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1. Introduction

The Muon Collider (MuC) offers a unique potential for high-energy physics by allowing
collisions at very high center-of-mass energies with relatively low synchrotron radiation losses. This
feature enables precise measurements of Standard Model parameters, allowing for high-precision
determination of Higgs boson couplings [1] and opens new possibility in the searches for new
physic like for example high-mass 𝑍

′ bosons [2]. The International Muon Collider Collaboration
(IMCC), leveraging on the results provided by the Muon Accelerator Program (MAP), is studying
the feasibility of producing high intense muon beams, accelerate and collide them at a center-
of-mass of 10 TeV. The revived interest in the MuC is clearly visible on the publications Dream
Machine[3] and US particle physicists want to build a muon collider — Europe should pitch in[4]
and it is supported by the experimental results obtained by the MICE collaboration that demonstrate
a significant reduction in the transverse emittance of muon beams by ionization cooling [5].

The design of the MuC facility would be much easier if the muon had a longer lifetime. The
production, cooling, acceleration, and collision of muon beams must be completed within approxi-
mately 2.2 · 𝛾 𝜇s where 𝛾 is the Lorentz time dilatation factor, varying across the different stages.
Another consequence of muon decay is the production of high-energy electrons and positrons, these
particles can impact the performance of machine elements if not adequately protected and com-
promise the detector’s usability if not properly shielded. A Machine-Detector-Interface capable of
mitigating the effects of the beam-induced background has been designed [6]. This design includes
two cone-shaped tungsten shielding structures. The detector performance with this interaction re-
gion (IR) configuration has been evaluated, demonstrating the excellent physics discovery potential
of muon collisions [1, 7–10]. This contribution presents the progress of the facility focusing on
selected aspects of the machine.

2. Muon Collider Facility

Designs for a MuC facility operating at center-of-mass energies of 1.5 and 3 TeV have been
developed by MAP, while more recently, the IMCC has proposed a complex for delivering muon
collisions at

√
𝑠 = 10 TeV. Figure 1 illustrates its main components: the muon injector, the

accelerator and the collider rings. The basic structure of the facility remains consistent across
different center-of-mass energies, though the specific requirements and performance vary. Here,
the

√
𝑠 = 10 TeV requirements and recent achievements are briefly summarized [11, 12].

2.1 Muon Injector

Muon production begins with high-intensity (a few MW) 5 GeV proton beams striking a target
to produce pions, which then decay into muons. An accumulator and a compressor ring are proposed
to create extremely high-intensity bunches with lengths of just a few nanoseconds.

The target is immersed in about 20 T solenoidal field to produce intense pion bunches. The
high beam power and the short proton pulse length create challenging conditions for the target,
necessitating active cooling to counteract the heating from the proton beam. Mechanical issues
that could lead to target failure are being investigated for various materials. Operating a high-
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Figure 1: Sketch of the MuC facility. The main elements, the muon injector and the accelerator and collider
rings are represented.

field solenoid in the target region, especially in the presence of intense radiation, has not yet been
achieved in practice. This is one of the areas where a dedicated R&D is planned.

After the target, a combination of chicane lines and absorbers is used to capture the beam
and remove impurities. A charge selection system then splits the beam into separate positive and
negative muon lines in preparation for the cooling process.

2.2 Muon cooling and first stage of acceleration

Beam cooling techniques used for stable or semi-stable particles are ineffective for muon
beams due to their short lifetime. Additionally, a significant phase space reduction is required,
given the muon production process, to achieve high luminosity in the collider. The ionization
cooling, a relatively novel technique, is proposed in the MuC facility. The basic element is the
cooling cell. The conceptual design, shown in Figure 2, is constituted by RF structure, dark red
rectangles, surrounded by superconducting solenoid, yellow rectangles, and an absorber material,
red triangles. The muons beams pass through a material with low atomic number to minimize the
multiple scattering, and lose momentum in the direction transverse to the their motion. They are
then re-accelerated in RF cavities. Longitudinal cooling can be achieved by exploiting correlations
between energy and energy loss under the assumption that the RF-cavities restore the energy
lost in the material. The concept of ionization cooling has been demonstrated by the MICE
experiment [5], though substantial R&D is still required to confirm the expected performance. In
fact, the MuC cooling system will need multiple types of cooling cells to accommodate the evolving
beam characteristics after each cooling step. A systematic design of the cells is being pursued by
IMCC [13] together with the proposal of testing facilities.

