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Abstract

This document summarises the International Muon Collider Collaboration (IMCC)
progress and status of the Muon Collider R&D programme.
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Executive summary

The recent European Strategy for Particle Physics Update (ESPPU) and the Snowmass processes have rmly es-
tablished the need to get to the 10 TeV partonic center-of-mass (pCOM) energy collisions in order to make a major
step forward in our understanding of particle physics. The International Muon Collider Collaboration (IMCC) was
formed in 2020 to secure a novel, sustainable path toward this goal by developing the muon collider concept and
addressing the related challenges. The collaboration obtained strong support by many partner institutes and fund-
ing agencies across the globe, the European Union and recently the Particle Physics Project Prioritization Panel
(P5) in the US. It is currently hosted at CERN and has 50 full and several associated members. IMCC aims to
develop a staged approach to a 10 TeV, high-luminosity muon collider.

The report summarizes progress made since the inception of IMCC and describes what is expected to be
achieved by 2026 with currently secured resources. It also outlines important additional accelerator and detector
studies that could be addressed and completed by 2026, if additional resources were made available. In 2025,
IMCC will provide the ESPPU with an evaluation report that assesses the muon collider potential and an R&D
path plan. Later it will submit the updated information to strategy process in the U.S. and potentially other regions
and countries.

Motivation

A muon collider with 10 TeV energy would enable an exceptionally broad physics programme. It could discover
new particles with presently inaccessible mass, including weakly interacting massive particles (WIMP) dark matter
candidates. It could discover cracks in the Standard Model by the precise study of the Higgs boson, including
the direct observation of double-Higgs production and the precise measurement of triple Higgs coupling. It will
uniquely pursue the quantum imprint of new phenomena in novel observables by combining precision with energy.
It gives unique access to new physics coupled to muons and delivers beams of neutrinos with unprecedented
properties from the muons' decay.

This unmatched physics program can be realised because the muon collider offers major advantages in
terms of the footprint, cost, and power consumption when compared to the next generation of high-energy lepton
and hadron machines. In order to directly probe the existence of new heavy states, the luminosity of colliders has
to increase with the square of the collision energy to compensate for the reductichamnnel cross sections. The
potential of muon colliders to improve the luminosity to beam power ratio at high energies is therefore a major
bene t. Based on a combination of physics and technical considerations, the integrated luminosity target was set
to10ab ! at 10 TeV.

Work programme and resources

The IMCC, the muon beam panel of the European Large National Laboratories Directors Group (LDG) and the
Snowmass process in the U.S. have all assessed the muon collider concept. They concluded that the concept is
less mature than linear colliders but that there are no insurmountable obstacles. The concept promises a unique
path toward high energy and high luminosity with limited cost and power consumption; this makes it important to
address the challenges of the concept and open this path to the future.

A vigorous R&D program is needed to develop an end-to-end design and to unequivocally demonstrate
feasibility of the machine and the detector performance. With involvement of the global community, a concise set
of work-packages has been developed for the European Strategy for Particle Physics—Accelerator R&D Roadmap
by the Laboratory Directors Group, hereinafter referred to as the European LDG roadmap. This process provided
an excellent basis for the global collaboration and planning of future work. The short-term goal is to assess
initial technical feasibility of a 10 TeV collider, identify key R&D items, develop an implementation timeline, and
provide an initial cost estimate in time for the next ESPPU process. Further studies will address strategic needs in
the U.S. and other regions.



IMCC is actively pursuing resources to complement the resources already foreseen by CERN and from
other collaboration partners. In 2023 European Commission support was obtained for a design study of a muon
collider. This project started in March 2023 and its work-packages are well aligned with the overall IMCC studies.
The secured resources are used following the priorities established in the European LDG roadmap and will be able
to cover about 40% of the programme by the end of 2026.

The project continues to make important progress and the collaboration steadily grows as detailed in this
report. Examples of the ongoing efforts include studies and prototyping plans of the magnet and RF systems and
their integration into a muon cooling cell. Progress is being made in designs of the muon production target, the
muon cooling section, the fast-ramping accelerators, and the collider ring. Detailed studies of the machine-detector
interface and the beam-induced background in the detector are also advancing.

