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A 10 TeV muon collider is a promising machine for the high-energy frontier. However, the
beam-induced background (BIB), originated from the interaction of leptons from muon decay
with the machine, represents a big challenge. To deal with its high occupancy, new reconstruction
algorithms and high-performance detectors are required. In this context, the studies concerning
the muon spectrometer are presented. A new geometry has been designed with seven (five) layers
of Gas Electron Multipliers (GEMs) in the barrel (endcap) as track-sensitive chambers. In the
endcaps, a layer of Picosec is added to provide time information to reject BIB hits. Picosec
achieves resolutions of tens of picoseconds by amplifying, via a Micromegas, electrons from
Cherenkov light produced from an incident particle on a radiator crystal. The results for the muon
reconstruction efficiency and BIB mitigation are presented with the R&D outcomes with different
radiators, photocathodes, and new-generation gas mixtures.

42nd International Conference on High Energy Physics (ICHEP2024)
18-24 July 2024
Prague, Czech Republic

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:chiara.aime'@cern.ch
mailto:matteo.brunoldi01@universitadipavia.it
mailto:simone.calzaferri01@universitadipavia.it
mailto:davide.fiorina@gssi.it
mailto:cristina.riccardi@unipv.it
mailto:paola.salvini@pv.infn.it
mailto:ilaria.vai@unipv.it
mailto:paolo.vitulo@unipv.it
https://pos.sissa.it/

Designing the muon system for a 10 TeV muon collider C. Aime

1. Introduction

The muon collider represents a unique solution for the future of high-energy physics, with a
vast and unprecedented physics potential [1]. The advantages stem from the combination of the
high luminosity of hadron colliders, almost free from synchrotron radiation limitations, and the high
precision of electron-positron machines, with the full nominal center-of-mass energy available.

The International Muon Collider Collaboration (IMCC) aims to build a collider with a 10 TeV

~25~1 to collect around

center-of-mass energy and an instantaneous luminosity of 2 x 10°3 cm
10ab~! in one year of operation. Such a machine would achieve a permille-level precision in
the study of the Higgs coupling with W, Z, and bottom quarks, as well as in trilinear and quartic
self-coupling [2, 3].

One of the main challenges of a muon collider is the BIB, primarily caused by electrons and
positrons from muon decay, along with synchrotron photons emitted by these primary particles.
This background level depends on the beam energy and the machine-detector interface (MDI).
Therefore, the proper design of the interaction region and MDI is crucial for a muon collider, and
BIB simulation is essential to quantify the detector requirements. The key features of BIB are, in
fact, highly relevant to the detector design. BIB time of arrival, for example, is spread over several
tens of nanoseconds, compared to the 30 ps time spread of u~u™ collisions at 1.5 TeV, indicating
that time-sensitive detectors may be ideal for suppressing background. Thus, a careful selection of
technologies and reconstruction techniques could help mitigate the negative effects of BIB.

The detector design and muon reconstruction are discussed in Section 2; the R&D results of
the Picosec technology are summarized in Section 3.

2. Detector design

The IMCC initially studied a 3 TeV center-of-mass energy collider as an entry stage, inheriting
the detector geometry from CLIC [4] with some modifications, particularly in the tracker system, to
handle the BIB. The detector is hermetic with 47 coverage and follows the typical “onion” scheme:
starting from the interaction point (IP) and moving outwards, it comprises a vertex and tracking
system, electromagnetic and hadronic calorimeters, and a 3.57 T solenoid with the return yoke
instrumented with muon detectors. Tungsten nozzles, which are double-cone-shaped absorbers
clad with borated polyethylene, have been added close to the IP to absorb BIB.

2.1 Muon system

The muon system is placed outside the solenoid and is instrumented with seven layers of
track-sensitive chambers in the barrel and six in the endcap. These chambers are interleaved with
the iron slabs of the return yoke. The chosen technology for the 3 TeV collider is glass Resistive
Plate Chambers (RPCs) with 30 x 30 mm? cells.

Only a small percentage (~ 8%) of BIB primary particles reach the muon detector. They are
mainly neutrons and photons, with a few electrons. Neutrons have energies ranging from 10 MeV to
2.5 GeV, with the majority below 100 MeV. Photon energies, on the other hand, range from 100 keV
to 200 MeV, with most being below 10 MeV. The fluence is higher in the inner part of the endcap,
closer to the beamline (~10'° cm=2y~!). This low occupancy in the muon system, compared to the
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Figure 1: Estimated hit rate from neutrons (left) and photons (right) at 1.5 TeV muon collider. Different
colors represent different gaseous detector technologies considered [5].
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Figure 2: Left: schematic view of the Picosec detector and of the detection process [7]. Right: standalone
muon reconstruction efficiency as a function of momentum for single muons in the barrel region.

tracker (~10" cm~2y~!) and calorimeters, suggests the possibility of using muon objects to seed
global muon reconstruction.