The muon beams exiting the cooling system have low energy, making rapid acceleration
essential to maintain high intensity. The system proposed by IMCC consists of a linear pre-
accelerator followed by two Dogbone recirculating linacs as shown in Figure 3. The latest IMCC
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Next priority studies and opportunities for additional collaboration

In several cases, a detailed engineering design of the shielding configurations will not be possible. In addition,
it is out of the scope of the present activity to proceed with the prototyping of radiation absorbers or mock-ups
of entire shielding configurations. Furthermore, with the present resources it is not feasible to perform dedicated
irradiation tests for probing the radiation effects in superconductors like HTS. However, possible synergies with
other activities, for example within the fusion community, can be exploited.

6.6 Muon cooling cell

The Cooling cell is the building block of a Muon Cooling section as described in Section 5.2 and is considered
one of the highest priority for prototyping efforts towards the demonstration of the feasibility of a Muon Collider.
The cooling of muons requires in fact a very compact assembly comprising room temperature RF cavities, su-
perconducting solenoids and either Liquid Hydrogen or Lithium Hydride absorbers (more details in chapter 6.8).
All those components will require space for services, power feeds and other ancillaries which will make the me-
chanical integration extremely complex. Within the European Project MuCol it has therefore been decided to
have a dedicated work package (WP8) to produce a complete 3D model of a representative cell among the several
types that will be necessary for the cooling sections. In this chapter we describe the strategy on how we intend to
proceed in phases towards the full integration of a cell, and on the rationale behind the choice of the cooling cell
type that will be implemented. We expect to validate the choice at the annual meeting of the IMCC collaboration
that will be held in March 2024.

System overview

A cooling cell, in its simplest version, is defined as the assembly of an RF structure made of several cells, sur-
rounded by two or more superconducting solenoids, and one absorber at each end of the cavity (See Fig. 6.12 for
a conceptual drawing).

Fig. 6.12: Terminology adopted for the different components of the Cooling Cell

Different types of cooling cells will be necessary to cope with the muon beam characteristics along the
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Figure 2: Sketch of the basic
structure of the cooling cell.

that has transverse and longitudinal emittances that are expected to be too large for a conventional dipole-based
scheme to manage without significant beam degradation.

The longitudinal capture and bunch merge system, which have beam physics designs, will not be developed
further. Both of these systems have complex arrangements of RF cavities, operating at several frequencies, for
simultaneous manipulation of several bunches. The schemes would benefit from analysis of the challenges in the
RF systems. The bunch merge system additionally incorporates a challenging transverse funnel.

The baseline subsystems were chosen as they have the most mature design. Alternative schemes are likely
to improve performance significantly, but have lower Technology Readiness Level. For example an emittance
exchange scheme, employing a wedge absorber and dipole, could yield better performance compared to the final
cooling scheme with simpler technology. A combined ‘HFoFo’ channel would be capable of cooling two charge
species simultaneously, potentially yielding a more cost- and power-efficient cooling system. Frictional cooling,
ring coolers, Parametric Ionisation Cooling channels and helical cooling channels may all yield improved cost,
power or luminosity performance. None of these alternatives will be studied.

5.3 Acceleration

5.3.1 Low-energy acceleration

System overview

The low energy section involves three superconducting linacs operating at 352 MHz and 1056 MHz: a single pass
linear pre-accelerator (PA) followed by a pair of multi-pass ‘Dogbone’ recirculating linacs (RLA). In the presented
scenario, acceleration starts after final cooling at 255 MeV/c and proceeds to 63 GeV, where the beam is going to
be injected into a first rapid cycling synchrotron. A schematic of the low energy section is shown in Fig. 5.5.
The 352 MHz linac, which has a large aperture, is sufficient to transmit a beam that has received relatively little
cooling. The 1056 MHz cavities linearise the RF waveform to minimise the growth of uncorrelated energy spread
in the beam.

