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20 Chapter 1. The CMS Phase-2 muon detector

The DT and CSC chambers are located in the |h| < 1.2 and 0.9 < |h| < 2.4 regions, respectively,
and are complemented by the RPC detectors in both barrel and endcaps, with a maximum
pseudorapidity reaching |h| = 1.9. The use of these different technologies approximately aligns
with the three regions of CMS, referred to as barrel (|h| < 0.9), overlap (0.9 < |h| < 1.2), and
endcap (|h| > 1.2). The active chamber areas are arranged to overlap, avoiding gaps in the h
coverage. The CSC and RPC chambers overlap also in f.

The DTs are segmented in long aluminum drift cells. The position of a traversing muon is
determined by measuring the drift time to the anode wire in the center of each cell, with an op-
timally shaped electric field. The spatial resolution per cell is 250 µm or better, which translates
into about 100 µm resolution per 8-layer chamber. A DT chamber consists of three ‘SuperLay-
ers’, each of them comprising four staggered layers of parallel drift cells. The wires are oriented
so that two of the SuperLayers measure the muon position in the bending plane (R � f) and
the third one measures the position in the longitudinal plane (R� z), except for the outer cham-
bers, which have only the two R � f SuperLayers. Because of the staggering by half cells, the
trajectory of the muon and the time at which it traverses the chamber can be derived from sums
and differences of drift times. Since the drift time is measured, the cell size can be relatively
big, and a large detector area is built up with a modest number of readout channels. Figure 1.5
shows the layout of a single drift cell and a photo of several DT muon chambers, inside the
CMS magnet yoke.

Figure 1.5: Left: Single DT cell. Right: DT chambers (aluminum) sandwiched between steel
plates of the yoke (red), during installation.

The CSCs operate as standard multi-wire proportional counters with a finely segmented cath-
ode strip readout. The strips run radially outward to measure the muon position in the bending
plane, while the anode wires provide a measurement in R. The precise position in the dimen-
sion orthogonal to the strips can be reconstructed by interpolating the charges read out on the
strips. Figure 1.6 illustrates the operation of the cathode strip chambers and shows some of the
trapezoidal CSC chambers during installation in the CMS detector. The CSC detection tech-
nology was chosen because it provides good position and time resolution of hits along a muon
trajectory, can handle high particle rates, and is able to operate in strong non-uniform magnetic
fields. Each CSC chamber is made of six layers. Typical resolution figures for position and time
are 50–140 µm (depending on chamber type) and 3 ns per chamber, respectively.

The RPCs are double-gap chambers operated in avalanche mode, at high electric field. They
use High Pressure Laminate (HPL, commonly known as Bakelite) electrodes with a high bulk
resistivity. RPCs are mainly used for accurate timing and fast triggering, with an excellent
intrinsic resolution of about 1.5 ns for a double-gap chamber. This allows in particular the
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• The Muon Upgrade will cope with 
the new operating condition and 
extend the physics potential of CMS