BIB particle fluxes have been used in a standalone Geant4 simulation to estimate neutron and
photon hit rates for different detector technologies, particularly RPCs and MicroPattern Gaseous
Detectors (MPGDs) [5]. For the latter, both a standard Triple-GEM and Picosec, a fast-timing
MPGD based on Micromegas (MM) developed by the Picosec Micromegas Collaboration [6], have
been studied. The results are shown in Fig. 1. As expected, the hit rate is lower for MPGDs
compared to RPCs. Moreover, for RPCs, the expected hit rate due to BIB is on the order of several
kHz/cm?, which is already at the limit of the current rate capability.

This finding has led to a new muon system design, suitable for the 10 TeV machine, with seven
GEM layers in the barrel and one Picosec plus six GEM layers in the endcap regions.

2.1.1 Picosec

Figure 2 left shows the schematic design of the Picosec detector. A Cherenkov radiator is
placed on top of a standard MM with a reduced drift gap of about 100 pm. When a charged particle
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passes through the Cherenkov radiator, it produces ultraviolet photons, which are then absorbed
in the photocathode and partially converted into electrons. These electrons enter the drift gap,
where the electric field is ~35kV /cm, avoiding fluctuations in the position of the first ionization
cluster and allowing time resolutions below 25 ps. The standard gas mixture used is Ne/CoHg/CF4
80/10/10.

2.1.2 Muon reconstruction

BIB occupancy in the muon system is low, allowing for an out-to-in approach where muons are
first reconstructed in the muon system and then the track is propagated back to the tracker region.

The most energetic hit in the first layer of the muon system is used as a seed for the standalone
(SA) muon track. A cone is opened in the direction given by the straight line connecting the hit to
the detector center. The angular aperture of the cone is a tunable parameter. Hits on other layers
within the cone are added to the muon cluster. At least hits on three layers (or five in the endcap)
are required. The average position of the hits, weighted by energy, is recorded. A cone is then
opened in the direction of the straight line connecting the detector center to this barycenter, with
a different angular aperture. This helps to identify a region of interest for the track reconstruction
algorithm. Hits from the Vertex Detector, Inner Tracker, and Outer Tracker within this cone are
filtered. Currently, no information from the electromagnetic and hadronic calorimeters is used.

This approach reduces the combinatorial background from BIB in the tracker region. Prelimi-
nary results of the SA reconstruction efficiency in the barrel are shown in Fig. 2 right. The timing
information from Picosec will further mitigate BIB.

3. R&D results

Picosec is a relatively new technology, and extensive R&D is ongoing to optimize it for use
in future colliders. The components under investigation include the photocathode, the gas mixture,
and the radiators. The results presented here were obtained from various test beams at CERN using
muons from the Super Proton Synchrotron [8].

The standard photocathode is cesium iodide (CsI). While its very high-conversion efficiency
makes it optimal, its hygroscopicity and durability issues prompt the search for alternative solu-
tions [9]. Figure 3 shows a comparison with Diamond-Like Carbon (DLC) and boron carbide
(B4C) in terms of the number of photoelectrons emitted per Minimum Ionizing Particle, related to
conversion efficiency, and time resolution. Csl grants higher performance, but the 2.5 nm thin DLC
appears to be a promising candidate as a robust photocathode.

Regarding the gas mixture, Ne/C,Hg/CF,4 offers very high gain and drift velocity, but it is
expensive and has a Global Warming Potential (GWP) of 740. Solutions with a GWP smaller than
1 have been sought, and mixtures of neon-isobutane in different ratios have been tested. Figure 4
(left and centre) shows that Ne/iC4H ¢ 94/6 is comparable to the standard but with a wider operating
range and a lower environmental impact.

Finally, the standard radiator is magnesium fluoride (MgF;), which is characterized by high
ultraviolet transparency. However, it is fragile, expensive, and challenging to produce in large areas.
Quartz has been tested as an alternative material, but the results in Fig. 4 (right) are not encouraging,
making the standard MgF, still the preferred choice.
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Figure 3: Left: mean number of photoelectrons emitted per Minimum Ionizing Particle for different
photocathodes. Right: time resolution as a function of signal mean charge for different photocathodes. The
standard gas mixture is used with a resistive Micromegas (380 k2) [10].
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Figure 4: Time resolution as a function of the signal charge for the standard mixture (red dots) and
the Ne/iC4H10 90%/10% (black dots) with the B4C 7 nm thick photocathode and a 380k} resistive
Micromegas (left) and with CsI 18 nm thick with a 3 nm chromium layer photocathode and a 82 MS2 resistive
Micromegas (centre). Right: time resolution as a function of the signal charge for the standard radiator
crystal (black dots) and the quartz one (red dots). The photocathode is the CsI 18 nm thick with a 3 nm
chromium layer [10].

Further studies are ongoing to validate these results and to assess the scalability of the tech-
nology.

4. Conclusions

A muon collider represents a promising yet challenging prospect for the future of high-energy
physics. Various options for the muon system are being studied to meet the performance require-
ments of such a machine while minimizing its environmental impact. The combination of MPGDs
could be a promising solution, with GEM technology offering excellent spatial resolution for track-
ing, and Picosec providing exceptional time resolution. Together, these technologies could help
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mitigate the effects of BIB in the forward muon region, thereby enhancing the efficiency of muon
reconstruction.
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