kHz/cm2

• TID: a few krad
• Spatial resolution: better than 300 𝛍radian
• Time resolution per chamber: 8-10 ns
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Objectives & specifications
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GEM project timeline

prototypes GE11 TDR Slice Test GE1/1 Instal. & comm. ME0 Instal.
& GE1/1 refurbishment

ME0 Prod. GE2/1 Instal.

You are here



• GE1/1 electronics system 
• Performance & Issues

• ME0 status & prospects
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Outline
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GE1/1 Electronics system overview
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Damages on electronics due to discharges
• GEMs, like any other Micro Pattern Gaseous Detector, can suffer from discharges 

between its electrodes
• Today discharge rate <2/h/chamber

• Despite input protection some VFAT3 channels may be destroyed
• Today we count ~0.3% of damaged channels

• <1.5% of VFAT3 channels are masked due to
• High noise
• Damaged VFAT3 biasing circuit

All damaged VFAT3’s will be replaced during LS3

430 𝛀
VFAT3 channel input protection:



• Not a new issue: known since 2021
https://indico.cern.ch/event/1019078/contributions/4444259/attachments/2312222/3935142/GECummings_TWEPP2021_CMSHCALVTRx.pdf

• Today: how we operate GE1/1 with this issue
• Tomorrow: how to improve the situation
• Recap:
• Outgassing of ROSA* -> condensation of material on fiber face
• Mitigation: keep 𝚫T° (ROSA-Fiber) < 10°C
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VTRx outgassing

From 2022 JINST 17 C05020

*ROSA= Receiver Optical Sub-Assembly

https://indico.cern.ch/event/1019078/contributions/4444259/attachments/2312222/3935142/GECummings_TWEPP2021_CMSHCALVTRx.pdf


• GE1/1 was installed in 2021 and CMS had to be 
closed by end of March 2022
• Not enough time to rework the 144 Opto-hybrids

• Consequence: ~6-7% of the 432 VTRx are not 
properly communicating at any time
• Rather stable now 

• Mitigation: 
• interplay between DAQ and DCS (Detector Control 

System) to automatically power cycle the affected Opto-
Hybrid when we configure the system
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VTRx outgassing - today

Tech. Stop

94%



• All GE1/1 chambers will be extracted from CMS during LS3

• The OH cooling will be improved

• In January 2024, 4 GE1/1 chambers have been replaced 
and equipped with the improved cooling as well as the 
VTRx RSSI (Receiver Signal Strength Indicator) monitoring:
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VTRx outgassing - future

GE11-M25L1 GE11-M25L2

GE11-M26L1

CMS Preliminary           2024 (13.6 TeV)

CMS Preliminary           2024 (13.6 TeV)

Plot under approval
GE11-M26L2

CMS Preliminary           2024 (13.6 TeV)

CMS Preliminary           2024 (13.6 TeV)
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VTRx outgassing - future
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L1 Trigger: angle and time resolution
In 2024, major progresses on the trigger side:

New GE1/1 Firmware to improve time resolution GE1/1-ME1/1 alignment included in CSC local trigger

t (ns)

Strip 1 Strip 2
Strip 2

(induced)
Strip 1

By masking the out of time signal

GE1/1 is ready for inclusion in the CMS Level-1 Trigger
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GE1/1 overall efficiency

• After optimizing HV for each chamber
• After optimizing VFAT3 configuration
* Plot excludes chambers with VTRx issue
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ME0

ME0

• ME0 increases CMS muon coverage to: 2.0 < |η| < 2.8

• 18 stacks per endcap, each made of 6 layers of Triple-GEM detectors

• Rate capability > 150 kHz/cm2

• Accumulated charge (at the end of HL-LHC) ~ 8 C/cm2

• TID up to 250 kRad (neutron fluence up to 4 x 1014 n/cm2)

• Time resolution (per chamber): 8-10 ns 

• Located behind new CMS HGCAL and covered by HGCAL services
-> no access after installation during all HL-LHC
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From GE1/1 to ME0

