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Abstract
Muon colliders provide a unique route to deliver high energy collisions that
enable discovery searches and precision measurements to extend our under-
standing of the fundamental laws of physics. The muon collider design aims
to deliver physics reach at the highest energies with costs, power consumption
and on a time scale that may prove favorable relative to other proposed facil-
ities. In this context, a new international collaboration has formed to further
extend the design concepts and performance studies of such a machine. This
effort is focused on delivering the elements of a∼10 TeV center of mass (CM)
energy design to explore the physics energy frontier. The path to such a ma-
chine may pass through lower energy options. Currently a 3 TeV CM stage
is considered. Other energy stages could also be explored, e.g. an s-channel
Higgs Factory operating at 125 GeV CM. We describe the status of the R&D
and design effort towards such a machine and lay out a plan to bring these
concepts to maturity as a tool for the high energy physics community.
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1 Executive Summary

High-energy lepton colliders can serve as facilities for precision and discovery physics. The decrease
of s-channel cross sections as 1/s requires that luminosity increases with energy, ideally proportional
to s, the square of the centre-of-mass energy. The only mature technology to reach high-energy, high-
luminosity lepton collisions is linear electron-positron colliders; the highest energy for which a concep-
tual design exists is the Compact Linear Collider (CLIC) at 3 TeV.

The Muon Collider (MuC) promises to be able to extend the lepton collider energy reach to much
higher energies. The strong suppression of synchrotron radiation compared to electrons allows muon
beam acceleration in rings making efficient use of the RF systems for acceleration. The overall power
consumption of a 10 TeV MuC is expected to be lower than that of CLIC at 3 TeV. Additionally the beam
can repeatedly produce luminosity in two detectors in the collider ring. The ratio of luminosity to beam
power is expected to improve with collision energy, a unique feature of the MuC. The compactness of the
collider makes it plausible that a cost effective design might be achieved; however this must be verified
with more detailed estimates. If the technical challenges can be overcome, the MuC offers a potential
route to long-term sustainability of collider physics.

To foster the Muon Collider concept an International Muon Collider Collaboration (IMCC) has
been initated after the recommendation of the update of the European Strategy for Particle Physics,
initially hosted at CERN. The collaboration will address the muon collider challenges and develop the
concept and technologies in the coming years in order to be able to gauge if the investment into a full
conceptual design and demonstration programme is scientifically justified. This will allow the Strategy
Processes in the different regions to make informed decisions.

Currently, the limit of the energy reach has not been identified. The study focuses on a 10 TeV
design with an integrated luminosity goal of 10 ab−1. This goal is expected to provide a good balance
between an excellent physics case and affordable cost, power consumption and risk. Once a robust design
has been established at 10 TeV - including an estimate of the cost, power consumption and technical
risk - other, higher energies will be explored.

A potential initial energy stage at 3 TeV with an integrated luminosity of 1 ab−1 is also considered.
This option might cost around half as much as the 10 TeV option, and can be upgraded to 10 TeV or
beyond by adding an accelerator ring and building a new collider ring. Only the 4.5 km-long 3 TeV
collider ring would not be reused in this case. This stage could potentially start colliding beams in the
mid 2040s - depending on the strategic decisions. This also requires that sufficient funding is available
already during the design phase and that all challenges can be successfully addressed with no delays.

The muon collider thus promises a sustainable path toward the very high energy. Its large energy
and luminosity reach makes the direction and the development of the technologies attractive. Potential
intermedidate stages provide important physics results on the way on timescales more adapted to the
human life span and provide the motivation for the scientists and engineers that is the most important
driver of the technological progress.

Muon Collider technology must overcome several significant challenges to reach a level of matu-
rity similar to linear colliders. An increased level of R&D effort is justified at the current time, because
the muon collider promises an alternative path toward high-energy, high-luminosity lepton collisions that
extends beyond the expected reach of linear colliders. Supporting technologies such as high-power pro-
ton drivers, high-field solenoids and high-gradient RF cavities have, in the last decade, approached the
level required to deliver the requisite luminosity.

Past work has demonstrated several key MuC technologies and concepts, and gives confidence that
the concept is viable. Component designs have been developed that can cool the initially diffuse beam
and accelerate it to multi-TeV energy on a time scale compatible with the muon lifetime. However, a fully
integrated design has yet to be developed and further development and demonstration of technology are
required. In order to enable the next European Strategy for Particle Physics Update (ESPPU), the next

6



Particle Physics Project Prioritisation Process (P5) and other strategy processes to judge the scientific
justification of a full Conceptual Design Report (CDR) and demonstration programme, the design and
potential performance of the facility must be developed in the next few years.

An R&D programme has been developed in the frame of the European Roadmap for Accelerator
R&D. The programme addresses the key challenges and is based on consultations of the community at
large, combined with the expertise of a dedicated Muon Beams Panel. It benefited from significant input
from the MAP design and studies and US experts.

The proposed programme of work, if fully resourced, will allow the assessment of realistic lu-
minosity targets, detector backgrounds, power consumption and cost scale, as well as whether one can
consider implementing a MuC at CERN or elsewhere. Mitigation strategies for the key technical risks
and a demonstration programme for the CDR phase will also be addressed. The use of existing infras-
tructure, such as existing proton facilities and the LHC tunnel, will also be considered. Based on the
conclusions of the next strategy processes in the different regions, a CDR phase could then develop the
technologies and the baseline design to demonstrate that the community can execute a successful MuC
project.

No cost estimate for the CDR and demonstrator phase exists but experience indicates that typically
5-10% of the final project cost would need to be invested before the project construction can start. A
muon cooling demonstrator facility would be expected to be the largest single component of the CDR
programme, with the potential to provide direct scientific output in its own right.

The resources available to the MuC programme over the next five years will depend on decisions
made in the different regions and in particular in the US.

The muon collider programme is synergistic with other R&D efforts, and will directly benefit from
progress in the domains of high-field magnets, RF systems and recirculating linacs. The muon collider
requires high-field dipoles, similar to proton facilities, and in particular robust high-field solenoids. These
have a strong synergy with the development for other fields of science and society, e.g. the development
of fusion power, high-field science, NMR spectroscopy and MRI machines of the next generation.

Bright muon beams are also important for potential future neutrino physics facilities such as NuS-
TORM or ENUBET. A muon cooling demonstrator facility could potentially share a large part of the
infrastructure with these facilities, from the proton source to the target.