A further increase in the design effort for the accelerator complex and the detector as well as the associated
technologies is required to achieve the goals presented in the European LDG roadmap. In addition, the start of
an experimental program is essential to develop the technologies, in particular the muon cooling cell magnets,
RF systems and absorbers as well as their integration. Other key items are the muon production target and its
solenoid, which is similar to what is required for fusion reactors. The fast-ramping magnets and power converter
of the acceleration system. Several test infrastructures are instrumental to achieve progress, including one to test
RF cavities in high magnetic eld and one to test a muon cooling module prototype.

In December 2023, the U.S. Particle Physics Projects Prioritization Panel (P5) recommended that the
U.S. should develop a collider with 10 TeV parton collision energies, such as a muon collider, a proton collider, or
possibly an electron-positron collider. The report states: “In particular, a muon collider presents an attractive op-
tion both for technological innovation and bringing the energy frontier back to the U.S. The U.S. should participate
to the IMCC and have the ambition to host a future collider.” Several U.S. institutes have already of cially joined
the IMCC and members of the U.S. community are actively engaged in the collaboration's work. The amount of
dedicated resources in the U.S.is not nalized and a considerable amount of time will be needed to ramp up the
effort. IMCC plans to revise both the organization and the work plan together with colleagues from the U.S. and
other regions. The ambition of the U.S. to host a muon collider facility further strengthens motivation for the R&D
and facilitates the demonstrator planning at a faster pace. Besides the U.S., collaborative ties are being established
with other regions of the world.

Site and timeline

The study is currently focusing on a site-agnostic design. The bene ts of reusing the existing infrastructure, such
as the existing proton complexes and collider tunnels, will be considered but detailed studies will only follow at

a later time. Potential sites in Europe near CERN and in the United States at Fermilab are being explored and
other regions may propose alternative sites as the study progresses. Close to CERN, a potential location and
orientation of the collider ring have been identi ed that can mitigate effects of the neutrino ux. Muon collider
implementation at Fermilab requires that the accelerator rings all t within the laboratory's boundaries and rst
considerations indicate that this is possible.

There are many global uncertainties in planning of the next generation of collider facilities. These include
budgetary and geopolitical considerations that are often outside of control for our eld. The muon collider is
an important concept in the long run since it allows highest lepton collision energies; it could operate after or
in parallel to a Higgs factory. In the U.S., the muon collider can be the next high-energy frontier project for
particle physics. If no Higgs factory is being built Europe, the muon collider could be the next project after the
High-Luminosity Large Hadron Collider (HL-LHC). In light of these uncertainties, we focus on development of
the fastest implementation timeline, while maintaining as much exibility as possible. This timeline is based
on technical considerations, such as the typical amount of time needed to make one iteration on the magnet
technology, and hence we refer to it as “technically limited”. We assume that no show-stoppers will occour during
the course of the R&D programme and that the required funding and resources will be made available.
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We consider a staged implementation of the collider, based on the anticipated maturity of the relevant
technologies in about 15 years, in particular the most critical ones: the muon cooling technology, the detector
technologies and the high temperature superconductor (HTS) solenoid technology. Only HTS-based collider ring
magnet technology may not be mature at this timescale and is not planned for the rst stage. Depending on the
physics needs and the funding situation, energy staging or luminosity staging can be considered. One can start
with a cheaper, lower energy stage (e.g. 3 TeV) at full luminosity performance that is later extended to 10 TeV or
higher with improved technology. Alternatively, one can implement a 10 TeV collider directly, albeit with reduced
luminosity, which can later be upgraded to the nominal luminosity, similarly to HL-LHC. Both approaches do not
require HTS dipoles and allow a fast implementation of a muon collider with a start of operation before 2050,
provided the decision-making process is well prepared and development resources are made available. A muon
collider can thus be the next high-energy frontier agship project in all regions, e.g.in Europe it could follow
directly after the HL-LHC.

