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Abstract

For the LHC High Luminosity phase (HL-LHC) the CMS GEM Collaboration is planning to install
new large size (990 x 440-220 mm?2) triple-GEM detectors, equipped with a new readout system, in
the forward region of the muon system (1.5 1t IT 1t 2.2) of the CMS detector. Combining triggering
and tracking functionalities the new triple-Gas Electron Multiplier (GEM) chambers will not only
improve the performance of the CMS muon trigger, but will also improve the muon identification
and track reconstruction. With the addition of triple-GEM detectors the forward region of the CMS
muon spectrometer will recover its originally planned redundancy. Starting from 2009 the CMS GEM
Collaboration built several small and full size prototypes with different geometries, keeping improving
the assembly techniques. All these prototypes have been tested in laboratories as well as with beam
tests at the CERN SPS and at Fermilab. The results show that the triple-GEM detectors are a mature
technology satisfying all the requirements to be used in the forward region of the CMS muon system
at HL-LHC. In this contribution we will report on the status of the CMS upgrade project with GEMs
and its impact on the CMS performance as also the hardware architectures and expected performance
of the CMS GEM readout system.
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I. INTRODUCTION

UON detection is a powerful tool for recognizing

signatures of interesting physics processes over the
high background rates at the Large Hadron Collider (LHC) [1].
The present muon detector system in the Compact Muon
Solenoid (CMS) experiment [2] was designed to be robust,
efficient, redundant, and to primarily provide muon identi-
fication, measurement of the muons transverse momentum,
and correct bunch crossing assignment. Three gas detector
technologies have been chosen, depending on the different
radiation and magnetic environment in the CMS muon spec-
trometer. While the barrel region is equipped with Drift Tubes
(DTs) and Resistive Plate Chambers (RPCs), on the other hand
the endcap region relies on Cathode Strip Chambers (CSCs)
(up to [n| =2.4) and Resistive Plate Chambers (RPCs) but only
up to [n| = 1.6. This implies that in the high-n region [n| > 1.6
the CSC is the only muon detector installed, and therefore
the CMS system has limited redundancy for muon detection
and recontruction. In addition, due to a rate of several tens of
kHz/cm?, the standard RPC technology would not sustain the
harsh conditions (high integrated charge and high rate). For
this reason a new technology for the [n| > 1.6 region of muon
system is needed to:

o Sustain a O(MHz/cm?) particle rate;

o Provide good spatial resolution O(100 um) for muon
tracking;

« Provide good time resolution, better than 8 ns, for muon
triggering.

II. FORWARD MUON SYSTEM UPGRADE

Since the beginning of the CMS data taking, all three
subdetectors have been operating very well, collecting good
data and accomplishing all the essential functions for muon
triggering and tracking they were designed for. Actually, all
the muon system performances, as well as the ones of each
subdetector, do not show signs of degration and, according to
the tests performed in the past, it is widely that the installed
detectors should survive the whole HL-LHC phase. The tests
have been performed up to a maximum of integrated charge
of 100mC/cm? over 20 years of operation at the HL-LHC.
Nevertheless, in order to confirm these performaces, a series
of tests at the Gamma Irradiation Facility (GIF and GIF++)
are planned in the next future. Altough the CMS muon system
performed extremely well during the LHC Run 1, it is a priority
to keep this level of performance in the harsher conditions
foreseen after Long Shutdown 2 (LS2) and even more after
Long Shutdown 3 (LS3) in order for CMS to continue to
fully exploit the performance of the LHC and to achieve
its physics program. The planned strategy to ensure that the
performance of the muon system will remain the same, despite
the increasing luminosity and pile-up (PU), is to require an
additional redundancy, such as installing additional stations in
the most critical n regions. It is precisely in this context that
an intensive program of R&D was carried out by the CMS
GEM Collaboration since 2009.
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Fig. 1.

Longitudinal view of a quadrant of the CMS experiment, showing
the different subsystems. The location of the new forward detector proposed
for Phase 2, the GE1/1 GEM station, is indicated in red.