2 Design Overview
2.1 Status of Design
MAP has develop many concepts and technologies for the muon collider. The rate of progress in this
field gives confidence that the muon collider is a viable option. However no integrated design design of
the muon collider has been made and further development of the technologies is required. The goal in
the coming years is to develop the concept and technologies to a level that one can justify the investment
into a technology and concept demonstration programme, including the full concept development and
optimisation. The goal of this programme is to be able to commit to the project and to prepare the
technical design phase.

2.2 Performance Matrix
2.2.1 Attainable Energy
At this moment, no fundamental limit for the energy reach of the muon collider has been identified. The
limitations are expected to come from the cost of the collider complex and from the technological and
power consumption challenges to obtain high luminosity at high energy. In this respect the energy reach
cannot be separated from the luminosity reach.

The goals for the muon collider design study are thus driven by a balance between an excellent
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physics case and affordable cost, power consumption and technical risk. The 10 TeV goal is chosen for
these very reasons and supported by a very strong physics case.

Once a firm design has been established for an energy of 10 TeV, including an estimate of the scale
of cost, power consumption and technical risk, other higher energies will also be explored.

A 3 TeV design will also be studied as it may be an attractive entry stage for the muon collider
with a cost well below the 10 TeV and an already strong physics case. For this concept the challenges
in the high-energy complex are reduced; e.g. the requirements for the final focus system magnets are in
the same ballpark as for the the HL-LHC. Because of its smaller budget need and size such a stage could
be most likely be implemented earlier than the 10 TeV stage. It could be then upgraded to 10 TeV by
reusing the full complex, except for the 4.5 km-long 3 TeV collider ring, and by adding an additional
accelerator ring and a new collider ring.

2.2.2 Attainable Luminosity and Luminosity Integral

The integrated luminosity targets for the muon collider are based on requirements from physics. They
follow a scaling to keep the number of s-channel events constant at all energies.

The tentative parameters and luminosity targets have been chosen based on previous MAP studies.
They would achieve the integrated luminosity target within five years in a single detector. Paths have been
identified to achieve the parameters. The focus of the study is to address the technological challenges on
these paths to achieve a robust performance prediction.

Alternative approaches that could lead to higher luminosity will also be explored, e.g. Parametric
Ionization Cooling. However, in the near term the focus is to ensure a solid design and advancing
technologies.

2.2.3 Facility Scale

The dimensions of the muon collider are not known and depend on future technology and design choices.
Still, some indication of the dimensions can be estimated.

Considering the largest RCS and collider ring at 10 TeV, one can assume 16 T field in the super-
conducting static dipoles of both rings and a field range of ±2T for the fast-ramping normal magnets in
the RCS. In both cases the effective dipole filling factor could be 80%, similar to the LHC. This accounts
for flanges, instrumentation, focusing quadrupoles, etc. In case of combined function magnets the filling
factor can be higher but the dipole field might have to be reduced in proportion. Further some space
for the RF and injection, extraction and interaction region is required. Based on this, the initial estimate
of the length is 10 km for the 10 TeV collider and 32 km for the pulsed synchrotron that accelerates
the beam from 1.5 to 5 TeV. The total tunnel is comparable to a 3 TeV CLIC, which has an estimated
tunnel length of about 50 km to house the linacs and the final focus systems. The pulsed synchrotron
could be made more compact using fast ramping HTS magnets with a larger field reach or by perform-
ing the acceleration in two stages in the same tunnel, which would require less than 20 km but more
superconducting magnets.

The final pulsed synchrotron for the 3 TeV stage would be approximately 12 km long and the
collider 4.5 km, using superconducting dipoles with a field of only 11 T.

It is also possible to consider using the LHC tunnel for the final pulsed synchrotron of the 3 TeV
stage and for the acceleration to 10 TeV. However more detailed studies are required.

2.2.4 Power requirements

The goal is to remain at a power consumption for the 10 TeV collider well below the level of CLIC at
3 TeV or FCC-hh. The design has to advance more to assess the power consumption scale in a robust

8



Accelerator
Ring

Muon Collider
>10TeV CoM

~10km circumference

µ-

µ+

4 GeV
Proton
Source

Target, p Decay
& µ Bunching
Channel

µ Cooling
Channel

Low Energy
µ Acceleration

µ Injector

IP 1

IP 2

Fig. 1: A conceptual scheme for the Muon Collider

fashion. The scaling of the power consumption with energy is illustrated by some tentative considerations
below.

A number of key components drive the power consumption if one extends to high energy:

– The power loss in the fast-ramping magnets of the pulsed synchrotron and their power converter.
This is being addressed by a dedicated study.

– The cryogenics system that cools the superconducting magnets in the collider ring. This depends
on the efficiency of shielding the magnets from the muon decay-induced heating.

– The cryogenics power to cool the superconducting magnets and RF cavities in the pulsed syn-
chrotron.

– The power to provide the RF for accelerating cavities in the pulsed synchrotron.

The first contribution requires a particular effort as it depends on unprecedented large-scale fast ramping
systems and the second and third contributions depends on the shielding choices. The contributions can
be estimated reliably once the design choices - such as magnet material and operating temperature, RF
system design, shielding thickness etc. - have been made.

2.3 Design Summary
The current muon collider baseline concept was developed by the Muon Accelerator Program (MAP)
collaboration [2], which conducted a focused program of technology R&D to evaluate its feasibility.
Since the end of the MAP study seminal measurements have been performed by the Muon Ionization
Cooling Experiment (MICE) collaboration, which demonstrated the principle of ionisation cooling that
is required to reach sufficient luminosity for a muon collider [1]. The MAP scheme is based on the
use of a proton beam to generate muons from pions decay and is the baseline for the collider concept
being developed by the new international collaboration. An alternative approach Low Emittance Muon
Accelerator (LEMMA), which uses positrons to produce muon pairs at threshold, has been explored at
INFN [7].