Fig. 5.5: Layout of a two-step-Dogbone RLA complex. Pre-accelerator, Dogbone I and Dogbone II
are stacked up vertically; µ± beam can be transferred between the accelerator sections by the vertical
dogleg.

Key challenges

To ensure that the survival rates of muons are sufficient, the acceleration must be done at high average gradient.
Since muons are generated as a secondary beam they occupy large phase-space volume. In addition to providing
high average gradient, the accelerator must have very large transverse and longitudinal accelerator acceptances.

For the given longitudinal emittance, in order to accelerate of the muon beam within the given transverse
and longitudinal emittance tolerances, the beamline must be designed to minimize transverse chromatic effects,
thus tight focusing in bending plane with weak quadrupoles. In addition to preservation of the longitudinal emit-
tance, the bunch length needs to be precisely controlled in the arcs.

The weak FODO channel chosen to minimize chromatic effects for first passages (where the beam energy
is low) will lead to large betatron amplitudes at high energies, making the linac vulnerable to transverse wakefield
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Figure 3: Possible schema of the rapid acceleration complex.

developments propose that acceleration begins after final cooling at 255 MeV and continues up to
63 GeV, at which point the beam is injected into a first rapid cycling synchrotron. The start-to-end
design and the simulation of this complex is one of the key areas currently being designed inside
the collaboration.

3. Accelerator and Collider rings

3.1 High energy acceleration

Beam energies of the order of several TeV can be reached using a chain of rapid cycling
synchrotrons (RCS) with a repetition rate of 5 Hz. As shown in Figure 4, this configuration, initially
proposed by MAP, includes a normal conducting RCS, (RCS1), that increases the energy to 0.3
TeV followed by a hybrid RCS, (RCS2), that pushes the energy to 0.75 TeV. The hybrid RCS design
currently features strong fixed-field superconducting magnets interleaved with normal conducting
magnets. These two stages can be housed in the same ring. To reach beam energies of 5 TeV, two
additional RCS stages, RCS3 and RCS4, are planned with RCS3 reaching up to 1.5 TeV. Recent
progress includes the initial design of RCS2 and the determination of the required number of RF
cavities in each RCS to maintain longitudinal emittance within the necessary tolerance.

Figure 4: Schema of the high energy acceleration.

3.2 Collider

The collider ring should be kept as short as possible to maximize the luminosity. A collider
with a center-of-mass energy of 3 TeV requires 10 T dipole magnets, while for

√
𝑠 = 10 TeV,

16 T dipole magnets are necessary. This will require vigorous R&D efforts, as the maximum
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magnetic field achieved for this type of magnet so far is around 14 T. The IR at
√
𝑠 = 10 TeV is very

challenging. The requirement of a small beta-function results in a significant chromaticity that needs
to be compensated [14], while short bunches are needed to avoid degradation of the beta-function.
IMCC is dedicating significant efforts to designing this high energy collider ring, though even an
ideal machine is still not available. For the European Strategy of Particle Physics Update (ESPPU)
an IR configuration was finalized to generate beam-induced background for detector performance
studies [6] although this configuration is far from optimal. The straight section housing the detector
is kept minimal to reduce neutrino flux and minimize the dose levels where these neutrinos reach
Earth’s surface. However, to maintain these doses at negligible levels, additional strategies are
being proposed by IMCC [12].

