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Figure1.5:FirstCMSmuonendcapstationwheretheinnerringisequippedwith18longand
18shorttripleGEMsuperchambers.

Production and Quality Control of the new chambers  
with GEM technology in CMS Muon System  

R. Venditti (INFN Bari and Politecnico) !
on behalf of the CMS Muon Collaboration !

The GE1/1 Project - Motivations  

Pisa Meeting 2018 - 14th Pisa Meeting on Advanced Detectors, La Biodola, Isola d'Elba May 27-June 2, 2018. 

The Quality Control procedure of GE1/1 chambers  

During the next LHC run, the instantaneous luminosity 
of the colliding beams will approach twice the design 
value leading to an increased number of pile-up 
interactions per event. A general upgrade of the 
present detector is mandatory to ensure to keep the 
same performance of the CMS detector as in the 
present run [1,2].  

Therefore the CMS collaboration approved the 
installation of 36 double-layered trapezoidal triple-
GEM [6] chambers in the first muon station (GE1/1) [5], 
in front of the first CSC station (ME1/1) (left). The GE1/1 
can improve the measurement of the muon tranverse 
momentum, thanks to the increased lever arm 
between GEM and CSC. The increased path length 
improves the L1 standalone muon trigger momentum 
resolution and reduces its large contribution to the L1 
muon trigger rate (right).  

GE1/1 Chambers Design 
•  3 layers of copper-clad kapton foils  
•  Holes of 140 µm pitch and 70 µm diameter 
•  Single-mask photolithographic technique. 
•  Gap configuration: 3/1/2/1 mm 
•  Electric field inside GEM holes ~ 80 kV/cm. 
•  Trapezoidal shaped active area of 990 mm2  
•  Readout electrode segmented in 384 radial strips 
•  3 sectors along the azimuthal coordinate  
•  8 sectors along the η coordinate. 
•  Strip width = 230 µrad. 
•  Strip pitch = 463 µrad. 
•  sector read out by one VFAT chip [8].  
•  Argon-CO2(70/30) gas mixture. 
•  A pair of triple-GEM chambers is combined to form 
a superchamber that provides two measurement planes. 

Effective Gas Gain 

Gas Leak test HV and linearity test 
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The effective gain of a GE1/1 chamber flushed with Ar/CO2(70/30) gas mixture is 
measured as a function of the applied HV with a beam of X-ray photons of 22 keV 
energy(left). The photons are absorbed by the copper atoms of the drift electrode that 
emits X-ray 8 keV photons by fluorescence. They are then converted by photo-electric 
effect in the gas volume. The effective gas gain is measured as:  

Measurement	of	the	pulse	
height	distribu4on	over	the	
ac4ve	surface	of	a	GE1/1	
detector,	for	each	strip	in	
each	readout	sector.		
The	detector	is	irradiated	
with	the	X-ray	beam,	
permanently	working	with	
fixed	energy	of	40	keV.		

The detector is flushed 
with CO2 until it reaches 
an over-pressure P0=25 
mbar.  
The pressure drop i s 
modeled by the function  
P (t)=exp(A- t/τ) (left). 
The parameter A is a 
constant that takes into 
account the initial 
overpressure of the 
detector.  The parameter 
τ quantifies how fast the 
overpressure inside the 
detector decreases as a 
function of the time. 
Values of t greather than 
3 hours guarantee a 
maximum leak in the gas 
flow rate aroud 0.02 l/h.		The goal of this test is to quantify the gas leak rate 

of a GE1/1 detector by monitoring the drop of the 
internal over-pressure as a function of the time.  For each step, the current through the divider (left) and the 

number of spurious pulses, as read out at the bottom of the 
third GEM foil, are recorded.  
The mean resistance across all the measurements, taken 
for earch HV point,  is compared with the measured value. 
Deviation greater that 3% indicates a loss of linearity and 
the detector undergoes further investigations. Rate of 
GE1/1 chambers is well below the expected background 
at the GE1/1 station position in CMS, that is above 100 kHz. 
All the GE1/1 detectors produced shows good linearity 
(center) and negligible rate of  spurious pulses (right).   