III. THE CMS GEM PROJECT

Presently, the 1.6 < In| <2.4 region of the CMS muon
system is equipped with CSCs only, while in the initial CMS
project it was designed to install in this endcap region RPC
detectors as well. However, the standard bakelite RPCs suffer
from the strong and increasingly hostile environment in this
region and cannot handle the hit rates of a few kHz/cm?, that
are the ones expected in that region for the HL-LHC phase [3].
The CMS GEM Collaboration has therefore suggested the
appealing Gas Electron Multiplier (GEM) technology for up-
grading the muon system by proposing to instrument the non-
redundant CMS high-n region with triple-GEM detectors [4].
The most obvious locations are some existing spaces where
RPCs were originally foreseen but not installed. The triple-
GEMs are Micro Pattern Gaseous Detectors (MPGD) that can
reach a rate capability up to 100 MHz/cm? with high spatial
(100 pm) and time (< 5 ns) resolution as well as detection effi-
ciency above 98%, required to improve momentum resolution
for high pt muons. Figure 1 shows the possible scenario with
one station equipped with triple-GEM detectors.
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Fig. 2. Zoom of the CMS forward muon system, showing in details the new
detectors proposed for LHC Phase 2.




The guideline of the CMS GEM project foresees the instal-
lation of 36 staggered chambers per endcap just in front of the
ME]1/1 station (further named the GE1/1 station) during the
LHC LS2. Each chamber is made of 2 back-to-back (double
layered) triple-GEM chambers and spans 10° in ¢, ensuring
in this way a full coverage in ¢ and 1.5 < [n| <2.1 [5], [6].
In the present proposed schedule a second GEM station, called
GE2/1, would be installed during LS3. GE2/1 would consist of
18 triple-GEM staggered chambers per endcap, each of them
spanning 20° in ¢ in the region 1.55 < In| < 2.45. In addiction
also a muon-near tagger (MEQ) composed by 6 layers of triple-
GEMs, with each chamber spanning 20° in ¢ in the region
2< In|l <3.5, could be installed behind the future shortened
hadron calorimeter after LS3. The future location of GE1/1,
GE2/1 and MEOQO within the CMS Muon system is shown in
Fig. 2 while the respective proposed geometry is sketched in
Fig. 3.
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Fig. 3. Layout of the GE1/1 (top) GE2/1 (middle) and MEO (bottom) stations
that are planned to be installed in the future.

IV. CMS GEM PROTOTYPES AND R&D PROGRESSES

During many years of R&D at CERN, the CMS GEM
Collaboration designed and produced six different GEM pro-
totypes. The first generation of large GEM prototypes, called

GE1/1-1, introduced in 2010, consisted of eight readout sec-
tors, with all components (frames and spacers) glued togheter.
In the second generation GE1/1-Il, introduced in 2011, the
number of readout sectors was increased to 24. With the
third generation GE1/1-III, a new self-stretching technique,
called NS2 and illustrated in Fig. 4, was introduced offering
a fast GEM assembling procedure producing a flexible GEM
structure. The NS2 technique offers many advantages:

o All the GEM foils are self-stretched with no spacers and
no glue. The absence of spacers prevents the introduction
of dead area inside the active area;

o The assembling procedure is very easy and fast (i.e. a
30 x 30 cm? detector can be assembled in 1 hour);

e Any detector parts are replaceable, so malfunctioning
GEM detectors can be repaired quickly with low cost.
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Fig. 4. Cross section of the frame region for a full-size GEM assembled with
the new NS2 self-stretching technique. The GEM foils, mounted within the
GE1/1 chamber, are mechanically tensioned against the brass pull-out without
deforming the drift or readout boards. Also the materials of all chamber
components are specified.

The GE1/1-IV was the beginning of a new era in which
the prototypes began to be fully mechanically constructed and
produced at several production sites. In the design of GE1/1-V
we optimized the acceptance in 1 and ¢, and built short and
long type chambers. Finally the version GE1/1-VI will be the
one that we will install in CMS, with more or less the same
features as the GE1/1-V prototype, but also with an optimized
coverage in R.