MAP developed the concept shown in Fig. 1. The proton complex produces a short, high intensity
proton pulse that hits a target and produces pions. The decay channel guides the pions and collects the
muons produced in their decay into a buncher and phase rotator system to form a muon beam. Several
cooling stages then reduce the longitudinal and transverse emittance of the beam using a sequence of
absorbers and RF cavities in a high magnetic field. A linac and two recirculating linacs accelerate the
beams to 60 GeV. One or more rings accelerate the beams to the final energy. As the beam is accelerated,
the lifetime in the lab frame increases due to relativistic time dilation so later stage accelerators have
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proportionally more time for acceleration, so that fast-pulsed synchrotrons can be used. Fixed-Field
Alternating-gradient (FFA) accelerators are an interesting alternative. Finally the two single bunch beams
are injected at full energy into the collider ring to produce collisions at two interaction points. The MAP
study demonstrated feasibility of key components, but several important elements were not studied.
The highest collision energy studied by MAP was 6 TeV. Technical limitations such as beam-induced
backgrounds have not been studied in detail at higher energies. Individual elements of the muon source
were studied, but integrated system design and optimisation was not performed. Cooling studies assumed
limits in practical solenoid and RF fields that now appear to be too conservative; an updated performance
estimate would likely yield a better assessment of the ultimate luminosity of the facility. MAP studies
considered gallium, graphite and mercury target options, which should be progressed and studied in more
detail to assess fully the performance and technical limitations of the system.

2.4 Design Challenges
2.4.1 Muon beam
Although muons offer many potential physics benefits, their use brings substantial complications as well.
Indeed, if intense muon beams were easy to produce, they would already be available. Firstly, muons
are created as a tertiary beam. The proposed production scheme uses a proton beam to bombard a high-
Z target. This produces pions, which are captured in a solenoidal decay channel, where they decay to
muons. To produce an acceptably large sample of muons, a multi-MW proton beam is required. A target
system capable of tolerating such an intense beam is a substantial challenge. The capture and decay
process just described gives rise to a muon beam having a large energy spread and a large transverse
phase space. The large transverse phase space has several implications: (1) it favors the use of solenoidal
focusing in the lower energy portions of the facility, as opposed to the more conventional quadrupole
focusing. A solenoid focuses in both planes simultaneously, avoiding the excessively large beam size in
one plane when using an alternating polarity quadrupole channel. (2) it requires a rapid mechanism for
reducing the emittance to more tractable values. The second major challenge of muon beams is due to
the short lifetime of the muon, only 2.2 µs at rest. Clearly, the short lifetime puts a premium on very
rapid beam manipulations. A fast emittance cooling technique, “ionization cooling,” is needed to reduce
the transverse emittance of the muon beam, along with a very rapid acceleration system. The ionization
cooling technique requires high-gradient normal conducting RF cavities due to the need to immerse the
cavities in a strong solenoidal magnetic field. Finally, the decays of the muons lead to potentially severe
backgrounds in the detector of a Muon Collider. There are also a number of challenges related to the
magnet requirements. In the target area, the initial capture magnet is a 20 T solenoid design. In the
cooling channel, large aperture magnets having relatively low field, up to 2-3 T and 1.5-m diameter, are
utilized. As the beam emittance is reduced through cooling, higher field solenoids with lower diameter
bores are needed. In the final cooling stages of a Muon Collider, very high strength solenoids, up to
∼50 T, are required. In the acceleration system, solenoids with very low fringe fields are needed to
permit operation of nearby superconducting RF cavities. In the acceleration system and collider ring,
special split-midplane or shielded dipoles are needed to accommodate the high heat load from muon
decay electrons.

2.4.2 Machine Detector Interface (MDI)
A multi-TeV Muon Collider needs to deliver high instantaneous luminosity (∼1034-1035 cm−2s−1) to be
able to exploit the diverse physics potential opportunities. To reach this goal high intense muon beams,
2 × 1012 muons per bunch, are necessary. At the Interaction Point (IP), where the two µ+µ− bunches
collide, the Beam-Induced Background (BIB) strongly affects the detectors’ performance; therefore an
efficient mitigation strategy is required. The background arriving on the detector volume is a huge flux
of secondary and tertiary low energy particles, mainly originated from muon decays occurring several
decades of meters from the IP, with an additional component of incoherent e+e− pair production and
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Bethe Heitler muons. The current solution to mitigate such a background flux, initially proposed by
MAP, consists of two tungsten cone-shaped shielding (nozzles) around the beampipe, with the origin
in proximity of the interaction point, to be accurately designed and optimized for each specific beam
energy. The design of the detector and the choice of the sub-detector technology need to cope with the
nozzle structure and with the remaining fluxes of particles. The interaction region at 1.5 TeV center of
mass energy has been designed and optimized by MAP. It was simulated with a framework developed at
Fermilab [13] with the MARS15 code, and it is used as a starting point and benchmark.

Within the International Muon Collider Collaboration, a new framework, based on FLUKA, has
been developed to study the beam-induced background at different energies [9]. Studies performed so far
demonstrate that, given reasonable assumptions of detector performance, it will be possible to perform
the most challenging physics measurements [12]. Preliminary studies performed with a very preliminary
configuration of the IR at 10 TeV center of mass energy with the nozzle designed for the 1.5 TeV, indicate
that the beam induce background levels around the IP do not increase significantly. Combined interaction
region, detector shielding and detector design should be performed to confirm physics performance at
3 TeV and 10 TeV.

2.4.3 Required key technologies
The following technologies are required in order to deliver the muon collider.

– Development of a high power proton driver.

– Delivery of a high intensity H- ion source.
– Stripping of the H- ions without excess foil heating.
– A bunch compressor ring to deliver protons in a single, approximately 2 ns long bunch onto

the target.

– A target system capable of managing the large instantaneous beam power.

– A target that can withstand both high instantaneous current and high average beam power.
– A suitable shielding system to protect the sensitive capture magnet that surrounds the target.
– A superconducting capture magnet that can withstand radiation leakage from the target, that

can contain the required shielding and that can deliver 15-20 T field to contain the pion beam.
– A beam dump that can capture the remnant proton beam without detrimental effect on the

outgoing pion and muon beam.

– A muon cooling system capable of delivering orders of magnitude of emittance reduction.

– A system of intermediate field solenoids, tightly integrated with RF cavities and absorbers.
– A few extremely high-field, small-bore solenoids, with magnetic fields exceeding the current

state of the art (∼30 T).
– Normal conducting RF systems capable of providing high field gradients in the presence of

strong magnetic fields.

– A beam acceleration system that can accelerate the muon beam on a time scale that is compatible
with the time-dilated muon lifetime.

– Fast ramping power supplies to deliver ramp times of several T on a timescale of ms.
– Superconducting RF systems robust to beam loading and capable of delivering significant

RF gradient for rapid muon acceleration.

– A collider ring that can deliver the collisions.

– Dipole magnets operating at high field, to recirculate the beam as many times as possible
before the muons decay.

