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Abstract

We report on the status of the project to install large-area triple-foil gas electron multiplier (GEM)
detectors in the end-cap muon system of the Compact Muon Solenoid (CMS) experiment at the LHC
operating at the high luminosity planned after the current period of data-taking (run 2). In the pseudo-
rapidity region 1.6 < |η| < 2.4, the GEM detectors will suppress the rate of background triggers
while maintaining high trigger efficiency for low transverse momentum muons, and enhancing the
robustness of muon detection in the high-flux environment of the end-cap region. GEM detectors
will also be used to extend the range of muon identification up to about |η| = 3.0. We describe the
design of the GEM chambers, readout electronics, and data acquisition system for the three stations in
each endcap, located at increasing distances from the interaction point. For the intermediate station,
the design is fixed and we describe plans to install several of the intermediate station detectors in the
CMS detector during the current data-taking period, run 2. We describe the design and requirements
for GEM (and other micro-pattern gas detector) systems for the innermost and outermost stations.
Compact, fast-timing designs are under consideration for the innermost station. Mechanical design for
the outermost station, which requires the largest detector area of the three stations, is also described.
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Abstract

In order to cope with the harsh environment expected from the high luminosity LHC, the CMS forward muon system requires an
upgrade. The two main challenges expected in this environment are an increase in the trigger rate and increased background radia-
tion leading to a potential degradation of the particle ID performance. Additionally, upgrades to other subdetectors of CMS allow
for extended coverage for particle tracking, and adding muon system coverage to this region will further enhance the performance
of CMS.

Following an extensive R&D program, CMS has identified triple-foil gas electron multiplier (GEM) detectors as a solution for
the first muon station in the region 1.6 < |η| < 2.2, while continuing R&D is ongoing for additional regions.
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1. Introduction

One of the core components of the Compact Muon Solenoid
(CMS) detector[1], the muon system (Fig. 1) has been designed
to provide identification and tracking information on muons
produced in pp collisions at the Large Hadron Collider (LHC).
Muons feature in many signatures of new physics, and being
able to trigger, identify, and obtain an accurate measurement of
the muon momentum are critical features of the CMS experi-
mental program.

Figure 1: Side view of the CMS detector showing the current locations of the
muon systems, and highlighting planned upgrades to the CMS forward muon
system

During the first run of the LHC, the muon system was com-
posed of alternating layers of resistive plate chambers (RPCs)
and either drift tubes (DTs) in the barrel region (0 < |η| < 0.9),
or cathode strip chambers (CSCs) in the endcap region (0.9 <
|η| < 2.4). The RPC coverage extends only up to |η| < 1.6,
resulting in a lack of redundancy in the forward muon system.
One of the primary goals in upgrading the muon system is to
recover this redundancy. In addition to this, due to the harsh
environment in the forward region resulting from the increase
in luminosity during the LHC Phase 2 to L = 5×10−34cm−2s−1,
a detector able to maintain the trigger and tracking performance
is absolutely critical to the success of the CMS experimental
program. Micro-pattern gaseous detectors (MPGDs)[2] are an
excellent choice for these requirements and CMS has identified
triple-foil gaseous electron multipliers (triple GEMs, Fig. 2) as
a preferred solution[3, 4].

Simulation studies have shown (Fig. 3) that coupling the trig-
ger information from the CSCs and GEMs will allow CMS to
maintain the muon trigger thresholds by keeping the rate low,
compared to what would be the case with only the current sys-
tem.

2. Overview of the CMS GEM upgrade

During the second LHC long shutdown (LS2) in 2018-2019,
CMS will install 36 “superchambers”, two triple GEM detec-
tors sandwiched together, in each GE1/1 endcap station (Fig. 1).
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Figure 2: Diagram showing the principle for triple-foil GEM detectors, with
the avalanche induced as a muon traverses the detector, from drift, across the
three foils, and depositing the signal on the readout

Figure 3: Comparison of the trigger rate as a function of trigger threshold. The
blue shows the rate from using two CSC stubs alone, and the purple shows the
rate reduction from adding the GEM information

The superchambers will cover the region 1.55 < |η| < 2.18.
Each detector is segmented into 3 sectors in φ, and 8 sec-
tors in η, with each sector reading out 128 strips having a
pitch of 0.5mrad. The trapezoidal detectors measure roughly
1.2m × 0.5m.

