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Á6-Layer stack of Triple-GEM detectors

ÁInstall behind HGCAL (complex environment)

Áρψstacks (20Ј)  for each endcap
ÁCoverage: ςȢπ – ςȢψ

ÁRequirements:
Á97% module efficiency
Á υππ‘rad resolution
Á8-10 ns time resolution
Á ρυϷgain uniformity
ÁWorkin high-rate 

environment: 150kHz/cm2*

ÁSurviveharsh radiation 
environment: 7.9C/cm2*

ÁDischarge rate that does not 
impede performance or 
operation

Á* updated w.r.t. CMS Upgrade Technical 
Proposal & Muon Upgrade TDR

The ME0 detector
Designing Triple-GEM detectors for the highest rates

New High-Granular Calorimeter (HGCAL) CMS

1 module = 
Triple-GEM
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ME0 Stack

https://cds.cern.ch/record/2021453
https://cds.cern.ch/record/2020886
https://cds.cern.ch/record/2283189
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History of CMS GEM Test beams
Test beams omnipresent during design and R&D phase

2010 202520202015

Large-size Triple-GEM R&D

Typical Test Beam setup:
Det prototypes & borrowed electronics 

CMS Slice Test 2015-2018
Installation & Operation of 10 
pre-series GE1/1 Triple-GEM dets

Construction & Test of 150 GE1/1 dets
Cosmic Stand to test up to 30 chambers
final HV, LV, Electronics, > 100k ch

GEM TDR
Discharge Test
@ CHARM

2021 ς2024: 
Validation of 
Phase-2 GEM 
detectors 
equipped with 
final electronics 
and read by CMS 
GEM DAQ

COSMIC STAND
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https://cds.cern.ch/record/2021453
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CMS Test beam campaigns
Test beams are cornerstone of detector validation

2020 202520222021 2023 2024

Å Design Finalization
Phase-2 detectors

Å Detector 
Construction

Å Electronics 
Production

Coining the idea
to restart Beam Tests
- convincing the Collab
- DAQ development
- Geom & Reco devel
- GEM Telescope tests

1st GEM Phase-2 Test beam
ÅhŎǘƻōŜǊ Ψнм ϧ aŀȅ Ψнн
Å CERN SPS H4 (RD51 slot)
Å 1 Production GE2/1 module
Å 1 Prototype ME0 module
Å GEM DAQ: high rates

1st Test beam under 
irradiation @ GIF++

July 2022

1st Test beam of ME0 Stack
Å Read 33% of final detector
Å May 2023

Magnet Test @ 
GOLIATH (H4)
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CMS Test beam campaigns
Testbeams are cornerstone of detector validation

2020 202520222021 2023 2024

1st Test beam of ME0 Stack
Å Read 33% of final detector

May 2023 July 2023 April 2024 July 2024

1st time ME0 Stack @ GIF++
Å Irradiated up to 150 kHz/cm2

1st Full ME0 Stack in Beam
Å Timing measurements

1st Full ME0 Stack irradiated
Å Timing under irradiation

Magnet Test @ 
MNP22 (ENH1)
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ME0 Performance measurements:
I. GEM Telescope Performance
II. Efficiency & Rate-capability

III. Time Resolution
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ÅRequirements: High rate& High-resolution Telescope read with same DAQ

Å Test 9 x 9cm2 Tracking GEMs 250um pitch with VFAT3 asic(digital R/O)

Å Test final CMS GEM Phase 2 electronics: fibers read out by FPGA board

ÅSetup RD51 Test Beam: October2021 & May 2022 at SPS H4

Å Tracking detectors readthrough1.5m long high-speed Samteccables

Å Relative low noise(0.5 ς1.25fC ENC) in BARI-01 & BARI-02 lead to ‐ ωυϷ

QSFP
QSFP

QSFP

Scintillator Trigger,
4 GEM Tracking Det.,
GE2/1 M5 module,
ME0 module with
new HV segmentation,
CVP13 readout + P5 DAQ s/w

Tracking Station 1 
(2 Triple-GEMs)

Tracking Station2
(2 Triple-GEMs)CVP13 based DAQ

Triple-GEM Telescope Performance
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ENC: 0.5 ς1.25fC

Clustersize distribution 
x vs y strips

3 parameter 
alignment

https://cds.cern.ch/record/2860786/files/CERN-THESIS-2023-062.pdf
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QSFP
QSFP

QSFP

Scintillator Trigger,
4 GEM Tracking Det.,
GE2/1 M5 module,
ME0 module with
new HV segmentation,
CVP13 readout + P5 DAQ s/w

Tracking Station 1 
(2 Triple-GEMs)

Tracking Station2
(2 Triple-GEMs)CVP13 based DAQ

„= ϳὴ ρς= 75‘m

“-beam profile
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ÅRequirements: High rate& High-resolution Telescope read with same DAQ

Å Test 9 x 9cm2 Tracking GEMs 250um pitch with VFAT3 asic(digital R/O)