– Dipole magnets must be robust to the radiation arising from muon decay.
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– The collider ring systems must be movable such that neutrino flux does not produce shower-
ing off-site from the collider ring.

– High gradient final focus quadrupoles, comparable to HL-LHC at 3 TeV and more demanding
at 10 TeV, that can deliver the small β∗ required to deliver requisite luminosity.

– A detector system capable of distinguishing signal from the beam-induced background aris-
ing due to muon decays in the collider ring.

2.4.4 Environmental impacts

The muon collider will impact the environment in several ways. Key factors are:

– The land use for the construction of its infrastructure.
– The power that the collider consumes.
– The waste that it generates.
– The production and transport of components.
– Other impact on the environment, e.g. potential radiation.

2.4.5 Land use

As discussed above, the dimensions of the muon collider are not known and depend on future technology
and design choices. Still, some indication of the dimensions can be estimated.

The size for the last pulsed synchrotron and the collider ring could 32 and 10 km, respectively.
The collider is therefore expected to be comparable to CLIC at 3 TeV in terms of land use.

If it is possible to reuse the LHC tunnel for the pulsed synchrotron, the total amount of tunnel that
needs to be constructed would be significantly reduced. This option will be explored.

2.4.6 Power consumption

The goal is to have a power consumption of the 10 TeV stage significantly below the one of CLIC at 3 TeV
or the FCC-hh. No detailed study has been performed up to now. MAP estimated a power consumption
of roughly 100 MW, independent of the colliding beam energy, for the muon production [11]. We will
develop an improved estimate and focus on the improvement of power consumption drivers.

2.4.7 The generated waste

The muon collider uses leptons in the high-energy part of the collider and is thus a relatively clean
machine. The main concern would be the proton target. To minimise the impact of the target, we plan
not to use a mercury target but rather a solid graphite target. Other options such a liquid gallium or
fluidised tungsten will also be explored and are also more environmentally sensitive than mercury. The
total power is in the range of existing and planned targets at other facilities. Therefore no specific problem
is expected.

2.4.8 Production and transport of components

This issue has not been studied. However the superconducting systems would be comparatively compact,
which indicates that the load to the environment is comparatively limited.
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2.4.9 Other impact on the environment

The proposed mechanical system can mitigate the neutrino flux density resulting from muon decay from
the arcs sufficiently even at 14 TeV. The insertions, in particular for the experiments, complicate the
mitigation and have to be investigated. We expect to be able to find an orientation for the collider
complex that mitigates the potential issues.

3 Technology Requirements
3.1 Technology Readiness Assessment

A set of key challenges has been identified for the muon collider. For each of these challenges a path
toward addressing it has been identified. Important R&D remains to demonstrate that all obstacles on
these paths can be overcome.

It is important to note that in several areas the design targets are indicative and failure to fully
achieve them can be mitigated elswhere in the design. To develop an integrated concept of the collider
that allows to fully assess the consequences of such trade-offs is an important part of the studies.

The main risk for the muon collider design arises from insufficient resources to address the chal-
lenges.

3.1.1 Proton complex

The challenge of the proton complex arises from the need to combine the protons into short high-charge
bunches. The proton source is site-dependent and designs for proton facilities compatible with a muon
collider exist. Studies will be performed as resources allow.

3.1.2 High-power target and solenoid

A high-power target is essential to produce a sufficient number of protons to achieve the luminosity goal.
Key challenges are the survival of the target itself under the shock waves of the incoming beam pulses
and the temperature gradients to remove the deposited heat.

Compared to the MAP study, the power in the target is reduced by a factor three. This allows
to consider the use of a solid target in addition to a liquid metal or a fluidized tungsten target. Un-
wanted particles produced by the proton beam impacting the target leads to heating of the surrounding
superconducting solenoid and to radiation damage.

Simulations of a 4 MW mercury-based target demonstrated that a 1.2 m radius of the solenoid
provides enough space to shield the magnet and to reach peak powers in the coil of less than 0.1 mW/g,
which corresponds to O(1 MGy) per year. FCC-hh assumes that the magnet insulation can withstand
an accumulated dose of 30 MGy [4]. This solenoid is very demanding and resembles in cost and stored
energy the central solenoid of ITER.

3.1.3 Muon ionization cooling channel design

Muon ionization cooling is required to increase the muon beam brightness to yield a sufficient luminos-
ity. Ionization cooling requires the beam to be repeatedly slowed in absorbers and reaccelerated in RF
cavities, while maintaining tight focusing of the muon beam.

The large longitudinal emittance of the beam arising from the target is captured in a sequence of
RF cavities as a train of bunches. The emittance is reduced by a rectilinear cooling system comprising
weak dipole fields and increasingly strong solenoids. The initial part of the system is optimised for large
acceptance, while the final part of the system is optimised for low emittance. When the beam emittance
is sufficiently reduced, the bunch train is merged into a single bunch and then cooled further.
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In order to reach the lowest emittances, very strong solenoid fields are required with lower beam
energy. In this regime longitudinal emittance increases and a phase rotation system is required to min-
imise energy spread and control chromatic aberrations. Low frequency RF cavities or induction linacs,
in regions of relatively low magnetic field, are used for reacceleration.

3.1.4 Operation of RF cavities in a magnetic field
In order to maintain the tight focusing required to yield good cooling performance in the rectilinear
cooling system, a compact lattice is required with large real-estate RF gradient. This results in a lattice
that has RF operating near to the break down limit while immersed in a strong solenoid field.

The operation of RF cavities in a solenoid field poses specific challenges. The solenoid field
guides electrons that are emitted at one location of the cavity surface to another location on the opposing
wall and leads to localised heating that can result in breakdown and cavity damage. Operation of copper
cavities is 3 T magnetic field showed a maximum useable gradient of only 10 MV/m.

Three approaches to overcome this obstacle are known:

– Use of lower-Z materials such as beryllium to limit the energy loss density.
– The use of high-pressure hydrogen gas inside the cavity. In this case the mean free path of the

electrons is limited and does not allow them to gain enough energy to ionise the gas or to produce
a breakdown.

– The use of very short RF pulses to limit the duration of the heat load in the cavity.

The first two techniques have been experimentally verified in MUCOOL with a field of about 3 T (limited
by the solenoid). They yielded a gradient of 50 MV/m in a beryllium cavity under vacuum and 65 MV/m
in a molybdenum cavity with hydrogen [8], demonstrating no degradation in achievable field in the
presence of an applied magnetic field.