V. GE1/1 LAYouT

In the GE1/1 chamber, shown in Fig. 5, the triple-GEM
detector has a trapezoidal shape with an active area of
990 x (220-455) mmZ. This size is imposed by the fact that
the detectors would be installed in the vacant area in the high
pseudo-rapidity (1.6 < n| < 2.1) region of the CMS muon
endcap system. The electrode gap configuration is 3/1/2/1 mm:
it consists respectively of a drift zone, two transfer gaps and
the induction gap where the electron drift will induce a signal
in the readout plane of the detector. At the bottom there is the
Drift Board, a printed circuit board (PCB) hosting the drift
electrode and the GEM HYV resistive divider. At the top there



is instead the Readout Board divided into eight m-partition
with 384 strips each oriented radially along the long side of
the detector with a pitch varying from 0.6 mm (short side) to
1.2mm (long side), while each partition is subdivided along
the ¢-coordinate into three readout sectors, each with 128
strips or channels.
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Fig. 5. Exploded 3D view of GE1/1 detector layout.

VI. GEM PROJECT ACHIEVEMENTS

For all these years the performance of CMS triple-GEMs
have been tested both in the laboratory at CERN with X-
ray sources as well as in many test beam campaigns with
pion/muon beam at the CERN SPS [7] and in 2013 also
at Fermi National Accelerator Laboratory Test Beam fa-
cility (FTBF) [8]. The detectors are mostly operated with
Ar/CO,/CF4 (45:15:40) gas mixture using as a readout either
digital TURBO/VFAT2-based [9] or the Scalable Readout
System (SRS) [10] with analog APV25 hybrid front-end
electronics. The main results achieved can be summarized in
the following table:

Efficiency ~98%
Time resolution ~4ns
Spatial resolution (binary VFAT chip) 276 um
Spatial resolution (analog APV chip) < 104 um

Moreover, the main achievements in terms of technology
and assembly are the recently introducted single-mask [11],
used for the production of the foils for the large-area detectors
and the new cost effective NS2 (no-spacer, no-stretch) tech-
niques. Thanks to the use of those techniques we dramatically
reduced foil production costs and allowed large-size to be
manufactured and, on the other hand, we also decreased the
construction time from weeks to two hours per chamber.

In addition, in view of a possible installation of the full GE1/1
station during LS2, most of the services and cabling needed
are being put in place in the CMS experimental area right
now during the ongoing LS1. To finalize the super-chamber
layout the CMS GEM Collaboration also produced two sets of

dummies GE1/1 super-chamber, one with preliminary dimen-
sions and another one, reported on Fig. 6, alternating long-
short chamber geometry. The idea was to build them with
the same weight of the GE1/1 super-chambers, but without
containing any detectors neither electronics, in order to verify
the dimension and the insertion procedure. The first trial
installation of the first set of dummies into one of the inner
endcaps was succesfully done during the summer 2013 and
the second one in March 2014.

Fig. 6. GE1/1 super-chamber dummies used for trial insertion into one of the
inner CMS endcap stations.The figure shows the actual situation in the nose
of one of the first endcap stations; the the GE1/1 super-chambers location is
indicated by the red oval shape.

VII. FORWARD MUON TRIGGER CHALLENGES

A. GEM-CSC Bending Angle

The increase of the LHC beam instanteous luminosity up to
5% 103* cm~2 will have a large impact on the muon endcap
system especially in the high-n region, which is currently
suffering from the highest background rates and a non-uniform
magnetic field. As a consequence of this, many more soft
particles will have multiple scattering in the iron yoke, and
low-pt muons can be misinterpreted as high-pt ones by
the CSC Track-Finder resulting in a flattening of the trigger
rate curve at high-pt. Therefore the trigger rate reduction,
while maintaining high efficiency, could be improved with
the installation of an additional muon detector, allowing to
measure the “bending angle” A = Abgem —Adcsc. With
the installation of an additional muon detector, such as GE1/1,
in front of ME1/1 the L1 muon momentum resolution can be
improved, thanks to the increased “’lever arm” between both
GEM and CSC stations. The GE1/1-ME1/1 bending angle will
be able to effectively discriminate between soft (pt ~5 GeV)
and hard muons (pt >20GeV), as shown in Fig. 7(b). The
even and the odd chamber pairs, mentioned in Fig. 7(b),
are referred to the distance between chambers as shown in
Fig. 7(a).
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Fig. 7. Illustration of the principle of combining the GEM and CSC layers in

each station to enlarge the lever arm for the bending angle measurements (a)
and GEM-CSC bending angles for soft (5 GeV/c) and hard (20 GeV/c) muons
respectively for even (top b) and odd (bottom b) numbered GEM chambers.