The gain is measured in a reference readout sector and its value is normalized to the 
pressure and temperature values in P5, in order to take into account the difference in 
the environmental conditions across all the different production sites.  
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The fit to data is a Cauchy distribution, to model the copper 
fluorescence photopeak, plus a 5th order polynomial, to model the 
combination of electron bremsstrahlung continuum background.  
The mean of the copper fluorescence spectrum extracted from the fit 
of each slice is assigned to slice’s coordinate point in the detector’s 
local coordinates (top left).  
The distibution of the cluster charge corrensponding to the copper 
fluorescence photopeak mean position, across the different slices of 
the detector, is fit to extract the mean (µ) and the sigma (σ) (bottom 
left).  
The Response Uniformity of a GE1/1 detector is defined as:  

RU = (σ/μ) ⋅100%.  
Values of RU<30% guarantee a stable operation effiency (98%) and 
time resolution  (< 10 ns).  

• Ireadout := the current induced on the readout electrode, 

• R := number of electrons converted by photoelectric effect per minute. 

• qel := the elementary electron charge�
• Np:= number of electrons produced by the electron extracted by the 
incident x-ray photon


Response Uniformity 

The goal of this test is to identify possible defects in the HV circuit and 
measure the rate of  the spurious signals (pulses not produced by ionizing 
particle). The chamber is flushed with CO2 at 5 l/hr for 5 hour. It is ramped 
up to 4.9 kV in step of 100V.   

All	the	GE1/1	detectors	produced	but	two	are	found	to	be	
4ght	(right).	
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The GE1/1 station will be installed in the region 1.6 < ⌘ < 2.2 by 2020 to keep the muon trigger rate below 5 kHz without increasing the muon momentum threshold and to improve the
redundancy in that region [1]. It will be instrumented with Gas Electron Multiplier (GEM), 50 µm thick polymer foil coated with 5 µm copper on each side and perforated with a high density
of holes [2].

10 Triple-GEM detectors (5 GEMINI) were installed
in the negative CMS endcap (see Fig.1) at the begin-
ning of 2017 with the aim of:

• Acquiring installation and commissioning ex-
pertise

• Proving operability for the system
• Demonstrating the integration into the CMS

online system.

Slot 1 ! 4 GEMINI:
• High Voltage (HV) distributed through a ceramic divider.
• Readout system based on VFAT2 [3] chip and optohybrid v2b [4] ! 3 Low Voltage

(LV) channels for each chamber.
Slot2 ! 1 GEMINI:

• High Voltage provided by a multichannel power supply (7 HV channels per chamber).
• Since January 2018: new readout system based on VFAT3b [5] chip and optohybrid

v3 ! 1 LV channel for each chamber.
All the chambers are operated in Ar/CO2 70:30.

The activity of 2017 included a study of stability of Triple-
GEM detectors into the CMS environment. Fig.2 shows the
stability of the 7 HV channels of a chamber supplied with
the multichannel module. In a period of approximately 12 h
during LHC collisions, the variation of the voltage is lower
that 1%. The single channel HV and the LV showed similar
behavior with and without beam.

In parallel, an extensive phase of local calibration of the
Data AcQuisition (DAQ) system was carried on. It was
based on the development of three main tools, threshold
scans, S-curves and latency scans, needed to qualify the
DAQ system before the inclusion in CMS. The Detector
Control System (DCS) was also locally developed: the main
structure foresaw the control of HV and LV system, as well
as the monitoring of the gas system and environmental pa-
rameters. A Finite State Machine (FSM) was then added in
order to prepare the system for the operation in central DCS.
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DCS: the GEM DCS was integrated in CMS at the end of 2017, to allow the
operation of the new detectors together with the rest of the system. A new node
was introduced into the CMS FSM called GEM, which contains two partitions:
GEM E( Endcap) and GEM Dm (Dummy). GEM E is the physical node, while
Dm is node used to filter the states from the GEM E partition, while the actions
coming from CMS are propagated to GEM (Fig.3). Since the integration, GEMs
are following the automation matrix and using the protection system together with
the rest of CMS.