Systematic studies in a new test stand are required to further develop the technologies. It will also
be important to test the cavities in the actual field configuration of the cooling cell, which differs from a
homogeneous longitudinal field.

3.1.5 Final cooling and HTS magnet technology
In the final muon cooling system, solenoids with the highest practical field are needed. A design based on
30 T solenoids—a value that has been achieved experimentally—demonstrated that an emittance about
a factor two above the target can be achieved [10]; it should be noted that the study aimed at this larger
target. Several options to improve the emittance will be studied. With the technology progress, solenoids
with field above 40 T are being planned and would benefit the muon collider. Operating the cooling at
lower beam energy also allows to reach a smaller emittance; preliminary studies indicate that 30 T may
be marginally sufficient to reach the emittance target.

3.1.6 Acceleration stage design
The baseline acceleration stage consists of some linacs followed by a sequence of pulsed synchrotrons
that performs the lion share of the acceleration. The synchrotrons combine static superconducting and
fast-ramping magnets, which could be either normal- or superconducting. Fast-ramping magnets have
been designed and models tested in the MAP study. However, an integrated study of the lattice, the
accelerating RF and the fast-ramping magnet system including its powering system is essential to esti-
mate the cost and power consumption of the system. The energy in the field of the magnets is of O(100
MJ). It needs to be recovered from each pulse to the next with high efficiency. The requirements on the
quality of the ramp will drive cost and power consumption. Studies in the coming years will address this
challenge.
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3.1.7 Collider ring design

The collider ring requires a small beta-function at the collision point, resulting in significant chromaticity
that needs to be compensated. It also needs to maintain a short bunch. A solution for 3 TeV has been
developed and successfully addressed the challenges. A design of 10 TeV is one of the key ongoing
efforts.

High-energy electrons and positrons arising from muon decay and striking the collider ring mag-
nets can cause radiation damage and unwanted heat load. This can be mitigated with sufficient tungsten
shielding; a successful design has been developed at 3 TeV. First studies at 10 TeV indicate that the effect
is comparable to 3 TeV, since the power per unit length of the particle loss remains similar.

The shielding requires a substantial aperture in the superconducting magnets. The limit for the
dipole field is thus given by the maximum stress that the conductor can withstand rather than by the
maximum field that it can support. Novel concepts such as stress-managed coils will allow this challenge
to be addressed.

3.1.8 Beam induced background

Muon beam decay produces a significant flux of secondary and tertiary particles in the detector in spite
of the shielding masks. A detailed study of the impact of this background on the detector performance
has been performed at center of mass of 1.5 TeV using two different Monte Carlo programs, Fluka and
Mars15. The results agree within a factor less than 2 and demonstrate that the beam-induced background
does not limit the physics potential with the current detector technologies and the proposed shielding.

A preliminary investigation of the background effects at center of mass of 3 TeV has been per-
formed by using the Fluka simulation and the MAP Interaction region (IR) designed in 2018 for a 1.5
TeV CM. The shielding structure and the detector are kept exactly the same as used for the 1.5 TeV.
This is not optimal for the 3 TeV Interaction Region. Several improvements are already being discussed.
Under these conservative assumptions, the results show that the beam-induced background effects on the
detector are similar to those found in the 1.5 TeV study and the characteristics are determined by the
shielding structure. This gives confidence that the background can also be managed at higher energies.

The collaboration will optimize the configuration of the IR together with the shielding elements
to reduce their dimensions, therefore increasing the detector acceptance in the forward region. A proper
combined optimization of the system of detector, shielding and IR will enable avoidance of background
hot spot points increasing the detector performance in the forward region. These activities require a very
close collaboration among detector and accelerator experts, who have to work more closely than than in
previous facility design activities.

Experts are required in novel shielding materials that can absorb different particle species and
momenta. The lessons learned in design of the 3 TeV system will serve as a starting point for the 10
TeV case. Here a change of paradigm is needed. No detector has been designed for such high energy
lepton collisions. The beam-induced background and its shielding, together with a possible detector will
be studied by using the tools developed for the 3 TeV case, keeping in mind the change of paradigm.

3.1.9 Neutrino flux

The decay of muons in the collider ring produces a dense flux of neutrinos that will exit from the ground
at significant distance from the collider. The flux is very dense because the neutrinos have a very small
angle with respect to the initial muon trajectory.

Studies are underway to reduce the density of this flux from the collider ring arcs such that it leads
to a negligible impact on the environment, similar to the LHC. A solution has been proposed to place
beam line components on movers and deforming the ring periodically in small steps such that the muon
beam does not point to a specific location for an extended time. This solution allows to reduce the flux to

15



a negligible level and an order of magnitude below the goal of the MAP study, even for a 14 TeV collider
placed 200 m deep underground. The study will address the mechanical aspects of the solution and its
impact on the beam operation.

A dedicated effort, supported by civil engineers, beam scientists, FLUKA and radiation experts
will also assess the impact of the insertions on the neutrino flux.

The impact of accidental beam loss can be mitigated by placing the tunnel sufficiently deep. In this
case a lost muon beam would not be able to penetrate the Earth sufficiently to escape from the surface.
The required depth is less than for the neutrino flux mitigation.

3.2 Required R&D
The MAP Collaboration initiated its study with an evaluation of the feasibility of the key sub-systems re-
quired to deliver an energy-frontier collider. Several issues were identified as part of the MAP Feasibility
Assessment that had the greatest potential to prevent the realisation of a viable muon collider concept.
These included:

– operation of RF cavities in high magnetic fields in the front end and cooling channel;
– development of a 6D cooling lattice design consistent with realistic magnet, absorber, and RF

cavity specifications;
– a direct demonstration and measurement of the ionisation-cooling process;
– development of very-high-field solenoids to achieve the emittance goals of the Final Cooling sys-

tem;
– demonstration of fast-ramping magnets to enable RCS capability for acceleration to the TeV scale.