B. Trigger rate

The upgraded muon Track Finder alone should allow to
decrease the prt threshold from 42 to 25 GeV/c with 9% of
efficiency loss. Thanks to the combined informations from
CSC and GEM, it is then possible to develop a combined
local trigger to mantain or reduce the pt threshold applied at
L1 to the muon candidate without efficiency loss. The better
discrimination of high transverse momentum muon candidates
could allow, as shown in Fig. 8, the trigger rate reduction.
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Fig. 8. Comparison of the trigger rates for the Global Muon Trigger (GMT)
as a function of the L1 muon candidate transverse momentum.

Results in the region 1.6 < || < 2.1, obtained with GE1/1-
ME1/1 combined informations, are compared with the stan-
dard CMS configuration used in 2012 (red line) modified to
account for the improved MEI1/1 detector electronics to be
installed in LS1. Fig. 8 also shows that the GEM-CSC bending
angle allows to lower pt threshold from 42 to 13 GeV/c while
increasing efficiency with a consequent rate reduction of a
factor 10 that can be achieved in case of a single muon
trigger. For some physics channels a trigger threshold of about
15 GeV/c nearly doubles the sensitivity, that is what happens,
as for example, in the H—» 1T — WThqeq Where yields
gain in sensitivity. Lowering triggering pt from ~ 20GeV/c
(post LS1) to ~ 15GeV/c and GEM+CSC yield improved
background rejection result in ~ 20% increase in acceptance
as shown in Fig. 9.
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VIII. IMPACT ON PHYSICS

In the interesting physics channels such as H—4u, Z—2u
and H— 7t all final state muons need to be reconstructed for
the full kinematic event reconstruction and pt’s are typically
up to O(50GeV). Moreover ~20% of the events have at least
one muon in the GE1/1 region that is the reason why it is so
important to restore the redundancy in 1.6 < [n| <2.1 region
with additional GEMs. On the other hand, it is well known
how difficult this region is, because of the non-uniformity of
the B field and the increasing background.
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Fig. 10. Distribution of the highest 1 muon from H—4p.

Presently the 1.6 < [n| region is only instrumented with
CSCs, consequently, any loss of efficiency of these chambers
may result in a loss of events so this is extremely important
for channel with small cross section and signal selection
efficiency. Fig. 10 shows that this affects 35% of all H—4p.

IX. GEM PROJECT: ON GOING ACTIVITIES

In this section is reported on the activities at the moment
on going within the CMS GEM Collaboration and mainly
focused on the two test beam campaigns respectively at SPS
H2 (October 2014) and H4 (December 2014) beam lines.
The program is to test with two different gas mixture (Ar/CO;
(70:30) and Ar/CO,/CF4 (45:15:40)) different n partitions of
the detectors and to compare the space resolution and the
efficiency between the readout sectors. Important steps are to
estimate the tracking efficiency, the cluster size as well as the
efficiency as a function of the current. In addition, for the first
time the new GEM electronics readout system, planned for the
LS2 installation, will be tested.

A. October 2014 SPS H2 beam line

During October 2014 the CMS GEM Collaboration started,
at CERN Super Proton Synchroton (SPS) [12], the first of a
series of two extensive test beam campaigns; the second one
will take place in December 2014. Figure 11 shows the setup
used during the October 2014 test beam at the CERN SPS H2
beam line, operating the triple-GEM chambers with a Ar/CO,
(70:30) gas mixture and a muon beam. It consisted of a
GEM tracking system, made of three 10 x 10 cm? honeycomb
triple-GEM detectors equipped with 2D readout strips with
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Fig. 11. Test beam setup used in the October 2014 campaign at the CERN
SPS H2 beam line.

