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The Compact Muon Solenoid (CMS) experiment at the LHC is planning an upgrade of its muon
detection system aiming to extend the muon detection capabilities in the forward region with the
installation of new muon stations based on Gas Electron Multiplier (GEM) and Resistive Plate
Chambers (RPC) technologies during the so-called Phase-2 upgrade scenario. With the imminent
increase on luminosity to 5× 1034cm−2s−1 and center of mass collision energy of 14 TeV an
unprecedented and hostile radiation environment will be created, the most affected detectors will
be the ones located in the forward region where the intense flux of neutrons and photons could
potentially degrade the detector performance. Using FLUKA simulation the expected radiation
environment is estimated for the regions of interest, possible shielding scenarios are proposed and
the effect on the detector performance is discussed.
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1. Introduction

The Large Hadron Collider [1] (LHC) culminated its very successful first data taking period
with the announcement of the discovery of a new particle with a mass of 125 GeV and with prop-
erties consistent with the predicted Higgs boson particle [2], in order to measure with high preci-
sion the properties of this new particle and to continue the search for new physics phenomena the
LHC experiments have started a series of detector upgrades and maintenance to restart activities
with a substantial increase on the center of mass collision energy of 14 TeV and eventually reach
an optimal luminosity of 5× 1034cm−2s−1. Such a big increase in the number of collisions per
second comes with an unavoidable and unprecedented radiation environment. The most affected
sub-systems will be the ones located in the forward region (or end-caps) where the particle flux is
more intense. The expected radiation environment can be studied using Monte Carlo simulation,
nevertheless the current CMS reconstruction and simulation software (based on GEANT4) is not
optimized to properly include the contribution of the neutron induced backgrounds due to limita-
tions in the simulation time (current maximum value of 500ns while neutrons can have a time of
flight of the order of seconds). This restriction is not present in the FLUKA [3] simulation software
offering the possibility to study the radiation environment at the CMS experiment.

2. The CMS muon system

The CMS [4] is one of the two multi-purpose experiments at the LHC, it was initially designed
for the accurate identification, trajectory reconstruction and energy measurement of particles pro-
duced as a result of the proton-proton collisions. Many processes both in Standard Model and new
physics searches (including the Higgs boson) contain events with muons in the final state, there-
fore an excellent reconstruction efficiency and resolution is demanded. The current CMS muon
system [5] relies on three gaseous detector technologies, in the central region Drif Tubes (DT) and
Resistive Plate Chambers (RPC) while in the forward (end-cap) region a combination of Cathode
Strip Chambers (CSC) and RPCs is used. For the very forward region (|η |>1.6) the muon identifi-
cation relies only on CSC stations which performance was acceptable for the low luminosity data
taking but during the high luminosity conditions the detector operation could be compromised due
to the intense particle flux.

3. The Phase-2 CMS muon system upgrade

The CMS collaboration is planning the installation of new muon stations in the end-cap region
in order to improve muon resolution, reduce the trigger rate and assure a high muon reconstruction
efficiency. For the Phase-2 muon upgrade (expected to be completed by 2023) three new stations
based on Gas Electron Multiplier [6] (GEM) technology will be installed: The so-called ME0
station will be the closest one to the interaction point and it will extend the muon detection coverage
up to a value of |η | = 3 or 4 depending on the outcome of the performance studies. The second
and third GEM stations GE1/1 and GE2/1 will be installed just in front of the existing ME1/1 and
ME2/1 CSC stations respectively to act as a combine muon detection system and improve the muon
resolution and triggering. Additionally two new RPC stations RE3/1 and RE4/1 will be installed
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nearby the existing ME3/1 and ME4/1 CSC stations respectively. GEM detector technology was
chosen due to its excellent spacial resolution [7] and high rate capabilities (up to few kHz). The
proposed position of these new muon stations can be visualized in figure 1.

Figure 1: CMS phase-2 muon upgrade scenario: Three new stations based on Gas Electron Multiplier
(GEM) technology and two new RPC stations will be installed to enhance the muon detection capabilities in
the forward region, improve muon resolution and control the trigger rates during the high luminosity LHC
scenario.

4. Radiation Environment at CMS

Except for the small contribution from machine related backgrounds the radiation field [8] is
determined by the minimum bias events, which usually do not contain any interesting physics sig-
natures. Given the fact that there is no available collision data at 14 TeV the proton-proton cross
section and the structure of minimum bias events is estimated using extrapolations from experi-
mental data at lower energy. In the cascade propagation Hadronic and Electromagnetic showers
are dissipated by the interaction in the different materials of the detectors, the remaining particles
are mostly neutrons which are attenuated only by nuclear scattering processes and can therefore
travel substantial distances. When a neutron has experienced numerous elastic scatterings, it will
slow down to a limit, where its average momentum transfer in all subsequent collision is zero, most
neutrons are slowed down to thermal energies before being absorbed by a nucleus. Neutron capture
reactions may constitute a problem since the new isotope is usually formed in an excited state. Al-
though the neutron energy may have been less than 1eV the resulting nuclear excitation can amount
to several MeV. This excess energy is released in formed of capture gammas. Furthermore if the
photons interact by Compton scattering electrons and positrons with energies of the order of MeV
can ionize the detector sensitive material and create "fake" signals.