While other machine design and engineering conceptual efforts were pursued to develop the over-
all definition of a muon collider facility, research in the above feasibility areas received the greatest
attention as part of the MAP effort. An important outcome of MAP was that progress in each of the
above areas was sufficient to suggest that there exists a viable path forward. The test program at Fer-
milab’s MuCool test area demonstrated operation of gas-filled and vacuum pillbox cavities with up to
50 MV/m gradients in strong magnetic fields [5, 8]; a 6D cooling lattice was designed that incorporated
reasonable physical assumptions [14]; a final cooling channel design, which implemented the constraint
of a 30 T maximum solenoid field, came within a factor of two of meeting the transverse emittance goal
for a high energy collider [10]; and while further R&D is required, fast-ramping magnet concepts [3] do
exist that could deliver TeV muon beams. Since the end of the MAP studies a number of technologies
have developed, which make the muon collider a promising avenue of study. In particular, new studies
are required to leverage the now increased limits of solenoids and RF cavities, which theory suggests
should give an improved cooling channel performance

A muon collider with a centre-of-mass energy around 3 TeV could be delivered on a time scale
compatible with the end of operation of the HL-LHC. A technically limited time line is shown in Fig. 2
and discussed in greater detail here [6]. The muon collider R&D programme will consist of the initial
phase followed by the conceptual and the technical design phases. The initial phase will establish the
potential of the muon collider and the required R&D programme for the subsequent phases.

The performance and cost of the facility would be established in detail. A programme of test
stands and prototyping of equipment would be performed over a five-year period, including a cooling
cell prototype and the possibility of beam tests in a cooling demonstrator. This programme is expected to
be consistent with the development of high field solenoid and dipole magnets that could be exploited for
both the final stages of cooling and the collider ring development. A technical design phase would follow
in the early 2030s with a continuing programme focusing on prototyping and preseries development
before production for construction begins in the mid-2030s, to enable delivery of a 3 TeV collider by
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Table 1: Tentative target parameters for a muon collider at different energies based on the MAP design
with modifications. These values are only to give a first, rough indication. The study will develop
coherent parameter sets of its own.

Parameter Symbol Unit Target value
Centre-of-mass energy Ecm TeV 3 10 14

Luminosity L 1034 cm−2 s−1 1.8 20 40
Collider circumference Ccoll km 4.5 10 14

Muons/bunch N 1012 2.2 1.8 1.8
Repetition rate fr Hz 5 5 5
Beam power Pcoll MW 5.3 14.4 20

Longitudinal emittance εL MeVm 7.5 7.5 7.5
Transverse emittance ε µm 25 25 25

IP bunch length σz mm 5 1.5 1.07
IP beta-function β mm 5 1.5 1.07

IP beam size σ µm 3 0.9 0.63

2045. The programme is flexible, in order to match the prioritisation and timescales defined by the next
ESPPU, P5 and equivalent processes.

Based on the MAP design, target parameter sets have been defined for the collider as a starting
point, shown in table 1 above. The parameter sets have a luminosity-to-beam-power ratio that increases
with energy. They are based on using the same muon source for all energies and a limited degradation
of transverse and longitudinal emittance with energy. The design of the technical components to achieve
this goal are a key element of the study. It is important to emphasize that a 10 TeV lepton collider is
uncharted territory and poses a number of key challenges.

– The collider can potentially produce a high neutrino flux that might lead to increased levels of
radiation far from the collider. This must be mitigated and is a prime concern for the high-energy
option.

– The Machine Detector Interface (MDI) might limit the physics reach due to beam-induced back-
ground, and the detector and machine need to be simultaneously optimised.

– The collider ring and the acceleration system that follows the muon cooling can limit the energy
reach. These systems have not been studied for 10 TeV or higher energy. The collider ring design
impacts the neutrino flux and MDI.

– The production of a high-quality muon beam is required to achieve the desired luminosity. Optimi-
sation and improved integration are required to achieve the performance goal, while maintaining
low power consumption and cost. The source performance also impacts the high-energy design.

Integrated accelerator design of the key systems is essential to evaluate the expected performance,
to validate and refine the performance specifications for the components and to ensure beam stability and
quality. A description of the key technology challenges and their relation to the state-of-the art can be
found here [6].

3.3 Required and Desirable Demonstrators
Demonstrations are required both for the muon source and the high energy complex. The compact nature
of the muon cooling system, high gradients and relatively high-field solenoids present some unique chal-
lenges that require demonstration. The high-power target also has a number of challenges that should be
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Fig. 2: A technically limited timeline for the Muon Collider R&D programme

evaluated using irradiation facilities or single impact beam tests. The issues in the high energy complex
arise from the muon lifetime. Fast acceleration systems and appropriate handling of decay products result
in unique challenges for the equipment. The following new facilities are required and will be developed
or constructed as part of the program:

3.3.1 Ionization cooling demonstrator

MICE only demonstrated transverse cooling without re-acceleration and operated at relatively high emit-
tance. Further tests must be performed to demonstrate the 6D cooling principle at low emittance and
including re-acceleration through several cooling cells. Many of the challenges are associated with inte-
gration issues of the magnets, absorbers and RF cavities. For example, operation of normal conducting
cavities near to superconducting magnets may compromise the cryogenic performance of the magnet.
Installation of absorbers, particularly using liquid hydrogen, may be challenging in such compact as-
semblies. In order to understand and mitigate the associated risks, an offline prototype cooling system
will be required. Such a system will require an assembly and testing area, with access to RF power
and support services. This could be integrated with the demonstrator facility, as it will need an area for
staging and offline testing of equipment prior to installation on the beamline. The possibility to perform
intensity studies with a muon beam are limited. In the first instance such effects should be studied using
simulation tools. If such studies reveal potential technical issues, beam studies in the presence of a high
intensity source will be necessary, for example using protons.

3.3.2 Ionization Cooling RF development

The cooling systems require normal-conducting RF cavities that can operate with high gradient in strong
magnetic fields without breakdown. No satisfactory theory exists to model the breakdown. Considerable
effort was made by MAP to develop high-gradient RF cavities. Two test cavities have been developed:
The first cavity was filled with gas at very high pressure. The second cavity used beryllium walls. Both
tests presented promising results. In the meantime operation of normal-conducting RF cavities at liquid
nitrogen temperature has been demonstrated to reduce multipacting. In order to test the concepts above
and others further, a dedicated test facility is required. An RF source having high peak power at the
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appropriate frequency and a large aperture solenoid that can house the RF cavity will be needed. No
such facility exists at present.