• Peak luminosities of 5(7)∙1034 

cm-2∙s-1 

• ~140 (200) PileUp events 

• an integrated luminosity at least 

ten times the LHC design value

• Test of the longevity of all the 

detectors critical part of the 
Upgrade Program

Drift Tubes (DT) 
|η|<1.2 
250 Barrel Chambers

Resistive Plate Chambers (RPC) 
|η|<1.9  
480 Barrel Chambers 
576 EndCap Chambers 
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the Overlap Muon Track Finder (OMTF) in the overlap region, and the Concentrator and Pre-
Processor Fanout (CPPF) in the endcap. The link system consists of two main boards: the Link
Boards (LBs) and the Control Boards (CBs). Each LB has 96 input channels (one channel cor-
responds to one RPC strip). The first step of LB is the synchronization, assigning the signals
to the corresponding Bunch Crossing (BX: 25 ns period). Then the data are compressed with
a simple zero-suppressing algorithm. The input channels are grouped into 8 bit partitions.
Only the partitions with at least one nonzero bit are selected for each BX. The non-empty par-
titions are time-multiplexed, i.e. if there is more than one such partition in a given BX, they are
sent one-by-one in consecutive BXes. The data from three neighboring LBs are concentrated
by the middle LB, which contains the optical transmitter sending them to the Underground
Service Cavern (USC) over a fiber, at a transfer rate of up to 1.6 Gbps. The CBs provide the
communication of the control software with the LBs via the Front-End Controller (FEC) and
the Communication and Control Units (CCU) system. The CBs are connected into token rings,
each ring consisting of 12 CBs of one detector tower and a FEC mezzanine board placed on
the Clock & Control System (CCS) board located in a VME crate in the USC. Both LB and CB
boards are placed in crates called link boxes. The link box is a custom crate (6U high) with 20
slots (for two CBs and eighteen LBs). Each link box contains a custom backplane to which the
cables from the chambers are connected, as well as the cables providing power to the LBs and
CBs, and the FEB control cables which use an I2C protocol (through the CB). The number of
components of the link system is reported in Table 5.1.

The High Voltage system is located in the USC, not exposed to radiation and easily accessible
for maintenance. It provides the needed voltage of around 10 kV to the RPC chambers with
A3512N boards produced by CAEN. These are 12 kV and 1 mA power supply boards. In total

Figure 5.2: Schematic view of the double gap design of the RPC chambers (left). Schematic
view of the readout and connections from and to the Link Boards and Control Boards (right).
The numbers refer to the full RPC system after the upgrade.

Cathode Strip Chambers (CSC) 
0.9<|η|<1.9 
540 Endcap Chambers 
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Figure 1.6: Left: Geometry of CSCs in CMS. Middle: Working principle of CSCs. Right: Outer
CSC chambers ME4/2 during installation.

identification of the corresponding bunch crossing. In Fig. 1.7 the schematic layout and a photo
of endcap RPCs are shown.

Figure 1.7: Left: Working principle of the double gap RPCs in CMS [23]. Right: RPC endcap
chambers RE1/2 and RE1/3 after installation. The iron yoke is shown in red.

In the barrel, a ‘station’ is a group of chambers around a fixed value of R. There are four DT
and RPC stations in the barrel, labeled MB1–MB4 and RB1–RB4, respectively (Fig. 1.4). The
segmentation in f is twelve-fold, as indicated in Fig. 1.5 (right). For the RPC system, the inner-
most barrel stations, RB1 and RB2, are instrumented with two RPC chambers per f sector, one
on each side of the corresponding DT chamber, while the outer ones, RB3 and RB4, have one
chamber.

In the endcap, a station is an assembly of chambers at a similar value of z. There are four CSC
and RPC stations in each endcap, labeled ME1–ME4 and RE1–RE4, respectively. A CSC station
consists of six staggered layers, each of which measures the muon position in two coordinates.
In the inner rings of stations 2, 3, and 4, a CSC subtends a f angle of 20�; all other CSCs subtend
an angle of 10�.

Using these conventions, the DTs are specified according to chamber position using the label
“MBn ±w”, where n is the barrel station (increasing with R) and w is the wheel (increasing with
|z|, with w = 0 centered at z = 0). Similarly, the barrel RPCs are labeled “RBn ±w”. The CSCs
are labeled “ME±n/m”, where n is the station (increasing with |z|) and m is the ring (increasing

Gas Electron Multipliers (GEM) 
1.6≲|η|≲2.8  
GE 1/1 Installed in LS2 
GE 2/1  Planned for 2024/25 
ME0  Planned for LS3 (2026→)

Improved RPC (iRPC)  
72 Chambers 
Planned for 2024/25 
1.8<|η|<2.4

168 Chapter 5. RPC upgrades and new RPC detectors

Therefore if two signals arrive in less than 16 ns there will be confusion and the y-coordinate
will be not determined adequately. This will happen in approximately only 16/2600 = 0.6% of
the cases.

The RPC hits with this spatial resolution along the strip direction will be used at trigger level
to improve the measurement of the q direction of the level-1 muon candidates and to solve the
ambigiuties in the CSC hits when several muons cross the same chamber (see Section 7.1.2.3).

