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RPC:  
480 Chambers Barrel 
576 Chambers EndCap 
|η|<1.9

The CMS Muon Spectrometer
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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.
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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.

DT:  
250 Chambers 
|η|<1.2

CSC:  
540 Chambers 
0.9<|η|<2.4

GEM:  
72 Chambers 
1.6≲|η|≲2.8

iRPC:  
18 Chambers 
1.8<|η|<2.4
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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
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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
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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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Background in the Muon Detectors

• The different types of detectors have been chosen to 
withstand different particle fluxes


• Main sources of background:

• Punch through hadrons from the inner detectors and 

muons from machine background

• low rate but main concern in segment reconstruction


• Neutrons from showers or from the leaks in the 
forward shielding

• large effect on the detector longevity


• Photons produced in de-excitation of nuclei

• nuclei excitation via capture of low energy neutrons

• main source of background hits
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Background Study

The high rates expected at the HL-LHC are a 
challenge for muon detectors 

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

• Main study tools: 
• Measured hit rates and currents dependence on 

instantaneous luminosity. 

• Hit rates determined at the lower level in each 

detector

• Currents measured by the used HV modules


• Simulation studies

• Studies at test facilities (CHARM, GIF++) 4

• Main source of concern: 
• background hits may spoil efficiency of trigger, hit 

detection and segment reconstruction

• background hits may spoil the space and time 

resolutions

• background segments may affect the muon 

reconstruction

• charge accumulation may cause early detector ageing

Today



Simulation of Background

FLUKA is used to simulate pp primary interactions and particle transport and 
to estimate the expected fluxes

Large background levels in the external station due to “neutron cloud”in the experimental cavern 5
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Figure 2.3: Simulated flux of neutrons in the muon system at HL-LHC for the barrel muon
system (top) and endcaps (bottom).

Figure 2.4: Simulated flux of photons in the muon system at HL-LHC for the barrel muon
system (top) and endcaps (bottom).

The main causes behind the detector performance deterioration are chemical processes largely
occurring in the hot plasma inside electron multiplication avalanches. Gas molecule fragments
produced inside avalanches may form polymers growing on anode wires, cathode surfaces,
and anode-cathode insulating elements. Polymerization builds up with increasing integral of
a radiation exposure at a rate that depends on a myriad of factors, such as detector geomet-
rical design, materials used for cathode and anode, operational gas gain, gas mixture used,
impurities in the gas itself and/or outgassing from the detector material (including such aux-
iliary elements as gas supply lines), gas flow rate, primary ionization, etc. The deterioration of
performance can be homogeneous on non-homogeneous over the detector volume.
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RPC and DT Barrel Measurements
3.1. Overview and motivation 81

Figure 3.4: Left: Distribution of the single hit background rate in the MB1 chambers as a func-
tion of h. Right: Distribution of the single hit background rate in the MB4 chambers as a
function of f.

types of custom ASICs that date back to the late 90s. They will have operated for more than
20 years at the beginning of LS3. Determining the lifetime of electronic devices is an ardu-
ous task which brings unavoidably large uncertainties. Reliability cannot be guaranteed when
approaching the wear-out phase of the system, since then maintenance is no longer possible:
custom parts cannot be rebuilt and installed fast enough. Also, spare parts were foreseen for
10 years of LHC operation only.

Experience during operation showed some reliability issues both in the TRBs and ROBs that
were mitigated by reducing the number of power on/off cycles that produced large tempera-
ture changes. Furthermore, a significant effort took place in LS1 to migrate one of the ASICs
algorithms into an FPGA in order to be able to rebuild TRB spares whose stock had suffered
from a high, unforeseen mortality.

The MiCs are accessible only when the barrel wheels are open and, even in that case, the main-
tenance effort is very large. As an example, about 50 MiC boards were replaced in LS1 (1.5%
of the boards in the detector) but to substitute them it was necessary to open and access 25%
of the MiC in the detector. These numbers illustrate the present maintenance effort, which will
become more difficult in the much harsher radiation environment of HL-LHC, as accessibility
will be considerably harder.