DAQ: In addition to the local calibration runs, three other main ways of datataking
have been exploited:

• Local run with local readout, where the data are readout directly from the
AMC13

• Local run with miniDAQ, where a stripped down version of the cDAQ infras-
tructure is used to mimic the full path, but it is still separate from the other
subsystems

• Global run: these runs are fully integrated into the cDAQ infrastructure and
the events are put into the CMS data stream. This was the primary goals of
the DAQ activity and was reached at the end of 2017, where GEM were firstly
included into cosmics global runs. The first global collisions runs with GEM
included were instead performed at the beginning of 2018 run.

Data Quality Monitoring (DQM) and analysis: the inclu-
sion of GEM into the global runs entails also the need
of monitoring the quality of data collected as well as the
performance of the detectors. The first interface for moni-
toring of the data quality is the Online DQM, which has
been deployed for GEM in a very basic version in 2017. A
screenshot of the actual version of the GEM Online DQM
is shown in Fig.5. Always on the software side, the correct
geometry of GEM Slice Test has been added in the databases
and in CMSSW and is going to be validated.

The activity in 2018 is in progress on several fronts:
• Detectors stability: the verification of the stability of the detectors is continuing in 2018, mainly focused on the new

GEMINI installed in January 2018 in Slot 2.
• Discharge probability test: an extensive study of discharges and microdischarges probability is ongoing with the GE-

MINI in Slot 2, powered with the multichannel power supply.
• Qualification of the new electronics in CMS environment: the new GEMINI also mounts the latest version of elec-

tronics, which will be used also for the entire GE1/1 station. The analysis of its behavior will be then fundamental to
understand if the detectors will operate as expected during the next LHC runs.

• Prompt Feedback Analisys (PFA): the PFA group is analyzing the first data coming from the local and global runs to
verify the performance of the detectors. Examples of study ongoing are the identification of dead channels, the noise
characterization and the correlation between the hits coming from CSCs and GEMs.

• Inclusion of the new GEMINI into the DCS and DAQ systems: the new GEMINI needs to be completely integrated
in the DCS and DAQ system in order to be able to operate and take data together with the other detectors.
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will be 
concluded by 
the end of 
2018. The 
installation of 
the GE1/1 
station will start 
in 2019.  
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Figure 1.16: Location of the 18 GE2/1 detectors (blue and red) on the back of the yoke disks
YE±1. The two chambers of neighboring superchambers overlap in f, to avoid acceptance
holes.

end electronics to the CMS DAQ and trigger systems. The design is based on the xTCA stan-
dard. It uses FPGAs and Multi-Gbit/s links.

The back-end electronics will use the Calorimeter Trigger Processor card CTP7 [30] or an equiv-
alent board; it sends the data to the endcap muon track finder (EMTF) and to the CMS DAQ
system.

While the trigger and tracking data are sent from the detectors to the xTCA electronics, the
trigger data are also sent directly to the CSC Optical Trigger Mother Board (OTMB) located in
the CMS peripheral crates. There the GEM trigger data are combined with the CSC data to
improve the Level-1 trigger efficiency and the precision of the CSC system at an early stage of
the trigger processing.

The precise alignment of the GEM chambers is important to ensure the required spatial reso-
lution. The alignment between adjacent chambers in the R � f view is measured by a position
monitoring system based on capacitive sensors. It has already been built for GE1/1 and has
been selected also for GE2/1 and ME0. These position measurements will be the basis for the
geometric reconstruction of the full GE2/1 ring.