Figure 5.16 shows a schematic view of a front-end board and on-chamber connection cables.
The front-end board (green in the figure) is placed close to the larger side of the RPC. Coaxial
cables, red and violet in the figure, connect both ends of strips (not shown) to the chips located
on the mezzanine board. Characteristics of the front-end chip and performance of the new RPC
readout are presented in Section 5.5.6.2.

Figure 5.16: A schematic view of the new readout electronics. The front-end board is shown in
green. The coaxial cables coming from the two ends of strips (violet cables) are connected to
the front-end board through small matching cards (brown). The detector and the PCB with the
strips are inside the mechanical structure and are not visible here.

Table 5.3 shows a breakdown of the number of components of the new RPC system (cham-
bers, electronic boards, cables and power supplies). The numbers include all items needed for
iRPC, adding what is needed for the test stands at CERN and taking into account the expected
production yields.

5.5.3 Technology choice

The requirements presented in the previous section can be fulfilled with a double-gap RPC with
HPL electrodes and with pick-up strips in the middle. This is the baseline choice for the RE3/1
and RE4/1 detectors. In order to reduce the risk of detector aging, and to improve the rate
capability, both the electrode and gas gap thickness are reduced, and part of the amplification
is moved to an improved front-end electronics system (described in Section 5.5.6.2).

Improving the sensitivity of the electronics is essential. It allows one to reduce the gap thickness
without losing efficiency. The combined effect of improving the front-end electronics and of
reducing the gas gap thickness has been shown to effectively reduce the avalanche charge, and
so to enhance the rate capability [78] and the chamber longevity.

We examined the pickup charges of the avalanche pulses drawn in six double-gap RPCs, that
were constructed with gap thicknesses ranging between 1.0 and 2.0 mm [79]. Figure 5.17 shows
the induced charges drawn in double-gap RPCs with different gas gap thicknesses as a function

“Legacy" Detectors

“New
” Detectors

The Muon Spectrometer 
uses different gaseous 
detector technologies 
• Developed for LHC

• It showed excellent 

performances in 
triggering, identification 
and reconstruction of 
muons 
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200 Chapter 6. New GEM detectors

70 µm

140 µm

Figure 6.10: Scanning Electron Microscope (SEM) picture of a GEM foil (left) and schematic
view (right) of the electric field lines (white), electron flow (blue), and ion flow (purple) through
a bi-conical GEM hole (right). The outer diameter of the hole is 70 µm and the inner diameter
is 50 µm; the hole pitch is 140 µm.

GE2/1&&GEM&Foils&HV&segmenta5on&

ME0&&GEM&Foils&HV&segmenta5on&

Figure 6.11: Schematic HV segmentation of GE2/1 (M4 module) and ME0 GEM foils into strips
on the foil sides that face the drift board. Note that for GE2/1 only the largest module M4
requires a division into left and right segements. Segments in modules M1-3 are not divided.
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RPC Barrel Hit Rates and Currents - 2017

RPC barrel hit rate and currents vs instantaneous luminosity as measured in 2017 pp collision 

data:

Mean rate and currents values per run are respectively defined as the average rate of all the rolls and 

the average current of all HV channels that are ON present in the corresponding wheel, selected runs 

with identical LHC running parameters. For the barrel region, rates and currents increase with Z (along 

the beam line), highest values have been measured on the external wheels - W+2 and W-2. Lower 

background in W-2 with respect to W+2 is caused by the presence of the shaft in the negative part of 

the CMS cavern. W0 has lowest rate and current since it is best shielded by the other wheels.

Background and Longevity
‣ Aging of the gases detector dominated by the background reaching the muon 

spectrometer

‣ Expectations for HL-LHC come from two sources: 

1. Detailed study of the background in actual condition  
‣ Study of currents and hit 

rates as a function of LHC 
instantaneous luminosity


2. Simulation studies with FLUKA:
‣ Two main types of background identified: 

‣ Direct background coming from collisions (punch through)


‣ Neutron Gas forming in the experimental cavern

3

84 Chapter 3. DT upgrades

Figure 3.5: HV channel current (A877 module) in MB4 top sector and MB1 (external wheel),
extrapolated to the maximum (ultimate) expected instantaneous luminosity at HL-LHC of
5 (7.5) · 1034 cm�2 s�1. Measurements with different aging mitigation strategies (shielding,
lowering HV set-point to 3550 V) are also shown.