During the tests to certify the MiC radiation resistance to 10 years of nominal LHC operation
in 2003 [44], all the components and boards were irradiated up to half the doses expected at
HL-LHC (a bit more in the case of the TRBs) without damage. However, the SB/CCB pack
was found to fail, with two components failing in a non recoverable way after an exposure by
60 MeV protons (1011 cm�2) in the tests performed at PSI. Radiation tests found in the literature
confirm the sensitivity of the mentioned components to radiation [54].

In contrast with the chamber failure modes, problems in one MiC lead to lose full segments
from regions of the chamber acceptance, which has serious consequences for the trigger gen-
eration in the current architecture. Assuming no limitation was given by the Level 1 rate, the
knowledge accumulated during the operation of the system in Run 1 was used to model the
evolution of the number of dead channels due to foreseen problems in the legacy MiC up to
LS4 (see Fig. 1.8). As can be seen, the loss of channels is relevant, the performance impact is
very significant, as already pointed out in the CMS Phase-2 Technical Proposal [24].
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DT Rates at 3.8 x 1033 cm-2s-1
RPC Station Rates vs Luminosity

• Linear dependence of Hit Rates vs Instantaneous Luminosity

• Similar rate between the more internal and external station external stations 

• Hot points in the DT MB1 chambers in the external wheels linked to the gap in the calorimeters

• Background in MB4 is not φ-symmetric ⇒ it affects more the top of the detector.

Gap in the calorimeters

6
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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 Currents Slopes in MB4 

MB1 Stations
MB4 Stations



RPC and CSC EndCap Measurements

• The most exposed chambers are the one more far from the interaction point


• In the Endcap small Φ-asymmetry 

• Linear dependence of hit rates and currents on the instantaneous luminosity 
for every detector in all the range in Run2

CSC ME+1/1 Currents vs Luminosity

7

RPC Station Rates 
vs Luminosity



Detector Sensitivities
• The Sensitivity of the detector is needed to convert simulated fluxes to Hit Rates  

• defined as the probability for a background particle to create a signal: 

• computed as a function of the energy of the incident particle for different kinds of 

particles using GEANT4

Simulation studies of the impact of the CMS radiation
environment on RPC detectors
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Introduction
The High-Luminosity Large Hadron Collider (HL-LHC) upgrade aims to increase its luminosity by a factor of 5 beyond the LHC's design value, increasing the potential for

discoveries after 2025. The increased collision rate of particles will be a challenge for the CMS systems as higher levels of radiation could degrade them and affect their performance.

It is therefore important to understand the expected radiation environment and its impact on the different sub-detectors. In this study we use the FLUKA simulation package

to reproduce the radiation environment during CMS Run-2 and the GEANT4 simulation package to estimate its impact on the RPC detectors. Results are compared with

measurements collected by the RPC system during 2018 and reasonable agreement is observed. This study serves as a benchmark for future simulations with a Phase-2 (HL-LHC)

configuration.

The RPCs at the CMS Muon System

In the Compact Muon Solenoid (CMS) experiment, muons can be identified and measured individually and accurately. Fig-

ure 1: (a) The Resistive Plate Chambers (RPCs) are mainly used as trigger devices, but also contribute to the reconstruction

of particles in both barrel and endcap regions up to |⌘| = 1.9, (b) The background radiation studies play a decisive role in

understanding the performance of the detectors, and could help to improve the design for the upgrade of the muon system for

the High Luminosity phase [1-2]. The implementation of new RPCs with improved technology (iRPC) at the endcap region

will increase the eta coverage up to |⌘| = 2.4 [3], (c) The increase of luminosity during the HL-LHC will increase the potential

of discovery but it will increase as well the radiation background to which the detectors are exposed, thus the simulation

studies help to better understand the parameters to take into account to keep the detectors safe and performing at high

efficiency.

(a) (b) (c)

Figure 1: (a) CMS event display with four muons, probably stemming from a Higgs boson decay. Red boxes show the activated RPCs. (b) A

quadrant of the CMS experiment. The red square indicates where additional RPCs will be placed to extend the muon system coverage. The pink

rectangle shows the RPC simulation area. (c) A clear improvement of the additional stations at the level of 15% can be seen in |⌘| = 2.1 and 2.2.

