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ABSTRACT: GEM detectors are used in high energy physics experiments given their good spatial
resolution, high rate capability and radiation hardness. An international collaboration is investigat-
ing the possibility of covering the 1.6 < || < 2.4 region of the CMS muon endcaps with large-area
triple-GEM detectors. The CMS high-1n area is actually not fully instrumented, only Cathode Strip
Chamber (CSC) are installed. The vacant area presents an opportunity for a detector technology
able to to cope with the harsh radiation environment; these micropattern gas detectors are an appeal-
ing option to simultaneously enhance muon tracking and triggering capabilities in a future upgrade
of the CMS detector. A general overview of this feasibility study is presented. Design and con-
struction of small (10cm x 10cm) and full-size trapezoidal (1m x 0.5m) triple-GEM prototypes is
described. Results from measurements with x-rays and from test beam campaigns at the CERN SPS
is shown for the small and large prototypes. Preliminary simulation studies on the expected muon
reconstruction and trigger performances of this proposed upgraded muon system are reported.

KEYWORDS: Muon spectrometers; Trigger concepts and systems (hardware and software); Trigger
detectors
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1 Introduction

After the first few years of LHC running, the operation of the CMS [2] detector will set a
challenging scenario in which about 300fb~! of collision data will have been collected al-
ready, and the machine will operate at a centre-of-mass energy of 14TeV, with a luminosity of
of 2—3x10**cm 257! and a nominal or twice the nominal amount of pile-up. The forward
muon system needs to operate efficiently, triggering on and identifying muons in order to study
e.g. boosted objects and forward-backward asymmetries, coupling & spin measurements and fu-
sion processes.

The muon system of CMS comprises five barrel wheels and four endcap muon stations
with a coverage up to 1 = 1.6 (2.4 considering only CSCs) in the forward region. The GEM
Collaboration (GEMs for CMS) [1, 3-5] proposes augmenting the 1.6 < 17 < 2.4 endcap region
with muon triggering and tracking, showcasing the triple-GEM as a strongly favoured option for
enhanced tracking in a high density region, extending the CMS tracking reach to the forward
zone. These micropattern detectors have matured over the last decade and have been exploited by
various experiments in a harsh radiation environment with high particle rates not only for tracking
but also for trigger generation [6].

Examining this table we can see that triple-GEMs in CMS would be very robust in terms
of rate capability and radiation hardness, due to the experience and measurements demonstrated
in LHCb measurements [7], with these numbers being ~MHz/mm? and 20C/cm respectively.
Table 1 illustrates the detector performance requirements for various eta sectors, and shows that
triple-GEMs in CMS, with measured values in LHCb [7] of ~MHz/mm? and 20 C/cm?, would be
very robust in terms of rate capability and radiation hardness.



Figure 1. The CMS Experiment.

Table 1. Performance requirements in the various 1) sectors.

Region Rates (Hz/cm?) | High Luminosity LHC Phase 11
LHC (10**cm?/s) 2-3 x LHC (10%cm?/s)
Barrel RPC 30 Few 100 =~ kHz (tbc)
Endcap RPC 1,2,341n < 1.6 30 Few 100 ~ kHz (tbc)
Expected Charge in 10 years 0.05 C/cm? 0.15 C/cm? ~ C/cm?
Endcap RPC 1,2,34n > 1.6 500Hz ~kHz few kHz few 10s kHz
Total Expected Charge in 10 years 0.05-1 C/cm? few C/cm? few 10s C/cm?

2 High momentum muon trigger and tracking resolution improvements with triple-
GEMs for forward high eta muons

Simulations prove that a CMS muon system upgrade with triple-GEMs would bring significant
improvements to its triggering and tracking capabilities [8]. Tests with triple-GEM prototypes
have demonstrated a time resolution commensurate with the requirements listed in table 1. The
expected spatial resolution of triple-GEMs reaches a turning point from a uniform to Gaussian
behavior (figure 2), for reconstruction of high momenta muons. With an improved high granularity,
muon momentum resolution would also improve as shown in figure 2.