a pitch of 0.4mm (2 layers under 90 degrees to provide
2D measurement), and three CMS GEM GE1/1 detectors
displaced horizontally on a movable table and close to the
tracking system for scanning. Both the GEM tracking system
and the CMS GEM GEl/1 detectors are readout with the
VFAT2-TURBO electronics. The three GE1/1 detectors used
were respectively a GE1/1-1V irradiated for six months in the
GIF, a GE1/1-1V not irradiated and finally a GE1/1-V. The
external trigger is produced by the coincidence between the
discriminated signals of 3 scintillators positioned in front and
behind the GEM tracking telescope used to generate a trigger
to signal the passage of a beam particle through the detector.
The main goal of the first test beam has been to repeat some
performance studies as well as to have a comparison in terms
of efficiency between all those GE1/1 chambers. The sector
irradiated was the central ones corresponding to the fourth
1 partition. We performed several high voltage (HV) scans
to study the efficiency as a function of the current in the
HV divider, which is proportional to the electric fields in the
GEM. The plan was mainly focused on the measurement of
the spatial resolution, the time resolution, the cluster size and



the noise levels all measurements versus the induction or drift
field. We already started to analyze all data collected and we
will report on the preliminary results in the coming months.

B. New GEM electronics readout system tested during De-
cember 2014 SPS H4 bem line

Starting from the fall December 2014, during the second
test beam campaign at the CERN SPS H4 beam line, one
of purpose will be to test the new GEM electronics readout
system, sketched in Fig. 12, which is planned for the LS2
installation. Each GEM detector is divided in 1 — ¢ sectors
which are then subdivided into 128 strips, the electrodes to
which the charge is induced by the passage of an ionizing
particle through the detector.
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Fig. 12. Sketch of the new GEM electronics readout system.

The sketch in Fig. 12 shows the main system components
for the readout of a single GEM chamber and is divided into
2 main regions, namely Off-Detector and On-Detector. In the
On-Detector block there is the division of the GEM chambers
in 24 sectors, as well as the 128 strips from each sector
are connected to the inputs of the front-end ASIC (VFAT2)
through a connector on the GEM readout board (GEB). The
front-end ASICs are connected on hydrids that plug into the
connectors on the Readout Board. The electrical signals (E-
links) are responsible for the control, read-out and power
from the hybdrids through the GEB, covering all the entire
surface. The communication to the Off-detector electronics,
providing the interface from the detector, is performed through
optical links via a mezzanine board, namely Opto-hybdrid,
that plugs into the GEB and also contains an FPGA, Gigabit-
Transceiver (GBT) chipset [13] and two optical connectors.
The Off-detector electronics provides the interfaces from the
detector (and front-end electronics) to the CMS DAQ, TTC
(Trigger Timing and Control) and Trigger systems and they

are implemented in the pyTCA. Two are the optical paths to
and from the Opto-hybrid. The first one, running between the
UTCA crates and the Opto-hybrid, is bidirectional and is used
to send setup and control signals to the front-end chips, while
the return path is used for full-granularity tracking data and
returning slow control data. The second one, uni-directional,
takes the fixed-latency trigger data from the GEM system
to the CSC Trigger Mother Board (TMB) for the L1 muon
trigger.

X. CONCLUSIONS

The CMS GEM project started in 2009 with the idea to
propose a solution for the CMS muon system upgrade for the
HL-LHC phase. Presently, after 5 years of R&D, validation of
performance characteristics, quality control and assembly now
the project is close to final. The project includes the installation
of three new stations: GE1/1, GE2/1 in the presently vacant
positions in front of ME1/1 and ME2/1, and a near-tagger,
MEQ. Triple-GEM detectors installation will restore the lack
of redundancy in the 1.6 < [n| < 2.4 region of the CMS muon
system, at the moment only equipped with CSC, improving
the muon momentum resolution measuring the bending angle
and thus helping to reduce the trigger rate in the high lu-
minosity scenarios expected in the LHC Phase-II era. In the
previous test beam campaigns it has been demonstrated that
the detectors exhibit a broad efficiency plateau with maximum
efficiency above 98 %. A time resolution of 4 ns was obtained
during drift and induction field scans. Spatial resolutions of
the order of 276 um were measured with a digital readout,
compatible with what one expects from the strip pitch as well
as, using analog readout, spatial resolutions below 104 pm
were found. Finally the NS2 self-stretch technique offers not
only a fast GEM assembling procedure but any detector parts
are replaceable and the malfuntioning GEM detectors can
be repaired quickly with low cost. These large-area GEM
detectors will be a good candidate for tracking and triggering
in high energy physics experiment so the CMS collaboration
approved the full GE1/1 station installation possibly during
the LS2.
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