Background Radiation

Incoming particles at different energies are responsible for

different processes in the production of the secondary par-

ticle in the detector. The expected incident particles’ flux

has been estimated with a FLUKA simulation taking into

account the CMS geometry for Run 2, assuming pp colli-

sions at 13 TeV at the nominal instantaneous luminosity of

1.5 ⇥ 1034cm�2s�1
(Figure 2).

Figure 2: MC simulation of the particle flux in a quadrant of the

CMS detector using FLUKA. The particle flux in RE22/23 (shown in

the beige rectangle) has contributions in low and high R from leaking

between barrel and endcap calorimeter and cavern. In the intermedi-

ate part the flux is attenuated due to an effective shielding from other

detector elements.

Monte Carlo (MC) estimation of the flux (Figure 3) and of

the differential distribution of the flux in energy (Figure 4)

for n, �, e+, e� crossing the volume defined by RE22/23

stations using FLUKA. Simulation cut-offs are: Hadrons 1

keV, Muons 1 keV, n 0.01 MeV, � 3 keV, e� 30 keV. � and

e� have significantly higher cut-offs in some other regions

(heavy parts).

Figure 3: MC estimation of the flux. Inelastic collision cross sec-

tion used for normalization is 80 mb. The distributions are normalized

according to an instantaneous luminosity of 1.5 ⇥ 1034cm
�2

s
�1

.

Figure 4: MC differential distribution of flux in energy. The

scored energy lower thresholds are 10�6
GeV for EM particles and

10�14
GeV for neutrons

Sensitivity vs Energy for RE22

Sensitivity is defined as the probability for a background

particle to create a signal in at least one of the RPC gas

gaps.

Figure 5: RE22 geometry simulation in Geant4.

Sensitivity of the double gap RPC detector simulation as a

function of the energy of the incident particle for different

kinds of particles using GEANT4. The simulation generates

100,000 events per particle: n, �, e+, e�.
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Figure 6: The sensitivity vs energy for a double gap RPC chamber

Hit Rate

To compare with data we need to convert fluxes to hit rates.

From the convolution of the sensitivity and the incident par-

ticles’ flux, obtained by FLUKA, the expected background

hit rate is estimated.

Figure 7: Convolution of Energy Spectra and Sensitivity.

Hit rate MC as a function of the radial distance from the

interaction point.

Figure 8: The hit rate is defined as the number of particles reach-

ing the RPC station (particle flux) which is convoluted with a detector

response (sensitivity) expressed in Hz/cm
2
.

Comparison Data vs MC

Comparison of hit rate as a function of the pseudorapidity

between simulation and RPC data collected during 2018.

The data and MC show good agreement, the largest devia-

tion is within a factor of two.

Figure 9: The RPC hit rate is measured at the strip level during

LHC pp collision runs. The strip rate is calculated by using the incre-

mental counts of the RPC trigger link boards. The incremental counts

are taken during typical time intervals of the order of 100 s. The re-

sulting rates are then averaged over the total runtime and normalized

to the strip area. No trigger selection is applied at this stage, resulting

in an inclusive measurement of the radiation background rates [4].

Conclusions

Experimental results corresponding to an instantaneous luminosity of 1.5 ⇥ 1034cm�2s�1
were compared to a simulation

prediction in which FLUKA and GEANT4 are combined to build a background model. FLUKA is used to get the particle

flux and differential distribution fluence in energy related to the RE22/23 region. A dedicated Geant4 simulation is used to

get the response of the RPC to different particles.

Results of the hit rate for RE22/23 seem to be consistent with previous estimates. Reasonable agreement (within a factor of

2) is obtained between data and MC, except for low ⌘ in which several factors could contribute to an increase in particle rate

in simulation, such as edge effects, contributions from low energy particles not seen in the detector due to thresholds.
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Data/Simulation Comparison

• Good agreement between the experimentally obtained results and MC predicted ones! 
• Validation on data give confidence on the use of simulation for new detectors
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Neutron-induced background in CSC
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• Study on the impact of increased hit rates at HL-LHC 
due to fast (~MeV) and thermal neutrons 
• cause of delayed hits due to γ emitted by neutron 

capture

• expected hit regime evaluated in simulation

• delayed hits measured in data using the structure of 

the LHC bunches

• results compared to specially modified GEANT4 

simulation

• For all CSCs at various rand z positions, simulation 

reproduces data to within a factor of 2 



HL-LHC Extrapolation
• Linearity of Currents and Hit Rates ➜ extrapolation to HL-LHC conditions from measured data 
• Together with simulation clear picture of HL-LHC conditions


• important for new detector developments

• evaluation of the intervention on existing detectors

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.