The trigger system in CMS [9] is based on robust muon identification and reconstruction at a
record magnetic field of 3.8 T [2] with an iron yoke. For the forward muon system however, the
magnetic field return causes ambiguity in AP and a fourfold ambiguity as we cross the first two
disks [10]. Hence, more information is needed to disentangle and improve the pattern recognition
with a high RA¢ granularity. The high n trigger performance strongly relies on spatial information
and system coverage redundancy, and loss of chambers in key regions can be detrimental. In
addition the missing chambers contribute towards the inefficiency and high rate particle of fake
triggers. In order to address these issues, and improve tracking and triggering (figure 3) in CMS
Muon system, we have undertaken the study of triple-GEMs.
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Figure 2. Momentum resolution (left) and spatial residuals distributions comparison for pr = 1 TeV/c muons.
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Figure 3. Top: Trigger turn-on curves for pT ; 50 GeV/c threshold. Bottom: Trigger rates vs pr thresholds.;
(right) Momentum resolution vs spatial resolution for different muon momenta.

In figure 4 we can see the components of a triple-GEM with (a) the copper clad Kapton GEM

foil, in (b) the field configuraton of the electron multiplier with appropriate voltage applied to the

top and bottom electrodes. Arranging three GEMs in tandem as shown in figure 4(c), yields a triple-

GEM detector, Fig 4(d) demonstrates that the this type of detector can operate at a gain up to ~ 10%.
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Figure 4. Components and operation of a triple-GEM.

With a micropattern detector like the triple-GEM it is feasible to combine triggering and track-
ing functions. The readout may be tailored and optimized to enhance the (1-¢) granularity exploit-
ing the rate capability ~10°/mm? and spatial resolution in the order of 100 gm. With a time resolu-
tion of ~4-5 ns operating at full efficiency with a non-flammable gas mixture, this detector technol-
ogy promises to fulfill all requirements including operation at a high magnetic field. In the follow-
ing we demonstrate the operation and study of small and large scale prototypes and corroborate the
requirements for a high eta tracking and trigger complement for the CMS forward muon detector.

3 Construction and performance of small and full scale prototypes

In the last two years several prototypes have been built and extensively studied [3, 4]. Here some
results will be reported. In table 2 and 3, we show the list of prototypes that were constructed and
studied, including the detector configuration.

Typically, GEM foils have been made using standard double mask technology [11], with the
limitation that going from small to large sizes, the two masks need to be carefully aligned, which
limits the production of large sizes. Single mask GEM foil technology has been successfully im-
plemented, and GEM detectors made with this technology have been demonstrated to work equally
well [13]. In figure 5 we see beam test results from standard GEMs and single mask GEMs with
various operational gas mixtures with almost full efficiencies and a wide efficiency plateau [5]. We
took this technology a step further and built large size detectors commensurate with requirements in
CMS in the first muon station, the dimensions being about 1m x 0.5m. The readout strips are also
trapezoidal like the detector shown in figure 6. They are narrow (/~0.6mm) at the high-n end and
wider (/1.2 mm) at the low eta end of the detector. The detector configuration is shown in figure 7.
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This prototype was tested in the laboratory and a gain was measured as shown in figure 6(right)
for two different sectors. Furthermore, this detector was placed in a magnetic field at the M1 mag-
net at the CERN SPS beam area as shown in figure 8(right), the displacement due to the magnetic
field as a function of magnetic field is shown in figure 8(left). The efficiency, space resolution
and cluster size are shown in figure 9, 10. The readout electronics used for these measurements is
based on the VFAT?2 chip [12], originally developed for the TOTEM experiment [6].
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Table 2. Overview of all the prototypes that were constructed and studied in this project.