5. FLUKA simulation

FLUKA is a general purpose tool for calculation of particle transport and interactions with
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matter, covering a wide range of application including experimental high energy physics. The
FLUKA simulation framework can handle complex geometries such as the CMS detector by using
an improved version of the well-known Combinatorial Geometry (CG) package. The FLUKA
simulation has evolved during the last years comparing simulation results against experimental
data showing good agreement. The simulation requires the best possible description of the detector
geometry, the beam particle type (in this case protons), the energy per beam, the particle energy
thresholds and the output scoring options which in the case of radiation studies the most important
quantity is the particle flux expressed as number of particles per seconds per area (Hz/cm2).

6. Simulation Input

A phase-2 CMS geometry scenario was built for FLUKA simulation based on the best knowl-
edge of the detector at that time (as shown in figure 2). It includes improvements to the beam-pipe
description and to the muon chamber shielding with respect to previous version used for the first
data taking (Run-I). In this phase-2 model the end-cap calorimeters description is based on a prelim-
inary model of one of the proposed calorimetry scenarios for Phase-2 named as High Granularity
Calorimeter (HGC) option and the HE rebuild with a coverage up to |η |= 3 in the pseudo-rapidity
range. Additional shielding material based on borated-polyethylene and lead-antimony materials
was used to cover the ME0 installation region to further reduce the neutron and photon fluxes.
Primary proton-proton collisions with an energy of 7 TeV per beam were used. Inelastic collision
cross section used for normalization is 80 mb. Used simulation cut offs are: Hadrons 1 keV, Neu-
trons 0.01 meV, Photons 3 keV, Electrons 30 keV. Photons and Electrons have significantly higher
cut-offs in some regions.

ME0ME0
GE2/1GE2/1

GE1/1GE1/1

Figure 2: CMS FLUKA geometry for Phase-2 upgrade scenario it includes improvements in the beam-pipe
and muon chamber shielding description compared with previous version. The end-cap calorimeters are
based on a preliminary model of the High Granularity Calorimeter and the HE rebuild. Empty space is
allowed for the computation of the radiation environment in the ME0, GE1/1 and GE2/1 region.
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Figure 3: Monte Carlo estimation of the neutron (left) and photon (right) fluxes in the CMS forward region
covering the end-cap Calorimeter and the first muon stations including the existing ME1/1 and ME2/1 CSC
stations and the future location of the new GEM detector stations (ME0, GE1/1 and GE2/1).

7. Results

The particle flux was obtained for the CMS forward region using FLUKA simulation and with
the initial parameters described in section 6. The CMS detector region defined in the simulation
covers the proposed location of the new GEM stations and also the end-cap calorimeter which ma-
terial composition has strong influence on the particle flux reaching the muon stations. The two
dimensional plots presented in figure 3 show the particle flux in the R,z space, where R is the CMS
radial coordinate and z is the distance respect to the interaction point (pp collision), the flux value
is color coded and showing the most intense contribution near the beam-pipe location. The plot
in figure 4 shows the particle flux projection in the R coordinate for the three GEM stations and
the different kind of particles, from this plot it is clear that the ME0 detector will receive the most
intense particle flux with a maximum value of the order of 107Hz/cm2 with the assumed luminos-
ity. It is important to notice that the actual effect on the detector performance will be evaluated
once the particle flux is combined with the detector sensitivity (probability of a particle to interact
with the sensitive material and create a signal) which is a energy dependent variable and different
for each kind of particle. Detector sensitivities are commonly studied using dedicated simulation
(i.e. GEANT4) and taking into account the proper detector geometry description (cover, sensitive
material, readout, etc.). Once the detector sensitivity factor is taken into account the particle flux
may be reduced by few order of magnitudes to a value within the detector rate capabilities.

8. Conclusions

The radiation environment for the Phase-2 CMS muon upgrade was estimated using FLUKA
simulation, assuming an instantaneous luminosity of 5× 1034cm−2s−1 and a center of mass colli-
sion energy of 14 TeV. The new muon stations based on GEM technology will be the most affected
due to the position respect to the interaction point and beam-line. A baseline shielding was pro-
posed to cover the ME0 volume and reduce the neutron and photon fluxes. According the simula-
tion results a maximum particle flux of 107Hz/cm2 is expected for ME0 stations, nevertheless after
detector sensitivity factors this particle flux may be reduced few orders of magnitude to a value
affordable by the GEM detector rate capabilities.
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Figure 4: Particle flux as a function of the CMS radial coordinate for the three new GEM station and the
different particle composition.
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