Figure 3.6: HV current dependence on instantaneous luminosity in MB1 (left) and MB4 (right)
as a function of the sector number, i.e. azimuthal angle, where 4 and 10 correspond to the top
and bottom sectors, respectively.

impact on the detector performance thanks to the high granularity of the system and its acces-
sibilty.

DT

RPC
HL-LHC CSC



‣ Most of the CMS Muon aging program is being performed at 
CERN’s upgraded Gamma Irradiation Facility (GIF++) 

‣ It combines a 100 GeV/c muon beam and  a 12.2 TBq 

137Cs gamma source for accelerated aging and testing

‣ Provides reasonable modeling of neutron-induced 

background and simulation of the ‘worst-case’ HL-LHC 
collision environment

‣ Spatial distance from source and regulable filters allow to 

satisfy the different need of multiple setup

‣ Chambers tested:


• CSCs: 1 ME1/1 and 1 ME2/1 

• DTs: 1 MB1, 1 MB2

• GEMs: 1 GE1/1, 1 GE2/1 

• RPCs: 1 RE2, 1 RE4, 1 iRPC large prototype 

Cesium Source

GIF++ 2019 Arrangement

The GIF++ Irradiation Setup

4

Muon Beam

Muon Beam



DT Aging Studies
‣ The DT basic detector element is a rectangular drift cell, filled with an  

Ar/CO2 (85/15%) gas mixture, and a gold-plated steel wire that acts as the 
anode. 


‣ DT aging studies started in 2015, and showed a fast degradation of the 
detector gain with integrated charge

‣ The electron avalanche conditions enable chemical reactions of impurities 

and create a coating on the wire, affecting the detector efficiency.

20 Chapter 1. The CMS Phase-2 muon detector

The DT and CSC chambers are located in the |h| < 1.2 and 0.9 < |h| < 2.4 regions, respectively,
and are complemented by the RPC detectors in both barrel and endcaps, with a maximum
pseudorapidity reaching |h| = 1.9. The use of these different technologies approximately aligns
with the three regions of CMS, referred to as barrel (|h| < 0.9), overlap (0.9 < |h| < 1.2), and
endcap (|h| > 1.2). The active chamber areas are arranged to overlap, avoiding gaps in the h
coverage. The CSC and RPC chambers overlap also in f.

The DTs are segmented in long aluminum drift cells. The position of a traversing muon is
determined by measuring the drift time to the anode wire in the center of each cell, with an op-
timally shaped electric field. The spatial resolution per cell is 250 µm or better, which translates
into about 100 µm resolution per 8-layer chamber. A DT chamber consists of three ‘SuperLay-
ers’, each of them comprising four staggered layers of parallel drift cells. The wires are oriented
so that two of the SuperLayers measure the muon position in the bending plane (R � f) and
the third one measures the position in the longitudinal plane (R� z), except for the outer cham-
bers, which have only the two R � f SuperLayers. Because of the staggering by half cells, the
trajectory of the muon and the time at which it traverses the chamber can be derived from sums
and differences of drift times. Since the drift time is measured, the cell size can be relatively
big, and a large detector area is built up with a modest number of readout channels. Figure 1.5
shows the layout of a single drift cell and a photo of several DT muon chambers, inside the
CMS magnet yoke.

Figure 1.5: Left: Single DT cell. Right: DT chambers (aluminum) sandwiched between steel
plates of the yoke (red), during installation.

The CSCs operate as standard multi-wire proportional counters with a finely segmented cath-
ode strip readout. The strips run radially outward to measure the muon position in the bending
plane, while the anode wires provide a measurement in R. The precise position in the dimen-
sion orthogonal to the strips can be reconstructed by interpolating the charges read out on the
strips. Figure 1.6 illustrates the operation of the cathode strip chambers and shows some of the
trapezoidal CSC chambers during installation in the CMS detector. The CSC detection tech-
nology was chosen because it provides good position and time resolution of hits along a muon
trajectory, can handle high particle rates, and is able to operate in strong non-uniform magnetic
fields. Each CSC chamber is made of six layers. Typical resolution figures for position and time
are 50–140 µm (depending on chamber type) and 3 ns per chamber, respectively.