VFAT3 Hybrid (rigid)

VFAT3 Plug-in card 
(incl. flex part)

Opto-Hybrid incl. FPGA

FPGA-less Opto-Hybrid
with 2 LpGBTs

VTRx VTRx+24 VFAT3s 24 VFAT3s

80 cm

120 cm
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ME0 Electronics
• The FE should be able to readout data from strips every BX and have sufficient bandwidth to send both DAQ (for every L1A) 

and trigger data (every BX) to back-end
• The back-end should have enough bandwidth to accept L1A rate up to 1 MHz and sustain DAQ data rates up to 1.39 Tb/s; 

and also send 6-layers segments (trigger data) per BX to EMTF 

Note: GE1/1 & GE2/1 will also use X20 board & ATCA
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Latest results before production
Stack prototype in high intensity beam (GIF++): 

Ageing studies:

No gain loss after 8 C/cm2

0.47x 25 ns = 11.7 ns

• Time line
• Production starting in 2024

• More than 30 detectors already assembled
• All (255) GEBs produced
• All (994) OHs produced

• Note: 330 boards reproduced by the 
manufacturer after QC issue observed, mainly 
due to over-etching 

• 150 pre-series plug-in cards received
• Next milestones

• Assembly of 1 endcap (18 stacks) by Oct. 25



• CMS GE1/1 is performing very well
• Overall efficiency: 94%
• Main source (~7%) of inefficiency: due to VTRx outgassing
• Plan for rework during LHC LS3

• + replace the damaged VFAT3s
• alignment & time resolution now allows to enable GE1/1-CSC ME1/1 combined trigger 

• ME0 is now gearing to full production
• Latest results from test beam show that we meet all the specs.
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Conclusion
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Discharge rate
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ME0 LpGBT powering 

Works Doesn’t work
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ME0 bandwidth 



• Upon L1A, the instantaneous current drawn in the digital power domain of the VFAT3 induces a 
signal/noise in the analog power domain. This spurious signal happens ~160 Bunch Crossings later.

• A filter with a multi-BX (Bunch Crossing) window has been implemented to minimize the fraction of 
high multiplicity events. The number of high multiplicity events still passing the filter is O (5%).

• Filter is applied on trigger path; not on DAQ path
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High multiplicity events

Plot under approval



v3 Electronics - GEB

• The GEB is limited to a thickness of ~1mm
• This limits the possible layers:
• 1 power plane
• 1 GND plane
• 2 signal layers
• 1 shield layer
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GEB Layer Stack

GEM readout board
GEB

CMS VFAT2 Hybrid V2

5.5 mm6.5 mm
1 mm

Location of the GEB in the detector

• The shield layer between the 
GEB signal lines and the read-
out board was added after our 
experience from the slice test. GEB Signal Layers



v3 Electronics – VFAT3

• 24 sectors, each routed to an 
ASIC-based VFAT3 hybrid chip
• 320 MHz: 4x higher frequency than VFAT2
• L1 latency up to 12.5 µs
• Trigger data: 1 bit = OR of two strips (VFAT2 had 

1 bit = OR of 16 strips)
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v3 Electronics – Optohybrid

• In the center, attached to both boards, is an 
optohybrid (OH) mezzanine card, whose 
main features are a Xilinx Virtex-6 FPGA and 
three GBTX chips.
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Optohybrid (OH)

• The v3 optohybrid is 
promless – fast, 
promless programming 
of the FPGA directly 
from the CTP7 is 
achieved in 70ms. This 
removes the need for 
one FEAST.



v3 Electronics - GBTXs

27

• The GBTXs are responsible for tracking and slow control. 
They drive communication through bidirectional optical 
links to/from the back-end electronics
• They can be minimally fused to lock to the fiber link, 

recover the clock, and keep a certain configuration   
even after power loss. 
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Optohybrid (OH) OH Architecture and Interfaces



v3 Electronics – Full Detector Assembly
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Credit: Gilles De Lentdecker
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