Irradiation tests at the GIF++ facility at CERN using the 137Cs gamma source have exposed
GEM prototype chambers with a hit rate of 1 kHz/cm2, a rate expected at the HL-LHC for
GE1/1 and GE2/1. The accumulated charge is 9 mC/cm2. No aging effects have been ob-
served. A few hundred discharges per cm2 have been observed and are predicted for the full
Phase-2 lifetime, but the chamber performance was not affected. Neutron backgrounds up to
1014/year/cm2 are expected for the CMS GEM chambers, and several corresponding irradia-
tion tests have been performed in the framework of the RD51 collaboration. Detailed discharge
studies have been done with GEM detectors exposed to neutrons and highly ionizing alpha
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the existing CSC endcap muon chambers and the new RE3/1 and RE4/1 iRPC chambers. The
ME0 detector extends the muon acceptance into the pseudorapidity range 2.4 < |h| < 2.8,
which, because of the aforementioned mechanical constraints, is beyond the reach of any other
CMS muon detector. The increased muon acceptance is fully covered by the new Phase-2 inner
silicon tracker. Each ME0 detector consists of six layers of triple-GEM chambers, compared
to the two-layer design of GE1/1 and GE2/1. An ME0 provides up to six track points and
therefore enough redundancy to reject neutron-induced backgrounds and to form muon track
segments in the L1 trigger. Figure 1.18 shows the layout of the ME0 chambers.

Figure 1.18: Layout of ME0 stack with six triple-GEM layers including cable trays shown in the
lower right part of the figure. The six layers are staggered such that the active areas of adjacent
stacks overlap in f.

1.5.3.1 Motivation for the new ME0 detectors

The main motivation for the new ME0 detectors is the increase of the geometrical acceptance
for muons, which is most relevant for multi-muon final states such as H ! 4 µ, and for forward
particle production. This is illustrated by the physics performance examples given in Section
1.6 and in more detail in Chapter 8. In particular, the ME0 system will improve the CMS
performance in the following ways:

• In the 2.15 < |h| < 2.4 region, which is covered by CSCs, RPCs, and GE2/1, but not
by GE1/1, the muon identification and trigger capabilites can be maintained even for
high background rates. The ME0 detectors improve muon measurements by adding
up to six hits per track and increase the lever arm for momentum determination, in
a way similar to that shown in Fig. 1.15. This suppresses the Level-1 trigger rate
due to mismeasured low pT muons by an order of magnitude in this pseudorapidity
window.

• In the pseudorapidity window 2.15 < |h| < 2.4, ME0 together with CSC ME1/1
provides the second needed muon direction measurement (the other one is provided

In 2017 CMS approved the 
installation of two additional 
muon stations based on 
GEM technology: the GE2/1 
and ME0 [4]. The GE2/1 
station (left), 2 layers of GEM 
detectors in front of the 
CSC station ME2/1, will play 
the same role as GE1/1 at 
the L1 trigger level.  

ME0 chambers (right) will 
be made of up to six layers 
of GEM detectors and will 
play a crucial role in the 
muon reconstruction in the 
very forward region.   
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The whole drift electrode is illuminated with a 23 keV 
X-ray beam that excites the copper atoms. They emit 
8 keV photons by fluorescence to come back to the 
ground state. Amplified charge is collected by 
readout strips and transferred to ADC units by APV25 
chips [7]. 

The GE11 chamber is ideally divided in 768 slices, each slice consisting of 4 strips.  The charge cluster ADC spectrum 
obtained from each slice (top) is fit to extract the position of the copper fluorescence photopeak in ADC counts.  

Gain for short (center) and long 
(right) chambers at the nominal 
operating point is showed, for all the 
G E 1 / 1 p r o d u c t i o n s i t e s . T h i s 
measurement has to be correlated 
to the detector response uniformity 
to asses the overal l detector 
performance.    

The quality control procedure of GE1/1  
chambers ensures robust results and reliable 
performance during the operation. This has 
been demonstrated during the CMS Slice 
Test: in 2017, 5 super-chambers that 
successfully passed the quality control, have 
been installed in CMS and actively take part 
to the data-taking. The detector mass 
production and test  