Synergies and outreach

Many young scientists have developed their scienti ¢ and technical skills in the eld of particle physics and the
associated accelerators; they also learned to work in large international collaborations. The muon collider is a
novel concept and opens opportunities for junior researches to make innovative contributions that are much harder
to make in long-established design approaches.

The muon collider has synergies with other particle and nuclear physics projects, e.g.in the detector tech-
nologies and concepts, the magnet technology for hadron colliders, the high-ef ciency RF technology and high-
power targets for neutron spallation sources. It also needs several technologies that differ from other colliders.
High- eld solenoids based on high-temperature superconductor are a prime example and are also of interest for
fusion reactors and power generators for off-shore windmills as well as life and material sciences, e.g. nuclear
magnetic resonance and magnetic reasonance imaging.

The test facility and the collider itself require a high power proton source. This allows to share technology
and potentially even facilities with neutrino facilities (e.g. NUSTORM, neutrino factory, DUNE), lepton avour vi-
olation experiments (e.g. Mu2e, Mu2e-Il, COMET, AMF) and the next generation of low-energy, highly polarized
muon beams.

Conclusion

The unparalleled physics case coupled with sustainability arguments created a very strong recent interest in the
muon collider concept. This interest led to formation of the International Muon Collider Collaboration. The near
term goal for the collaboration is to assess initial technical feasibility of the machine, identify key R&D items,
develop an implementation timeline, and provide an initial cost estimate in time for the next ESPPU process.
There has been a signi cant R&D progress made by the collaboration and its partner institutions, including those
from the U.S. during the Snowmass process. The recent P5 recommendations further stressed the importance of
the R&D program. Realization of a staged muon collider appears promising but the effort is in strong need for
additional resources, in particular to strengthen the hardware developments.
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1 Overview of collaboration goals, challenges and R&D programme

The International Muon Collider Collaboration (IMCC) [1] was established in 2020 following the recommen-
dations of the European Strategy for Particle Physics (ESPP) and the implementation of the European Strategy
for Particle Physics—Accelerator R&D Roadmap by the Laboratory Directors Group [2], hereinafter referred to
as the the European LDG roadmap. The Muon Collider Study (MuC) covers the accelerator complex, detectors
and physics for a future muon collider. In 2023, European Commission support was obtained for a design study
of a muon collider (MuCol) [3]. This project started off March 2023, with work-packages aligned with the
overall muon collider studies. In preparation of and during the 2021-22 U.S. Snowmass process, the muon col-
lider project parameters, technical studies and physics performance studies were performed and presented in great
detail. Recently, the P5 panel [4] in the U.S.recommended a muon collider R&D, proposed to join the IMCC
and envisages that the U.S. should prepare to host a muon collider, calling this their “muon shot”. In the past the
U.S. Muon Accelerator Programme (MAP) [5] has been instrumental in studies of concepts and technologies for
a muon collider.

1.1 Motivation

High-energy lepton colliders combine cutting edge discovery potential with precision measurements. Because
leptons are point-like particles in contrast to protons, they can achieve comparable physics at lower centre-of-mass
energies [6-9]. However, to ef ciently reach the 10+ TeV scale recognized by ESPP and P5 as a necessary target
requires a muon collider. A muon collider with 10 TeV energy or more could discover new particles with presently
inaccessible mass, including WIMP dark matter candidates. It could discover cracks in the Standard Model (SM)
by the precise study of the Higgs boson, including the direct observation of double-Higgs production and the
precise measurement of triple Higgs coupling. It will uniquely pursue the quantum imprint of new phenomena
in novel observables by combining precision with energy. It gives unique access to new physics coupled to
muons and delivers beams of neutrinos with unprecedented properties from the muons' decay. Based on physics
considerations, an integrated luminosity target of 10'adt 10 TeV was chosen. However, various staging options

are possible that allow fast implementation of a muon collider with a reduced collision energy or the luminosity

in the rst stage and reaches the full performance in the second stage.