The RPCs are double-gap chambers operated in avalanche mode, at high electric field. They
use High Pressure Laminate (HPL, commonly known as Bakelite) electrodes with a high bulk
resistivity. RPCs are mainly used for accurate timing and fast triggering, with an excellent
intrinsic resolution of about 1.5 ns for a double-gap chamber. This allows in particular the‣ At CMS up to now (~200 fb-1) no signs of aging


‣ A more recent irradiation of virgin wires showed:

‣ Slower reduction of gain

‣ Reduced presence of Carbon in the 

chemical analysis of the coating

‣ Slower loss of efficiency

‣ Additional irradiation period is ongoing

New WireCoated Wire

5

M
icroscopy analysis from

 C
IEM

AT 

Energy Dispersive X-ray Spectroscopy  
at INFN Legnaro



Effect of DT aging on physics performances

• This impact is reduced at different levels 
• Thanks to the multiple layers of a DT chamber: out of 8 r-𝜑 

layers, ≥ 3 are needed to build an offline segment

• Thanks to the handling of TDC hits in the backend in Phase-2


• The new algorithms are tested against aging and failure 
scenario


• Thanks to the redundancy of the CMS muon system: in the 
region of the DTs most affected by aging, there is a coverage of 3 
DT/CSC stations + 4-5 RPC layers along the trajectory of a 
prompt muon


• Loss of hits in YB+/-2 MB1s has hence “just” a marginal impact on 
overall standalone muon reconstruction efficiency

|η|
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No ageing

• Hit efficiency has been evaluated 
using the test beam and cosmic data  
• Expected hit efficiency from first 

irradiation period (showing fast 
aging) used as an input for 
evaluating the final impact at th end 
of HL-LHC




• Different mitigation strategies have been 
deployed: 
• Wires voltages reduced from 3600 V to 

3550/3500 V in the most exposed chambers 

• Each step of 50 V decreases integrated 

charge of ~30% 
• Reducing readout threshold have kept the 

detector performances

• The gas system modified in 2017 from 

closed loop to open loop operation, in order 
to minimize the redistribution of free radicals. 


• To reduce the neutron background on the top 
of the detector, a shielding has been 
installed in LS2 
• Layers of Borated Polyethylene + lead 
• Expected reduction of dose from 

neutrons of 30/40% 7

DT Shielding 
Intallation (LS2)

Mitigation Strategies for DT aging

3600 V

3550 V

3500 V

2018 Settings



CSC Aging test

‣ CSC are Multiwire Proportional Chamber  
with 6 gas gaps each with radial cathode 
strips and perpendicular wire groups 


‣ Gas mixture: 40% Ar, 50% CO2, 10% CF4 
‣ 2016-2021 accelerated (factor ~25) 

irradiation campaign at GIF++ with

‣ the nominal gas mixture (10% CF4)

‣ reduced CF4 gas mixture:  

40% Ar + 58% CO2 + 2% CF4  
‣ Accumulated charge per unit length serves 

as dose measure

‣ For most exposed chambers Q(HL-LHC) 

~ 190 mC/cm;

‣ no significant signs of chamber degradation

CSC expected to successfully operate in the HL-LHC program 8

Relative gas gain, 2% CF4

8

            

GMM 17.06.2019

CSC spatial resolution for an ME1/1 chamber operated with 10% and 2% 

CF4, as a function of accumulated charge

Longevity test 

with 10% CF
4

Longevity test 

with 2% CF
4 

Longevity test 

with 2% CF
4

10% CF
4 2% CF

4

Spatial resolution measured in an ME1/1b CSC operated with 10% CF
4
 (left) and 2% CF

4
 (right) using a muon beam as a 

function of charge accumulated during longevity tests. The measurements done with and without background typical for HL-

LHC. The high luminosity pp collisions background was simulated using a uniform Cs137 attenuated to the corresponding 

intensity. The average current in a CSC is proportional to the background intensity. The HL-LHC background conditions for 