3.3.3 Cooling magnet tests
In order to improve cooling performance high field magnets are required with opposing-polarity coils
very close together. The possibility to implement high-field magnets (including those based on HTS) will
be investigated, with appropriate design studies leading to the construction of high-field solenoid magnets
having fields in the range 20 T to 25 T. Very high field magnets are required for the final cooling system.
In this system, the ultimate transverse emittance is reached using focusing in the highest-field magnets
As a first step, a 30 T magnet, corresponding to the MAP baseline, would be designed and constructed.
Feasibility studies towards a 50 T magnet would also be desirable, which may include material electro-
mechanical characterization at very high field as well as technology demonstration at reduced scale.
These very demanding magnets are envisaged to be developed separately to the cooling demonstrator.
Eventually they could be tested in beam if it was felt to be a valuable addition to the programme. In
order to support this magnet R&D, appropriate facilities will be required. Testing of conductors requires
a suitable test installation, comprising high field magnets, variable temperature cryogenics and high-
current power supplies. Magnet development and test will also require these facilities in addition to
access to appropriate coil and magnet manufacturing capabilities.

3.3.4 Acceleration RCS magnets
Acceleration within the muon lifetime is rather demanding. The baseline calls for magnets that can cycle
through several T on a time scale of a few ms. The exact specification will be defined during the design
work, but it is clear that a resonant circuit is the best suited solution to power the magnets. The design
of the magnet and powering system will be highly integrated, and work on scaled prototypes is antic-
ipated. Superconducting RCS magnets may offer higher field reach than normal-conducting magnets,
but are challenging to realise owing to heating arising from energy dissipation in the conductor during
cycling (AC loss). This heating can lead to demands on the cryogenic systems that outweigh the benefits
over normal-conducting magnets. Recent prototypes have been developed using HTS that can operate at
higher temperatures, and in configurations leading to lower AC losses, yielding improved performance.
In order to continue this research, magnet tests with rapid pulsed power supplies and cryogenic infras-
tructure will be required.

3.3.5 Effects of radiation in material
The high beam power incident on the target and its surroundings is very demanding. Practical experience
from existing facilities coupled with numerical studies indicate that there will be challenges in terms of
target temperature and lifetime. Instantaneous shock load on the target will also be challenging. Tests
are foreseen to study behaviour of target material under beam in this instance. Tests are desirable both
for instantaneous shock load and target lifetime studies. Additionally, the effect of radiation in the target
region on the superconducting materials (LTS and HTS) and insulators is an important parameter. As
the target solenoid design matures, additional studies may be required taking into account the magnet
arrangement, conductor design and estimates of radiation levels. In order to realise such tests, facilities
having both instantaneous power and integrated protons on target equivalent to the proton beam param-
eters assumed for this study are desirable. The database of radiation effects on superconductors (HTS)
and insulators also requires an extension to cover the projected conditions in the target area.

3.3.6 Superconducting rf cavities
Development of efficient superconducting RF with large accelerating gradient is essential for the high
energy complex. Initially work will focus on cavity design; however eventually a high gradient prototype
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at 300-400 MHz frequency will be required. In order to realise such a device, appropriate superconduct-
ing cavity production and test facilities will be required including surface preparation techniques and a
capability for high power tests.

4 Staging Options and Upgrades
At this moment no limit is known to the energy reach of the muon collider. Practical limits such as cost
and power consumption as well as the luminosity reach at each energy are the key considerations for the
choice of energies. Other limits might come from the impact on the site resulting from the neutrino flux
or the background conditions in the experiments since they could also limit the luminosity.

We therefore consider a programme with energy stages to limit the cost and risk of each stage.
Currently, there is no obvious strong benefit of reducing the luminosity at each energy stage and foresee
future large upgrades. However, smaller scale improvements of the luminosity at each energy stage can
be implemented as will be discussed below.

4.1 Energy Upgrades
The muon collider can be implemented as a staged concept providing a road toward higher energies.
The accelerator chain can be expanded by an additional accelerator ring for each energy stage. A new
collider ring is required for each energy stage. Currently, we envisage that the new accelerator ring would
be a hybrid pulsed synchrotron that uses a combination of fast-ramping magnets interleaved with static
superconducting magnets. Hence it may be possible to to reuse the magnets and other equipment of the
previous collider ring.

Currently, the focus of the study is on 10 TeV. This energy is well beyond the 3 TeV of the third
and highest energy stage of CLIC, the highest energy proposal with a CDR. An potential intermediate
energy of 3 TeV is envisaged at this moment. Its physics case is similar to the final stage of CLIC and it
is expected that this stage would roughly cost half as much as the 10 TeV stage.

A 3 TeV stage is less demanding in several technological areas. It may not be necessary to im-
plement a mechanical neutrino flux mitigation system in the collider ring arcs, moving the beam inside
of the magnet apertures may be sufficient. The final focus magnets require an aperture and a gradient
comparable to the values for HL-LHC.

In general, it will be possible to implement larger margins in the design at 3 TeV. The operational
experience will then allow to accept smaller margins at 10 TeV.

The strength of its dipoles drives the collider ring size and impacts the luminosity. The cost
optimum is given by the magnet and tunnel cost; it is possible that cheaper, well stablished magnet
technology - such as NbTi at this moment - would result in a lower cost even if the tunnel has to be
longer. For fixed beam current, the luminosity is proportional to the magnet field and is one aspect of the
trade-off.

Once the cost scale of the muon collider concept is more precisely known and once the mitigation
of the technical challenges are well defined, the energy staging will be reviewed taking into account the
physics case and additional considerations from the site and reuse of existing equipment and infrastruc-
ture, such as the LHC tunnel. This will provide a sustainable road with important physics cases for its
affordable stages.

4.2 Luminosity Upgrades
After the construction of each energy stage the luminosity can be increased by limited modifications
using improved technologies. This includes in particular the final cooling and the final focusing systems.

The luminosity of the muon collider is driven by the beam power and brightness and the ability to
take advantage of this brightness by focusing to very small sizes beam sizes in the collision point. The

20



beam power is closely linked to the power consumption of the collider and depends on the efficiency
of the muon cooling complex, the accelerating RF systems, the fast-ramping magnet systems and the
mitigation of heat load in the superconducting components of the complex induced by muon decay.

An increase in beam power by increasing the repetition rate can be considered. In addition to
increased power consumption for the RF, fast-ramping magnet and cooling systems, this would also
increase the power in the proton target which is expected to be an important limitation. Whether an
operation of two targets by alternating the pulses between them is feasible at acceptable cost remains to
be evaluated.

A larger beam brightness resulting from an increase of the bunch charge within the same emittance
would also allow to increase the luminosity, even if the repetition rate would have to be reduced to remain
at the same power consumption. However, this case might have to mitigate intensity bottlenecks along
the collider chain.