01.10.2019 NEC2019 - RPC - R. Hadjiiska 8

RPC single hit rate – predictions to HL-LHC

Linear dependence on the instantaneous 
luminosity has been used to extrapolate the 
RPC rates to the HL-LHC conditions and 
luminosity of 5x1034 cm-2s-1.
The highest expected rate is ~ 200 Hz/cm2.
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24 Chapter 1. The CMS Phase-2 muon detector

Table 1.4: Integral radiation dose, hit rate and accumulated charge for the CMS muon detectors
after Phase-2 upgrades, at the end of HL-LHC running, assuming an instantaneous luminosity
of 5 ⇥ 1034 cm�2s�1. Only the worst-case values are given. The neutron fluences are given
with no cuts on the neutron kinetic energy. Neutron fluences and total ionization doses are
relevant for electronics. Charges expected to be accumulated in the chamber gas volume are
relevant for the detector longevity. The numbers shown do not include safety factors. The new
improved RPC chambers are referred to as iRPCs, to be installed next to ME3/1 and ME4/1
CSC chambers. The column ‘RPC’ refers to the RPC chambers already present in the year 2017.

DT CSC RPC iRPC GE1/1 GE2/1 ME0
|h| range 0-1.2 0.9-2.4 0-1.9 1.8-2.4 1.6-2.15 1.6-2.4 2.0-2.8

neutron fluence (1012 n/cm2) 0.4 40 1 7 20 12 200
total ionization dose (kRad) 0.12 10 2 3 3 7 490

hit rate (Hz/cm2) 50 4500 200 700 1500 700 48000
charge per wire (mC/cm) 20 110 - - - - -
charge per area (mC/cm2) - - 280 330 6 3 280

source emitting 662 keV photons. The main source of background hits in the muon detectors
are neutron-induced photons with an energy in the range 0.1–10 MeV. Thus, GIF++ provides
a fairly realistic simulation of the HL-LHC conditions. The cesium source is complemented
by a 100 GeV muon beam produced with the SPS. These muons provide excellent probes for
detector performance studies in the presence of high radiation.

The ongoing longevity tests show that most of the existing chambers are expected to operate
until the end of Phase-2 with no or little, and therefore acceptable, losses in efficiency. Only
in the outermost DT chambers (MB1 chambers in the large-z wheels and the MB4 chambers,
see Fig.1.4) a significant deterioration is predicted; mitigation measures are being actively ex-
plored, as discussed below and in Chapter 3.2. On the other hand, several electronics com-
ponents are predicted to fail, or their survival cannot be guaranteed until the end of Phase-2.
Thus, they need to be replaced, as detailed in the following chapters.

The new muon detectors that are to be installed as part of the detector upgrades (GEMs and
iRPCs) are designed to maintain excellent performance throughout the HL-LHC operation. To
verify their radiation hardness at the required level, tests of prototype detectors are being made
at the GIF++ facility, and they will be continued over the next years. The preliminary results
obtained so far are reassuring.

To project the long term deterioration of the present muon detectors and electronics for the
next 20 years, an aging model has been developed, based on measured and estimated failure
rates as a function of radiation dose and time. In the following chapters the performance of the
‘aged Phase-1 detector’ is compared to the Phase-2 muon system, clearly demonstrating that
the proposed upgrades are required to retain the present performance of the muon system.