In terms of footprint, costs and power consumption a muon collider has potentially very favourable prop-
erties. The luminosity of lepton colliders has to increase with the square of the collision energy to compensate
for the reduction irs-channel cross sections. Figure 1.1 (right panel) compares the luminosities of the Compact
Linear Collider (CLIC) and a muon collider, based on the U.S. Muon Accelerator Programme (MAP) parame-
ters [7], as a function of centre-of-mass energy. The luminosities are normalised to the beam power. The potential

Fig. 1.1: Left: Conceptual scheme of the muon collider. Right: Comparison of CLIC and a muon
collider luminosities normalised to the beam power and as a function of the centre-of-mass energy.
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of muon colliders to improve the luminosity to beam power ratio at high energies is one of the main advantages of
the concept.

1.2 The accelerator concept

IMCC studies a muon collider concept that has initially developed by MAP; a schematic view is shown in Fig. 1.1
(left panel).

The proton complex produces a short, high-intensity proton pulse that hits the target and produces pions.
The decay channel guides the pions and collects the produced muons 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 eld. A system of a linac and two recirculating linacs
accelerate the beams to 63 GeV followed by a sequence of high-energy accelerator rings; the optimum sequence
needs to be determined based on the ongoing studies. Finally the beams are injected at full energy into the collider
ring. Here, they will circulate to produce luminosity until they are decayed; alternatively they can be extracted
once the beam current is strongly reduced.

A set of parameters has been de ned for 10 TeV and also 3 TeV. These are target parameters to explore the
limits of each technology and design. If they can be fully met, the integrated luminosity goal could be reached
within ve years (or2:5 years, with two detectors) of full luminosity operation. This provides margin for further
design and technology studies and a realistic ramp-up of the luminosity. It also enables to consider initial stages
that can be implemented faster but often with reduced luminosity performance in this stage.

Table 1.1: Tentative target parameters for a muon collider at different energies. These values are only to

give a rstindication and correspond to the two stagin scenarios discussed in Section 1.6. The estimated
luminosity refers to the value that can be reached if all target speci cations can be reached; it also

includes the beam-beam effect.

Parameter Symbol unit Scenario 1 Scenario 2
Stage 1| Stage 2|| Stage 1| Stage 2
Centre-of-mass energy R Ecm TeV 3 10 10 10
Target integrated luminosity L target ab 1! 1 10 10
Estimated luminosity L estimated | 10%%cm 2s 1 2.1 21 tbc 14
Collider circumference Ceoll km 4.5 10 15 15
Collider arc peak eld Barc T 11 16 11 11
Luminosity lifetime Nturn turns 1039 1558 1040 1040
Muons/bunch N 102 2.2 1.8 1.8 1.8
Repetition rate fr Hz 5 5 5 5
Beam power Pcall MW 53 14.4 14.4 14.4
RMS longitudinal emittance " evs 0.025 | 0.025 || 0.025 | 0.025
Norm. RMS transverse emittangce ", pm 25 25 25 25
IP bunch length 7 mm 5 1.5 tbc 1.5
IP betafunction mm 5 15 the 15
IP beam size pum 3 0.9 tbc 0.9
Protons on target/bunch Np 104 5 5 5 5
Protons energy on target Ep GeV 5 5 5 5
BS photons Ngs:0 per muon 0.075 0.2 tbc 0.2
BS photon energy Ess.o MeV 0.016 1.6 thc 1.6
BS loss/lifetime (2 IP) EBs:tot GeV 0.002 1.0 tbc 0.67
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Table 1.2: Tentative target beam parameters along the acceleration chain. A 10 % emittance growth
budget has been foreseen in the transverse and longitudinal planes, both for 3 and 10 TeV. This assumes
that the technology and tuning procedures will have been improved between the two stages. The very
rst acceleration is assumed to be part of the nal cooling. This choice allows to optimise the energy in
the last absorber with no strong impact on the acceleration chain.