The strips will be read out using a VFAT3 ASIC (Fig. 4) to
convert the analog signal to a digital signal for fixed latency
triggering as well as full granularity tracking information.

Signals from each VFAT3 are transmitted to the OptoHy-
brid, a concentrator card located on the detector, from where
the tracking data will be sent off detector via optical links to
the back-end electronics (Fig. 5). The trigger data will be addi-
tionally sent via optical links to the CSC optical trigger mother-
board (OTMB) to be used to compute joint CSC-GEM trigger
decisions.

Off detector, the system will use µTCA systems with cus-
tom built advanced mezzanine cards (AMCs) for communica-
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Figure 4: Block diagram of the VFAT3 ASIC logic

tion with and slow controls of the front-ends as well as for col-
lecting tracking data and building events to ship to the CMS
data acquisition system (DAQ). The back-end will also receive
trigger and clock from the CMS DAQ and distribute this infor-
mation to the front-ends.
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Figure 5: Diagram of the readout system and control systems

2.1. Slice test

In preparation for the full installation of the GE1/1 system
during LS2, a slice will be installed during the extended year
end shutdown in 2016-2017. Taking advantage of planned up-
grades to the CMS pixel detector, four superchambers will be
installed in the minus side CMS endcap, as shown in figure 6.

The primary purpose will be to begin the commissioning of
the full electronics and readout system, integrated into the cen-
tral CMS environment. The slice test readout system will differ
slightly from the full installation, due to ongoing developments
in the readout ASIC (VFAT2 vs. VFAT3) and the OptoHybrid,
as well as a final choice of back-end AMC.

2.2. Testbeam results

Recent testbeams have focused on measuring the physics per-
formance of the latest generation of GE1/1 detectors, and the

Figure 6: Diagram of the CMS muon endcap first station, showing the location
of the 4 GE1/1 superchambers to be installed during the slice test

performance of the readout electronics. Both narrow muon
beams as well as wider, very high rate pion beams have been
used to characterize the performance. In the fall 2015 testbeam,
undertaken at the CERN SPS H4 beamline, a full GE1/1 su-
perchamber was assembled (Fig. 7) and instrumented with the
preliminary version of the electronics for use in the slice test.

Figure 7: Two GE1/1 detectors assembled as a superchamber for the 2015 test-
beam campaign

3. Future upgrades

During LS3, prior to the start of the LHC phase II program,
further upgrades are planned to extend the muon system cover-
age up to |η| < 3.0
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3.1. GE2/1
In the second muon station (GE2/1), the use of the baseline

triple GEM option presents several challenges. First and fore-
most is the limited space into which the GE2/1 detectors will be
able to fit, given the constraints imposed by the existing CSC
ME2/1 detectors, neutron shielding and services (Fig. 8). In ad-
dition, due to the much larger size compared with the GE1/1
system, the foils themselves will have to be split into several
pieces in order to ensure the uniformity of performance.

Figure 8: Diagram showing the location of the GE2/1 system, with the space
constraints provided by the existing detector (ME2/1), the magnet return yoke
(YE2 and YE1) and the currently installed services and shielding

Studies are ongoing to investigate possible solutions to miti-
gate these issues.

3.2. ME0
Taking advantage of increased coverage in the CMS tracking

system, in the region directly behind the calorimeters (Fig. 9)
a new muon station is being planned, the ME0 station. Several
technologies are being actively investigated, with a baseline of
multiple GEM detectors (Fig. 10).

Figure 9: Location of the new ME0 station, behind the upgraded endcap
calorimeter

Figure 10: Diagram of the baseline ME0 detector, a module of six GEM detec-
tors

An exciting alternative currently in the R&D phase is the so-
called “fast timing micropattern” (FTM) detector, a complete
description of which appears in this proceedings[5].

4. Conclusions

Following an extensive R&D program, CMS has chosen to
use GEM detectors to maintain the performance of the detector
going into the LHC Phase II program. An initial station will be
installed during LS2 in the first muon endcap station, with addi-
tional installations to take place in LS3 in the second station, as
well a new, more forward station behind the upgraded endcap
calorimeters. These upgrades will increase the muon triggering
and tracking ability to |η| < 3.0
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