Å Test final CMS GEM Phase 2 electronics: fibers read out by FPGA board

ÅSetup RD51 Test Beam: October2021 & May 2022 at SPS H4

Å Tracking detectors readthrough1.5m long high-speed Samteccables

Å Relative low noise(0.5 ς1.25fC ENC) in BARI-01 & BARI-02 lead to ‐ ωυϷ

Triple-GEM Telescope Performance

https://cds.cern.ch/record/2860786/files/CERN-THESIS-2023-062.pdf
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ME0 Performance measurements:
I. GEM Telescope Performance
II. Efficiency & Rate-capability

III. Time Resolution
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ME0 Module Efficiency measurements with beams
high-resolution telescope images of the ME0 GEM foil

9 cm

9 cm

ME0 GEM Foil design: 
40 HV segments
4 Pillars

Å4-detector GEM Telescope with „= 81‘m

ÅAllows to have a detailed look into design features

Å200 ‘m dead areas between
HV segments are clearly visible
ÅActual distance 2 holes 200 ‘m 
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Eff drops to 50% for 
200um wide dead areas

https://cds.cern.ch/record/2860786/files/CERN-THESIS-2023-062.pdf
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1st TB under irradiation @ GIF++
4 ME0 modules ς50% instrumented

ME0 Module Efficiency under irradiation
at the CERN Gamma Irradiation Facility - GIF++

July 2022

Low background
ABS = 10,000

High background
ABS = 1
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ÅGIF++ provides ͯ12* TBq 137Cs source + SPS H4 beam
ÅGamma energy: Ὁ‎= 662 keV ςCompton scattering
ÅAverage energy deposit of Compton electron 5ͯ keV
ÅSet of source filters ςattenuation factor (AF) 1 ς46,000

ÅSetup: 2 ME0 protos + 2 Triple-GEM trackers (400 ‘m)

ÅME0 prototypes only instrumented with electronics for 50%
ÅHit residuals ME0 prototype w.r.t. measured track
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https://cds.cern.ch/record/2860786/files/CERN-THESIS-2023-062.pdf
https://cds.cern.ch/record/2860786/files/CERN-THESIS-2023-062.pdf
https://cds.cern.ch/record/2860786/files/CERN-THESIS-2023-062.pdf
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ÅGIF++ provides ͯ12* TBq 137Cs source + SPS H4 beam
ÅGamma energy: Ὁ‎= 662 keV ςCompton scattering
ÅAverage energy deposit of Compton electron 5ͯ keV
ÅSet of source filters ςattenuation factor (AF) 1 ς46,000

ÅSetup: 2 ME0 protos + 2 Triple-GEM trackers (400 ‘m)

ÅME0 prototypes only instrumented with electronics for 50%
ÅMax expected Rate (Fluka/GEANT): 200kHz/cm2 at lowest Radius

1st TB under irradiation @ GIF++
2 ME0 modules ς50% instrumented
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July 2022

ME0 Module Efficiency under irradiation
at the CERN Gamma Irradiation Facility - GIF++

Maximum
expected rate

Only small fraction of 
detector sees highest rate

Maximum
expected rate

https://cds.cern.ch/record/2860786/files/CERN-THESIS-2023-062.pdf
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ME0 Stack Efficiency under irradiation
at the CERN Gamma Irradiation Facility - GIF++

July 2023

1st ME0 Stack @ GIF++
Å Irradiated up to 150 kHz/cm2

137 Cs
source
+ filters 

ME0 stack

ÅSetup: ME0 Stack in front of GIF++ source (90cm)
ÅJuly 2023: 4-layer stack ς50% instrumented
ÅJuly 2024: 6-layer stack ς100% instrumented

ÅNo beam telescope
ÅLimited by backend & Issues with noise on the tracking dets
ÅTracking by stack itself: segment fit using N-1 layers
ÅSelection of good tracks with -0.1 < dx/dz< +0.1
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Distance: 90cm

https://cds.cern.ch/record/2916759


15

ME0 Stack Efficiency under irradiation
at the CERN Gamma Irradiation Facility - GIF++

Track hit residual distribution*
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https://cds.cern.ch/record/2916759
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ME0 Stack Efficiency under irradiation
at the CERN Gamma Irradiation Facility - GIF++

Source rate scan Efficiency as function of Rate
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ME0 Stack Efficiency under irradiation
at the CERN Gamma Irradiation Facility - GIF++

Clustersize Muon hits Clustersize Background hits 
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ME0 Stack Efficiency under irradiation
at the CERN Gamma Irradiation Facility - GIF++
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Dead time ranges from 100-180ns. 