1.3.3 Environmentally-friendly chamber gases

The CSC and RPC detectors use gas mixtures with a fluorine component (F-gases). For exam-
ple, 40% Ar + 50% CO2 + 10% CF4 is the present CSC chamber gas. The CSC and RPC gas
compositions were optimized with respect to gas gain, drift time, quenching, aging, and they
have proven to work very well. However, the European regulations of 2014 [27] call for re-
stricting the use of fluorine-based gases to one-fifth of their consumption in 2014 by 2030. The
regulation is due to the undesired environmental impact of such gases, notably because of their

RPC Rates
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Figure 4.7: Left: event loss fraction as a function of instataneous luminosity. The dashed brown
line indicates the design HL-LHC luminosity. Right: event loss rate measured in a CFEB under
HL-LHC conditions for an ME2/1 chamber compared to the statistical model. Note that the
y-axis scale is linear on the left and logarithmic on the right to show the agreement on the full
range. The red curves on the left and right panels are the same.

latency. Data losses increase dramatically as luminosity increases. For the HL-LHC luminos-
ity of 5 ⇥ 1034 cm�2s�1, over 40% of the hits at ME2/1 and over 5% of the hits at ME3/1 and
ME4/1 would be lost.

The statistical model described above was validated by measuring the actual CFEB overflow
rates in December of 2015. Test triggers at the expected HL-HLC rates in ME2/1 were generated
by an ODMB, and the CFEB was programmed with special firmware modified for the HL-LHC
running conditions, namely 12.5 µs latency, a 3 bunch-crossing L1A⇥LCT window, and event
handling optimized for the 500 KHz L1 rate. Figure 4.7 (right) shows good agreement between
our pulser tests and the statistical model for the whole luminosity range. It is important to note
that these estimates are not conservative, as no HL-LHC rate uncertainty nor safety factors
have been included in the calculations. Thus, the CFEBs in the inner CSC rings clearly need to
be replaced.

Additionally, given the uncertainties associated with the TID values shown in Table 4.1, the
radiation tests described in Section 4.3.3 indicate that the XCF128X and XCF32P PROMs em-
ployed in the DCFEBs and ALCT-S6s already installed in ME1/1 may not withstand the TID
expected at the HL-LHC.

The problems outlined above can be overcome with selective replacement of CSC electronics.
As detailed in Section 4.4.2, the SCA overwriting problem can be addressed by replacing the
540 CFEBs in ME2/1, ME3/1, ME4/1 with DCFEBs, together with the replacement of the 108
TMBs servicing those chambers by OTMBs. New DCFEBs are being designed with an option
that will allow for the remote programming of their FPGAs. As described in Section 4.5, these
new boards will be installed in the ME1/1 chambers, thus mitigating any risks associated with
their longevity, and the DCFEBs currently in the ME1/1 ring will be moved to chambers in the
ME234/1 rings, which are subject to much lower levels of radiation.

As it was the case with the CFEBs, some of the currently installed ALCTs will incur significant
data losses at the HL-LHC running conditions due to a rather fundamental limitation with

See Nick Mengarelli Talk



Background and Ageing
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• GIF++ used to certify existing and new detectors at the extrapolated HL-LHC  
conditions


• 137Cs source, intensity 14 TBq, emitting 662 keV photons, plus a high 
momentum muon beam (100 GeV) 

• realistic environment: neutron-induced photons have an energy in the 

range 0.1–10 MeV. 

• long period of irradiation to study ageing

• allows detector performance studies with a high momentum muon beam 

(100 GeV) in the presence of high radiation

Chambers under test:

• 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 

RPC DT
GEM

ME 1/1

ME 2/1



GIF++ results
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DT: 
Strong evidence of ageing! 

 

DTs and CSCs

DTs:

8 July 2019 Silvia Costantini - iWoRiD 2019 8

Effects of prolonged exposition to radiation: •loss of gas 
gain •rise in spurious signal rates (“dark rate”) •increase 
in leakage currents (“dark current”) •development of 
self-sustained discharges set off at high radiation rates 
(Malter effect)

CSCs: •Total integrated charge of 330 
(ME1/1) and 340 (ME2/1)  mC/cm•No
noticeable gas gain loss up to 3 × HL-LHC•Tests
going on