L=5 x 1034 Hz/cm2 correspond to average currents ~10 uA. The measurements were performed for increasing values of 

accumulated charge (up to 332 mC/cm accumulated with 10% CF
4
 and above that with 2% CF

4
). The results are corrected for 

atmospheric pressure variation. Statistical uncertainties are shown. Systematic uncertainties, related to variation of the beam 

test conditions, are estimated to be ~2 um. No significant resolution degradation was observed up to an accumulated charge 

of 467 mC/cm (more than 4X that expected over the full lifetime of HL-LHC)

`

~1 x HL-LHC

~1 x HL-LHC



RPC Aging test at GIF++
‣ The RPC Detector


‣ Double gas gap chamber: 2mm gap width

‣ Bakelite bulk resistivity: ρ = 1~6 x 1010 Ωcm

‣ Strip width: 1-4cm

‣ Gas mixture: C2H2F4(95.2%)+iso-C4H10(4.5%)+SF6 (0.3%)

‣ Operated in avalanche mode

5.2. The present RPC system 151

the Overlap Muon Track Finder (OMTF) in the overlap region, and the Concentrator and Pre-
Processor Fanout (CPPF) in the endcap. The link system consists of two main boards: the Link
Boards (LBs) and the Control Boards (CBs). Each LB has 96 input channels (one channel cor-
responds to one RPC strip). The first step of LB is the synchronization, assigning the signals
to the corresponding Bunch Crossing (BX: 25 ns period). Then the data are compressed with
a simple zero-suppressing algorithm. The input channels are grouped into 8 bit partitions.
Only the partitions with at least one nonzero bit are selected for each BX. The non-empty par-
titions are time-multiplexed, i.e. if there is more than one such partition in a given BX, they are
sent one-by-one in consecutive BXes. The data from three neighboring LBs are concentrated
by the middle LB, which contains the optical transmitter sending them to the Underground
Service Cavern (USC) over a fiber, at a transfer rate of up to 1.6 Gbps. The CBs provide the
communication of the control software with the LBs via the Front-End Controller (FEC) and
the Communication and Control Units (CCU) system. The CBs are connected into token rings,
each ring consisting of 12 CBs of one detector tower and a FEC mezzanine board placed on
the Clock & Control System (CCS) board located in a VME crate in the USC. Both LB and CB
boards are placed in crates called link boxes. The link box is a custom crate (6U high) with 20
slots (for two CBs and eighteen LBs). Each link box contains a custom backplane to which the
cables from the chambers are connected, as well as the cables providing power to the LBs and
CBs, and the FEB control cables which use an I2C protocol (through the CB). The number of
components of the link system is reported in Table 5.1.

The High Voltage system is located in the USC, not exposed to radiation and easily accessible
for maintenance. It provides the needed voltage of around 10 kV to the RPC chambers with
A3512N boards produced by CAEN. These are 12 kV and 1 mA power supply boards. In total

Figure 5.2: Schematic view of the double gap design of the RPC chambers (left). Schematic
view of the readout and connections from and to the Link Boards and Control Boards (right).
The numbers refer to the full RPC system after the upgrade.

‣ Few spare RPC chambers are 
under irradiation at  GIF++ 


‣ After having collected  
~ 650 mC/cm2 from 2016: 

‣ stable performance  
‣ stable noise rate  
‣ stable ohmic current

‣ iRPC differences:

‣ Gas gap 1.4 mm

‣ Resistivity 0.9~3 x1010 Ω cm

‣ Strip width 0.7~1.2 cm 

RPC can successfully operate in the HL-LHC program 9

Highest integrated charge for RPC  at 3xHL-LHC: ~ 3×280 = 840 mC/cm

Noise Rate

Dark Current Density

Rate and current

Monitoring

650 mC/cm2



Greenhouse gasses (GHG)

‣ Even if RPC and CSC has been fully qualified 
for running at HL-LHC, a major problem is the 
use of greenhouse gases (CF4,C2H2F4 ,SF6 …)


‣ European Union has a specific regulation 
for a phase down of HFC gases 


‣

10

European Environm
ent Agency,


 Fluorinated greenhouse gases 2019 report

M

arch 2020 J. Kleinschm
idt et al.