Åin agreement with the hypothesis 
that the dominant contribution of 
the dead time of the chamber is 
that of the VFAT3s (400ns ς1us)

ÅCluster size lowers effective 
deadtime / hit to 100-180ns

ÅDead time VFAT3 asicdepends 
on Edep and detector gain

Efficiency as function of Rate
For the 4 modules inside the stackMaximum

expected rate

https://cds.cern.ch/record/2916759
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ME0 Performance measurements:
I. GEM Telescope Performance
II. Efficiency & Rate-capability

III. Time Resolution
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Time resolution of the ME0 detector
Timing measurements with cosmic muons and muons from beams

1mm 

GEM1

GEM2

GEM3

ÅME0 trapezoidal strip pitch varies 0.6 ς1.2mm

ÅSpatial extend electron avalanche 1ͯmm

ÅTypical clustersize 1.6 ς3.0

ÅPreviously: ὸ = ὸ „ὸ= 18-20 ns
ÅMix of unipolar & bipolar signals lead to deterioration „ὸ

ÅNow: ὸ = ÍÁØὸ „= 10-12 ns

Ⱨ

Unipolar pulse Bipolar pulseBipolar pulse

Avg arrival time 
w.r.t position
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https://cds.cern.ch/record/2906703
https://cds.cern.ch/record/2906703
https://cds.cern.ch/record/2906703
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Time resolution of the ME0 detector
Timing measurements with cosmic muons
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Time resolution 
single layer

Time resolution
ME0 stack

Time resolution of scintillator 
coincidence (2 ns) not subtracted

https://cds.cern.ch/record/2916183
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ÅTime resolution of 5 modules at GIF++
ÅSlightly different rates measured in different layers 

of the stack due to opening angle & shielding

ÅDashed line indicates expected max rate (at high –) 

Time resolution of the ME0 detector
Timing measurements with beam and under irradiation at GIF++
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ÅTime resolution of muon track
ÅArrival time is computed as median 

of arrival times of reconstructed 
hits ςavg gives similar results

ME0 expected range:
10 ς200 kHz/cm2

ME0 expected range:
10 ς200 kHz/cm2
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Testbeams were widely used in the design and R&D phase
ÅSeveral successful test beams of large-size Triple-GEM prototypes 2010-2014

ÅDemonstrated feasibility of the project ςTDR & Approval Phase-1 GEM (GE1/1)

ÅHowever never demonstrated Performance Final Detector + Final Electronics

We restarted testbeams in 2021
ÅTo demonstrate the performance of Phase-2 Detectors + Phase-2 Electronics 

Å4 years of intensive testing of ME0 detectors at SPS H4 & GIF++

ÅDemonstrated Eff, Rate-cap, Spatial res, Time res, Clustersizeup to 200 kHz/cm2

ÅTools & SW developed during Test beams now deployed in P5 and Lab QC tests

Conclusions
the work is not finished yet
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Åά¢ƘŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜǎŜ ǊŜǎǳƭǘǎ ƘŀǾŜ ōŜŜƴ ǇŜǊŦƻǊƳŜŘ ŀǘ 
ǘƘŜ 9Ibм κ bƻǊǘƘ !ǊŜŀ ¢ŜǎǘōŜŀƳ όIпύ ŀǘ /9wbΣ {ǿƛǘȊŜǊƭŀƴŘΦέ

Åά{ƻƳŜ ƻŦ ǘƘŜǎŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ƘŀǾŜ ŀƭǎƻ ōŜŜƴ ǇŜǊŦƻǊƳŜŘ ŀǘ ǘƘŜ 
DLCҌҌ ƛǊǊŀŘƛŀǘƛƻƴ ŦŀŎƛƭƛǘȅ ŀǘ /9wbΣ {ǿƛǘȊŜǊƭŀƴŘΦέ

Åά²Ŝ ǿƻǳƭŘ ƭƛƪŜ ǘƻ ǘƘŀƴƪ ǘƘŜ w5рм κ 5w5м ŎƻƭƭŀōƻǊŀǘƛƻƴ ŦƻǊ ǘƘŜƛǊ 
ǇǊŜŎƛƻǳǎ ƘŜƭǇ ŀƴŘ ŦƻǊ ƘƻǎǘƛƴƎ ǳǎ ŘǳǊƛƴƎ ǘƘŜƛǊ ¢ŜǎǘōŜŀƳ ǎƭƻǘǎ ƛƴ IпΦέ

Acknowledgements
ǘƻ ŀƭƭ ǿƘƻ ŀǊŜ ƛƴǾƛǎƛōƭȅ ŎƻƴǘǊƛōǳǘƛƴƎ ǘƻ ǘƘŜǎŜ ǊŜǎǳƭǘǎ Χ



25

ME0 Performance measurements:
I. Telescope Performance

II. Efficiency & Rate-capability
III. Timing 
IV.Back-up



26

Base-road Track Segment Reconstruction
evolution of the track segment reconstruction in Test Beam Analysis

Best Ⱶ algorithm used 2021-2023
Base-road algorithm used 2024

Base-road:
Å Default in CMS SW, used for CSC
Å Better background discrimination
Å Computationally faster
Å Succeed in reconstructing tracks

even at highest background rate