CSC 
• Total integrated charge 

of 330 (ME1/1) and 
340 (ME2/1) mC/cm


• No noticeable gas 
gain loss up to 3 × 
HL-LHC


RPC: 
• No noticeable effects of detector 

degradation up to ~600 mC/cm2 

• Longevity tests also on large size 
prototype of iRPC

• main parameters are stable so far 
• Tests are ongoing 

RPCs and GEMs
RPCs:
•No noticeable effects of detector degradation up 
to values of the integrated charge of up to ~600 
mC/cm2 (~70% of the ones expected at the HL-LHC)  
•Longevity tests also on large size prototype of iRPC
main parameters are stable so far •Tests are 
ongoing 
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GEMs:
•Total accumulated charge of 125 mC/cm2, i.e. 10 
years of GE1/1 (GE2/1) operation at the HL-LHC 
with a safety factor 21 (42), and 44% of the total 
ME0 operation •No aging observed

•Aging study is in course also with an X-ray source. 
The accumulated total charge is 875 mC/cm2, i.e. 10 
years of operation in ME0 region with a safety factor 
3.1•No aging observed

RPCs and GEMs
RPCs:
•No noticeable effects of detector degradation up 
to values of the integrated charge of up to ~600 
mC/cm2 (~70% of the ones expected at the HL-LHC)  
•Longevity tests also on large size prototype of iRPC
main parameters are stable so far •Tests are 
ongoing 
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GEMs:
•Total accumulated charge of 125 mC/cm2, i.e. 10 
years of GE1/1 (GE2/1) operation at the HL-LHC 
with a safety factor 21 (42), and 44% of the total 
ME0 operation •No aging observed

•Aging study is in course also with an X-ray source. 
The accumulated total charge is 875 mC/cm2, i.e. 10 
years of operation in ME0 region with a safety factor 
3.1•No aging observed

GEM: 

• No ageing observed 

See Barbara Alvarez Gonzalez Talk

See Davide Fiorina  Talk 



Background Mitigation: Forward Shielding 
• Leakage in the forward shielding is one of the main source of 

background in the experimental cavern

• Additional shielding have been installed in the Christmas break 

between 2016 and 2017 

• Obtained a reduction in the currents and hit rates of the most 

exposed chambers 

• Improvements in the forward shielding are planned during LS2RPC Hit rates/ HV currents – Hottest regions

7

Comparison of the 2017 and 2016 hit rate/currents for the RE4/R2 S10 chambers (hottest sector in both
positive and negative sides) as a function the instantaneous luminosity. The effect of the RS- shielding is
observed in the reduction of 2017 measured hit rates and currents in RE-4 hottest chamber.

RPC Hit rates/ HV currents – Hottest regions

7

Comparison of the 2017 and 2016 hit rate/currents for the RE4/R2 S10 chambers (hottest sector in both
positive and negative sides) as a function the instantaneous luminosity. The effect of the RS- shielding is
observed in the reduction of 2017 measured hit rates and currents in RE-4 hottest chamber.
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Background Mitigation: Barrel Shielding
• Results at GIF++ have shown the risk of fast ageing  for DT due to depositions on the wires

• A shielding is being installed in LS2 on the top of the detector to reduce neutron induced charge production

• Different prototypes tested in Run2 

• final design uses Borated Polyethylene (BPE) to attenuate and absorb neutron radiation plus lead for photons

• HV currents halved with 3cm BPE +7mm of lead on a single chamber

Installation of modules by specific tool.
6 Modules per sector. Weight of module ~ 260 kg ( Total 1560 kg).

15

9 cm BPE + 7mm Lead
3 cm BPE + 7mm Lead



Conclusions

• Longevity tests being performed at the CERN GIF++ facility show no evidence of 
ageing effects for most of the Muon detectors, except for the DT  

• Improvements on the shielding are ongoing during LS2 in order to reduce the large 
background coming from neutrons in the CMS experimental cavern
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• Public results at: https://twiki.cern.ch/twiki/bin/view/CMSPublic/MuonDPGResults 
• Muon Upgrade TDR: https://cds.cern.ch/record/2283189

• Extensive program of measurements on the 
radiation background in the CMS Muon 
system during LHC operations.


• Simulation, using FLUKA for flux and dose 
estimation, and GEANT4 for sensitivity studies, 
well describes the data.

• Detailed description of expected 
radiation background.  

• Essential an input for 
• future operations 
• new detector design