 CERN Strategies to 
reduce GHG emissions

Common program supported/funded by CERN 

Environmental Protection Steering board

Optimization of 
current 
technologies

Use of alternative gases

Long Term

Short Term

Gas leak was identified in many 
barrel RPC chambers due to 
cracked or broken pipes

‣ The RPC leak repair 

campaign has given the 
highest priority during LS1

CERN EP-DT Gas team is involved in the development of recuperation systems  
‣ CF4 Plant for CSC operational since 2012, with a lot of tuning and upgrades realized 


‣ Current recuperation efficiency ~65% 
‣ R&D ongoing for the first C2H2F4 recuperation system for RPC: 

‣ Prototype0 installed in CMS in December 2019 and connected to RPC exhaust. 
‣ The system is running since January 2020. 



CSC eco-gas studies

‣ CF4 has 6500x the global  
warming potential (GWP) of CO2 

‣ Since 2018, performing irradiation tests with reduced CF4 content

‣ no sign of performance degradation up to Q=2.5 x Q(HL_LHC)

‣ However, visible darkening = surface pollution with 2% 

mixture prompts caution

‣ Large campaign ongoing also to test alternative gas mixtures, 

for example CF3I (GWP<1) and HFO-1234ze (GWP ~7) were 
investigated 

‣ Studies implies both testing of performances and assessing 

aging effect under irradiation

‣ Studies with HFO1234ze (local irradiation): 

‣ no gain degradation up to 1.2 C/cm (>10 HL-LHC) 
‣ significant increase in dark current after 0.6 C/cm  

(~6 HL-LHC)
iEEE NSS MIC 2021 – Caterina Aruta 19 - 10 - 2021

CSC new gas mixture
Nominal gas mixture Ar/CO2/CF4 (40/50/10) to be changed to reduce greenhouse-gas 
impacts

Substitution of CF4 with HFO
• Similar gas gain & drift velocities attainable with a 100V HV point shift
• Measurements made up to a safety factor of 10

NO significant degradation until > 800 mC/cm (8x HL-LHC accumulated charge)
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Reduce its use

Find an alternative
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Eco-gas studies for RPC and iRPC
‣ Many experiment using RPC detector share the problem of finding a substitute 

for C2H2F4  (GWP 1430)

‣ Good alternatives have been found with a HFO-CO2 based gas mixture from 

indipendente studies at different laboratories

‣ Difficult to fulfill all the requirements for already installed RPCs at LHC


‣ Fixed layout

‣ Need to study long term performances
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Formed the ECOGAS@GIF++ collaboration as a joint effort 
between CERN Gas Team, ATLAS-RPC, CMS-RPC, LHCb-

SHIP communities within the AIDAinnova Task WP 7.2
Tested Different mixtures

ECO1 already 
discarded due to 
increase of dark 

currents

ECO2 and ECO3 
characterized with 

test beam and 
now will be used 

for long term 
irradiation



GEM aging at GIF++
‣ Triple-GEM detectors are 

micro-pattern gaseous 
detectors made of a 
cascade of three GEM foils 


‣ Gas mixture Ar/CO2 
70/30%

No Effective Gas Gain loss up 
to 218 mC/cm2  

• GE2/1 validated with SF~7

• GE1/1 validated with SF~3.6 

• ME0 NOT validated (SF~0.03) 


CMS GEM Upgrade

13-17/09/2021 D. Fiorina on behalf of the CMS GEM Group 2

Triple-GEM
Gaseous detector 

technology

Primary charge
relesed by impining

particles is multiplied
in the GEM holes

where high electric
field  is present

CMS experiment will expoilt triple-GEM 
detection layers to improve muon detection in 

the high pseudorapidity region

‣ Large difference 
in the operation 
condition of GE 
and ME0

‣ Irradiation campaign 
performed at GIF++


‣ Anodic current monitored via 
Keithley 6487 pico-ammeter 


Expected acc. Charge in 10 
years (mC/cm2)