4. Steps toward a muon collider

The IMCC is working toward having a muon collider facility ready to take data by the end
of the High Luminosity LHC (HL-LHC) era. This goal can be achieved if sufficient resources
are allocated to the R&D program, which includes among others, the development of high-field
magnets, RF systems, target materials and structures, as well as shielding solutions for both the
detector and machine elements. Beside the R&D activities, the IMCC aims to the construction of
a medium-size facility, usually referred as "demonstrator". The primary goal of this facility is to
demonstrate that the emittance of a muon beam can be reduced to the required levels using a series
of ionization cooling cells, as described in section 2.2. Additionally, the demonstrator will serve
as a platform to test prototypes developed by the R&D activities, including the already mentioned
high-field magnets, RF cavities in magnetic fields, materials for absorbers and targets, and muon
beam instrumentation. Depending on the resources dedicated to the project, the re-acceleration of
cooled muon beams could make physics measurements possible. For instance, the nuSTORM [15]
community proposes to measure 𝜈𝜇 and 𝜈𝑒 cross sections on material relevant for long-baseline
experiments and to search for exotic processes. These neutrino beams could be generated from the
decays of muons of the demonstrator beams.

5. Conclusions

The MuC presents a compelling physics and technology case, supported by a committed
international community. Significant progress in simulation studies on key components of the
facility in recent years has strengthened confidence in the MuC as a viable option for the next
collider facility after the HL-LHC. Future efforts will focus on optimizing the design of critical
components to meet the luminosity goals essential for groundbreaking physics discoveries. If
adequate resources are made available, an intensive R&D program will be pursued, including the
design and construction of the "demonstrator" facility.

Acknowledgments

This work was supported by the European Union’s Horizon 2020 and Horizon Europe Re-
search and Innovation programs through the Marie Skłodowska-Curie RISE Grant Agreement No.
101006726 and the Research Infrastructures INFRADEV Grant Agreement No. 101094300.

5



P
o
S
(
I
C
H
E
P
2
0
2
4
)
8
2
6

Muon Collider Progress Donatella Lucchesi

References

[1] D.Z. et. al, Higgs Physics at Multi-TeV Muon Collider, in ICHEP2024, 2024.

[2] K.K. et al., Z’ boson mass reach and model discrimination at muon colliders, 2024.
https://doi.org/10.48550/arXiv.2402.18460.

[3] A. Cho, The dream machine, Science 383 (2024) .

[4] US particle physicists want to build a muon collider — Europe should pitch in, Nature 625
(2024) 423.

[5] M. Collaboration, Transverse emittance reduction in muon beams by ionization cooling,
Nature (2024) .

[6] D.C. et. al, Machine Detector Interface and Beam-Induced Background Studies for a 10 TeV
Muon Collider, in ICHEP2024, 2024.

[7] M.C. et. al, Detector performance for low- and high-momentum particles in
√
𝑠 = 10 TeV

muon collisions , in ICHEP2024, 2024.

[8] R.G. et. al, Crilin: a semi-homogeneous crystal calorimeter for the muon collider, in
ICHEP2024, 2024.

[9] C.A. et. al, Designing the muon system for a 10 TeV muon collider , in ICHEP2024, 2024.

[10] L.L. et. al, MPGD-based Hadronic calorimeter for a future experiment at Muon Collider, in
ICHEP2024, 2024.

[11] C.A. et al., Towardsamuoncollider, European Physics Journal C 83 (2023) 864.

[12] C.A. et al., Interim report for the International Muon Collider Collaboration (IMCC), 2024.
https://doi.org/10.48550/arXiv.2407.12450.

[13] D.F. et. al, Final Cooling with Thick Wedges for a Muon Collider, in ICHEP2024, 2024.

[14] D.A. et. al, Transverse Collective Effects studies for a Muon Collider, in ICHEP2024, 2024.

[15] P.B.J. et. al, nuSTORM: neutrino physics on the path to the muon collider , in ICHEP2024,
2024.

6

https://doi.org/10.1126/science.zt5zf4g
https://doi.org/https://doi.org/10.1038/d41586-024-00105-9
https://doi.org/https://doi.org/10.1038/d41586-024-00105-9
https://doi.org/https://doi.org/10.1038/s41567-024-02547-4
https://doi.org/doi:10.1140/epjc/s10052-023-11889-x

	Introduction
	Muon Collider Facility
	Muon Injector
	Muon cooling and first stage of acceleration

	Accelerator and Collider rings
	High energy acceleration
	Collider

	Steps toward a muon collider 
	Conclusions