Parameter Symbol | Unit | Final cooling| at 3 TeV | at 10 TeV

Beam total energy Ebeam GeV 0.255 1500 5000
Muons/bunch Np 10%2 4 2.2 1.8

Longitudinal emittance "k eVs 0.0225 0.025 0.025
RMS bunch length z mm 375 5 15
RMS rel. momentum spread p=P % 9 0.1 0.1
Transverse norm. emittance "» pm 22.5 25 25

Aver. grad0:2-1500 GeV Gayg | MV=m — 2.4

Aver. grad1.5-5 TeV Gavg MV =m — 1.1

1.3 Muon collider challenges

The Muon Collider Collaboration, the muon beam panel of the Laboratory Directors Group (LDG) and the Snow-
mass process in the U.S. have all assessed the muon collider challenges with the support of the global community.
Key conclusions are that although the muon collider concept is less mature than several linear collider concepts
no insurmountable obstacles have been identi ed, and that important design and technical challenges have to be
addressed with a coherent international effort. Furthermore, past work, in particular within the U.S. Muon Accel-
erator Programme (MAP) [5], has demonstrated several key MuC technologies and concepts, and gives con dence
that the overall concept is viable. Since then further component designs and technologies have been developed
that provide increased con dence that one 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 demonstrations of technology are required.

The current IMCC programme prepares the way towards a full conceptual design report (CDR) and a
demonstration programme for a muon collider. The IMCC efforts cover physics potential as well as detector and
accelerator design and performance studies. The programme will provide the necessary information and input
for the next European Strategy for Particle Physics Update and other international strategy processes, allowing
stakeholders to make informed decisions about these next steps.

Considering the facility design and technical challenges key performance drivers and goals have been
identi ed, providing guidance for prioritising studies and efforts. They include the challenges that have previously
identi ed by the MAP study but represent a wider set. Particularly important are:

— Environmental impact. The compact footprint, limited cost and power consumption are intrinsic features
that motivate the muon collider study in the rst place. Radiation protection measures will ensure a neg-
ligible impact of the facility on the environment, similar to the LHC. Based on the experience of LHC
and other accelerators, one can expect to mitigate the impact of losses in different parts of the accelerator
complex. Particular attention will be paid to the neutrino ux that is produced by the decays of the muons
in the collider ring and that exits the ground far from the collider. A mover system has been proposed
that will avoid signi cant localised neutrino ux from the arcs by vertically changing the beam angle be-
tween 1mradian tol mradian and indeed can achieve a negligible level. The mover system is currently
under study and the impact it has one the beam will be studied soon. The orientation of the The straight
experimental insertions of the collider ring will lead to a localised higher neutrino ux. Civil engineering
studies identi ed a position and an orientation of the collider ring in which the neutrinos will exit into the
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mediteranian sea and on the uninhabited side of a mountain, which could be fenced.

Machine-detector interface and detector. The muons of the beams that circulate in the collider ring
decay, each producing two neutrinos and one electron or positron. The latter will hit the aperture and create
showers. Tungsten masks protect the detector from this beam induced background. The detector will reduce
the impact of the residual background by using components with high time and space resolution. Also
the potential background from beam-beam effects is being explored but should be less severe. The studies
indicate that the radiation in the detector is roughly similar to HL-LHC. A part of the physics measurements

is not affected by the background, some part shows some residual impact. Further optimisation is ongoing
to also remove this impact.

Proton complex. In the baseline, a proton beam power of around 2 MW at 5 Hz is used for muon produc-
tion. Designs for proton facilities with similar or larger power exist. The main proton complex challenge
arises from the combination of the protons into short, high-charge bunches. The corresponding workpack-
age of the collaboration is addressing this.

Muon production. The key challenge for the high-power target is the survival of the target itself under

the shock waves of the incoming beam pulses and the temperature gradients to remove the deposited heat.
Three technologies are under consideration, a solid graphite target, a liquid metal target or an uidised
tungsten target. The target is immersed into a 20 T solenoid eld to ef ciently collect the muons. This
solenoid requires a large aperture to allow for suf cient shielding against the transverse showers from the
target. Currently the studies indicate that a graphite target and its solenoid are feasible and can provide a
suf cient number of muons.