Name Mask Prod. Active Readout/pitch Gap Sizes #strips Prod.
Type Tech. Area number of dimensions/mm | (drift, tr. 1, tr. 2, ind.) Site
(mm?) (mm/mm/mm/mm)

Timing GEM double-mask standard 100 x 100 1D 0.8 3/2/2/2&3/1/2/1 128 CERN
Single-Mask GEM | single-mask standard 100 x 100 2D 0.4 3721212 512 CERN
Honeycomb GEM | double-mask standard 100 x 100 2D 0.4 3/2/2/2 512 CERN

CMS Proto I single-mask | self-stretching | 990 x (220 —450) 1D 0.8-1.6 3721212 1024 CERN

CMS Proto 11 single-mask | self-stretching | 990 x (220 — 450) 1D 0.6-1.2 3/1/2/1 3184 CERN

CMS Proto III single-mask | self-stretching 100 x 100 1D 0.4 3/1/1211 256 CERN

CMS Proto IV | single-mask | self-stretching 300 x 300 1D 0.6-1.8 3/172/1 256 CERN

Korean I double-mask standard 80 x 80 1D 0.6 3/1/2/1 256 | New Flex [14]




Table 3.

Overview of all the prototypes performance.

Name Max Gain Gas Mix. Electronics | Efficiency | Space resolution | Time resolution | Magnet
(%) (mm) (ns) (T)
Timing GEM 60776 Ar/CO; (70 : 30) VFAT 98.3 0.24 9.8 B=0
17943 Ar/CO,/CFy4 (45:15:40) VFAT 98.8 0.24 4.5 B=0
Single-Mask GEM Ar/CO, (70:30) VFAT 97.9 B=0
Ar/CO,/CFy4 (45 : 15 : 40) VFAT 98.6 B=0
Honeycomb GEM Ar/CO; (70 : 30) VFAT B=0
Ar/CO,/CFy4 (45 : 15 :40) VFAT 70.5 B=0
CMS Proto I 15889 Ar/CO; (70 : 30) VFAT 98.8 B=0
Ar/CO,/CF,4 (45:15:40) VFAT 99.0 0.32 B=0
CMS Proto 11 15889 Ar/CO; (70 :30) VFAT&APV 98.9 B=1.5
18938 Ar/CO;,/CFy4 (45:15:40) | VFAT&APV 97.8 0.29 B=1.5
CMS Proto I Ar/CO, (70:30) VFAT B=0
Ar/CO;,/CFy4 (45 :15:40) VFAT B=0
CMS Proto IV Ar/CO; (70:30) VFAT B=0
Ar/CO,/CFy4 (45 : 15 :40) VFAT B=0
Korean I 4653 Ar/CO; (70 : 30) VFAT B=0
Ar/CO,/CFy4 (45 : 15 :40) VFAT B=0




Figure 11. Envelope studies for station 1 and 2 in CMS high eta muon system; detector in muon station
1 are ~1mx0.5m, while in the second muon station has been located and small GEMs have already been
produced.

4 Prospects for industrial production

Instrumenting large muon stations (the first and second endcap disks) of the CMS forward muons
with triple-GEMs will require several 100m? of GEM foils. In figure 11 we can see the large
envelope in CMS that will need to be instrumented.

Presently GEM foils are fabricated in the printed circuit workshop at CERN. In view of the
large production volume, it is important to also look for industrial partners. GEM foils produced
by a Korean company have been tested and showed encouraging results in terms of fabrication
quality and gain performance (figure 12).

5 Assembly techniques

The cost of the whole detector station will be driven by construction and assembly expenses. We
have investigated new assembly techniques for triple GEMs which do not need any glue, as this
would reduce the assembly time from a few days to a few hours. Figure 13 shows some pictures of
the assembly of a 10x 10cm? triple-GEM detector using the new self-stretching technique.

The gain and uniformity measurements of the self-stretched 10x 10 cm? detector are shown in
figure 14, and the detector performs just as well as the glued detector. Following these encouraging
results we built a 30x30 cm? detector [3] for further study.

6 Conclusion and outlook

In this work we have demonstrated that triple-GEMs are a candidate for instrumenting the high
eta part of the forward muon system of CMS. Small prototypes studies in the laboratory and at
the beam tests have confirmed expected performance. Large-size prototypes commensurate with
the first muon station sizes in CMS have been built and tested in magnetic field. We plan to build
the next round of detector prototypes for muon station 2 using simplified construction techniques,
which have been validated with small detectors.
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completed detector including readout board.
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