GE1/1 30

GE2/1 60

ME0 7900
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GEM Aging with X-ray Gun
‣ To expand the GIF++ facility limits chambers are irradiated with an  

X- ray gun
‣ Acceleration factor is 8 times higher than at GIF++

‣ Different facilities involved in Aachen and Seoul
‣ First irradiation campaign successfully validated in order to validate ME0 

up to ~1.5 C/cm2

‣ Additional campaigns ongoing

   
          

New campaigns are ongoing, in order 
to reach the updated value of 7.9 C/cm
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Schedule

With 19 mC/cm2/day = 0.13/week

02/23                                                                                                                        
+ contingency

09/21                      01/22    05/22

With 15 mC/cm2/day

0                           1.5 C/cm2 3.5 C/cm2 7.9 C/cm2

02/2309/21                     05/22

0                           3.5 C/cm2 7.9 C/cm2



Summary
‣ The longevity of the different detectors of the CMS Muon Spectrometer has been largely studied 

‣ All legacy detector will be able to operate at HL-LHC keeping good efficiency

‣ Results coming from GIF++ helped developing mitigation strategies for future operation


‣ New detectors tested for the harsh regions in which they have to operate 

‣ Final assessment of all the studies is expected within an year from now


‣ Huge effort from CERN to reduce the use of greenhouse gases

‣ Action already ongoing, using recuperation system and addressing the leak rate

‣ Large campaign of R&D common between the different CERN experiments

15

• The Phase 2 upgrade of CMS Drift Tubes (DT) detectors for high luminosity LHC  
Archie Sharma (Rheinisch Westfaelische Tech. Hoch. (DE))


• Novel GEM foil layout for high-rate particle environment in the CMS ME0 muon detector  
Antimo Cagnotta (Universita e sezione INFN di Napoli (IT)


• Development of Readout Electronics for the CMS ME0 Muon Detector  
Abhisek Datta (University of California Los Angeles (US)


• Commissioning and operation in magnetic field of CMS GE1/1 station  
Simone Calzaferri (Università degli studi di Pavia - INFN Pavia)


• Performance of triple-GEM detectors for the Phase-2 CMS upgrade and a high-resolution GEM telescope measured in 
a test beam  
Antonello Pellecchia (Universita e INFN, Bari (IT)


• Performance of improved RPCs demonstrator for the CMS Phase 2  
Ece Asilar (Hanyang University)

CMS Muon Spectrometer posters at the Conference:



BACKUP
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LHC/HL-LHC program

1.1. Motivation for the upgrade of the CMS muon system 15

Figure 1.3: The LHC schedule and the design values (top) and ultimate figures (bottom) for
instantaneous and integrated luminosity [5, 6]. The data taking periods in between the long
shutdowns (LS) are labeled Run 1, Run 2, etc.

during the ‘Long Shutdown 3’ (LS3), see Fig. 1.3, but some installation will take place during
earlier LHC shutdowns. After the LS3 the high luminosity proton-proton data taking will be-
gin. The upgrade of the CMS detector has already started, with the insertion of ‘demonstrator’
GEM (Gas Electron Multiplier) muon chambers of type GE1/1 [7] in the 2016/17 winter shut-
down.
Table 1.1: Characteristic parameters for HL-LHC data taking [6] in comparison to original de-
sign values [8]. The ultimate performance values of 7.5 ⇥ 1034 cm�2s�1 and 4000 fb�1 might be
reached by exploiting the margins of the LHC parameters.

LHC design HL-LHC design HL-LHC ultimate
peak luminosity (1034 cm�2s�1) 1.0 5.0 7.5

integrated luminosity ( fb�1) 300 3000 4000
number of pileup events ⇠30 ⇠140 ⇠200

The CMS 13 TeV data sample of about 40 fb�1 recorded by the end of 2016 will thus be multi-
plied by a factor of more than 50. To cope with the much higher collision rate, which will go
up by a factor of 5, and to fully profit from it, the CMS experiment and the muon detectors in
particular need major upgrades.

The muon detectors play a central role in CMS, as stressed already by its name, Compact Muon
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