The beam brightness depends in particular on the final muon cooling system. Further improve-
ment of the design and the technology of this complex are mainly a technical challenge and could be
implemented at relatively limited cost when the muon collider is already operating. Similarly, one can
envisage that better final focus quadrupoles would allow an increase of the luminosity at a later stage
with limited cost.

4.3 Experimental system Upgrades
Several instrumentation challenges need to be addressed in building detectors able to successfully de-
liver the physics potential of a multi-TeV muon collider. Detectors and event reconstruction techniques
need to be designed to cope with the presence of the beam-induced background (BIB) produced by the
muon decays and their interaction with the machine elements at the Machine Detector Interface. The
available and incoming detector technologies were proved suited to be exploited in an experiment at a
muon collider operating at

√
s = 3 TeV, while the energy regime of the decay products in the environ-

ment at
√
s = 10 TeV still demands for in depth dedicated studies. Operating conditions expected at√

s = 1.5 TeV, simulated with highly comparable results both in MARS15 and FLUKA frameworks,
for a 200 days of operation per year, result in ∼ 1014−15 cm−2y−1 1-MeV-neq fluence in the region of
the tracking detector and ∼ 1014 cm−2y−1 in the electromagnetic calorimeter, with a steeply decreas-
ing radial dependence beyond it. The total ionizing dose is ∼ 10−3 Grad/y on the tracking system and
∼ 10−4 Grad/y on the electromagnetic calorimeter. With the FLUKA simulation at

√
s = 3 TeV and the

preliminary results obtained with the first lattice at
√
s = 10 TeV there is no indication of an effective

degradation of the radiation levels in the detector volume. Inner tracking has to cope with a hit density of
up to 1,000 hits/cm2, with a the density decreasing rapidly as a function of the radial distance from the
beam-line. In the expected operating conditions, high performance tracking is necessary to achieve good
efficiency and resolution for reconstructing charged leptons, jets, energy sums, displaced vertices origi-
nating from the heavy flavor jets, as well as potential new phenomena. Promising tracking technologies
rely on the high granularity of silicon pixels, necessary to reduce hit occupancy level of a few %. More-
over excellent timing resolution in the tracking detector and the calorimeter systems would allow a more
efficient background rejection on detector and at filtering level. New dedicated muon spectrometers,
trigger systems and data acquisition are under study.

It should be mentioned that development of these technologies is beneficial for other future collider
options, in particular high energy hadron machines.

5 Synergies with other concepts and/or existing facilities
The ambitious programme of R&D necessary to deliver the muon collider has the potential to enhance
the science that can be done at other muon-beam facilities. On the contrary, the progresses in other
accelerator facilities will also benefit the design and construction of the muon collider in the future.
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Fig. 3: Schematic showing nuSTORM including the muon cooling demonstrator for the muon collider.

nuSTORM and ENUBET offer world-leading precision in the measurement of neutrino cross sections
and exquisite sensitivity to sterile neutrinos and physics beyond the Standard Model. nuSTORM in
particular will require capture and storage of a high-power pion and muon beam and management of the
resultant radiation near to superconducting magnets. The target and capture system for nuSTORM and
ENUBET may also provide a testing ground for the technologies required at the muon collider and as a
possible source of beams for the essential 6D cooling-demonstration experiment, for example as in the
schematic shown in fig. 3. The ongoing LBNF and T2HK projects and their future upgrades will develop
graphite targets to sustain the bombardment of MW-level proton beams, which may also lead to a solution
for the muon production target for the muon collider. The next generation searches for charged lepton
flavour violation exploit high-power proton beams impinging on a solid target placed within a high-field
solenoid, such as Mu2e at FNAL and COMET at J-PARC. The technological issues of target and muon
capture for these experiments are similar to those present in the muon collider design. The potential to
deliver high quality muon beams could enhance the capabilities of muon sources such as those at PSI,
J-PARC and ISIS. The use of frictional cooling to deliver ultra-cold positive and negative muon beams
is under study at PSI and may be applicable to the muon collider. FFAs have been proposed as a route to
attain high proton beam power for secondary particle sources such as neutron spallation sources, owing to
the potential for high repetition rate and lower wall plug power compared to other accelerator schemes.
The technology related to FFA will be beneficial to choose the fast acceleration scheme of the lower-
energy acceleration stages of the muon collider. High-power proton accelerators are in fast development
use throughout the world, including linacs, rapid cycling synchrotrons, and accumulator or compressor
rings, for example, proton drivers ranging from hundreds of kW to multiple MW for spallation neutron
sources such as SNS, J-PARC, ESS, ISIS and CSNS, those in about 1 MW for neutrino beams such
as FNAL and J-PARC proton accelerator complexes, and those in multiple MW and CW mode for
accelerator-driven systems such as CiADS and MYRRHA. The progresses made in the facilities will
accumulate the required accelerator technologies for the muon collider. The underlying technologies
required for the muon collider are also of interest in many scientific fields. The delivery of high field
solenoid magnets is of great interest to fields as wide ranging as particle physics, accelerator science
and imaging technology. Operation of RF cavities with high gradient is of interest to the accelerator
community.

6 Conclusion
The muon collider presents enormous potential for fundamental physics research at the energy frontier.
Previous studies, in particular the MAP study, have demonstrated feasibility of many critical compo-
nents of the facility. A number of proof-of-principle experiments and component tests, such as MICE,
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EMMA and the MuCool RF programme, have been carried out to practically demonstrate the underlying
technologies.

The muon collider is based on novel concepts and is not as mature as the other high-energy lepton
collider options, in particular also compared to the highest energy option CLIC. However, it promises
a unique opportunity to deliver physics reach at the energy frontier on a cost, power consumption and
time scale that might improve significantly on other energy-frontier colliders. At this stage, building on
significant prior work, it was not identified any showstopper in the concept. Therefore a development
path can address the major challenges and deliver a 3 TeV muon collider by 2045.

A global effort has identified the R&D effort that it considers essential to address these challenges
before the next regional strategy processes to a level that allows estimation of the performance, cost and
power consumption with adequate certainty. Execution of this R&D is required in order to maintain
the timescale described in this document. Ongoing developments in underlying technologies will be
exploited as they arise in order to ensure the best possible performance. This R&D effort will allow
future strategy processes to make fully informed recommendations. Based on the subsequent decisions,
a significant ramp-up of resources could be made to accomplish construction by 2045 and exploit the
enormous potential of the muon collider.

Bright muon beams are also the basis of neutrino physics facilities such as NuSTORM and ENU-
BET. These could potentially share an important part of the complex with a muon cooling demonstrator.
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