A liquid metal or udised tungsten target would allow to sustain a higher proton beam power and produce

a larger number of muons. This can lead to improved performance and provides margin with the muon
bunch charge that could be used to reduce the cost of the downstream systems. The FCC-ee also plans to
use a liquid metal target to dump the beamstrahlung photons from the interaction region.

Muon cooling design.Muon ionisation cooling increases the muon beam brightness by repeatedly slowing

it in absorbers and re-accelerating it in RF cavities; both inside of strong solenoid elds to keep the beam
focused. This principle has been demonstrated in MICE [10]. The target parameters anticipate some
improvement of the cooling complex performance, e.g. a factor two reduction of the transverse emittance
in the nal cooling. Studies of the physical limitations of the cooling indicate that the target can be reached
in principle. The current effort focuses on improving the lattice with the aim to reach this principle limit.

Muon cooling technology.The muon cooling system requires close integration of absorbers and RF cavi-
ties in a strong magnetic eld. The operation of RF cavities in a magnetic eld can strongly limit the gra-
dient that can be achieved with no breakdown. This has been addressed by the MAP study, which showed
that gradients in excess of the design target can be achieved by using cavities with beryllium endplates or
by lling the cavities with hydrogen []. Unfortunately, the RF test stands in which these experiments were
carried out has been dismanteled. The collaboration is developing a design for a new facility to test the
RF in high magnetic eld. IMCC is actively searching for the resources to implement such a facility and
considers this a prime goals of the collaboration.

The collaboration started to develop and engineering design of a cooling cell. This will address the chal-
lenges of its components and their integration into one unit. The ndings may have important impact on
the lattice design.

The nal cooling uses highest- eld small aperture solenoids. Currently, elds of more than 30T can be
achieved using HTS in the whole solenoid. The goal for the next generation is 40 T and we use this value
in the current design effort for the nal cooling.

Muon acceleration. The lion share of the muon beam acceleration will be performed by a sequence of
pulsed synchrotrons (RCS); an alternative use of xed eld accelerators (FFAS) is also considered. In each
RCS the magnet eld is ramped up in proportion to the energy gain of the beam. Some synchrotrons
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are based on a hybrid design where the fast-ramping magnets are interleaved with static superconducting
ones. The pulsed synchrotrons face challenges in terms of optics design, the fast-ramping magnet systems
and the RF systems. Field ramp rates between a few hundred T/s in the largest nal and several kT/s in
the smallest rst ring are currently foreseen. The latter requires normal-conducting magnets while for the
former superferric or HTS magnets can also be considered. Studies indicate that the ramp speeads can be
obtained. A speci c challenge is the large stored energy in the magnets (in total in the range of O(100 MJ)),
which requires demanding power converters with very ef cient recovery of the energy of each pulse for the
subsequent one.

Ongoing studies of the RCS considering lattice design, pulsed magnets and RF are promising. An integrated
cost model is being developed that allows to identify the ramp shape with the best trade-off between RF
and magnet demands.

— Collider ring. The collider ring requires a small beta-function at the collision point, resulting in signi cant
chromaticity that needs to be compensated. It also heeds to maintain a short bunch.

High-energy electrons and positrons that arise from muon decay and strike the collider ring magnets can
cause radiation damage and unwanted heat load. Studies show that this can be mitigated with suf cient
tungsten shielding and concepts of ef cient cooling of these shields have been made. The shielding requires
a larger magnet aperture in the range which is taken into account in their concept.

A solution for 3 TeV collider ring lattice has been developed by the MAP study and successfully addresses
the challenges. The design is based ogStbmagnets with performances similar to the ones for HL-LHC.

The magnet experts expect that this technology is fully mature in 15 years.

A design of 10 TeV is more challenging because it requires an even smaller beta-function. The current
studies with higher eld HTS and hybrid magnets currently achieves the beta-function but does not yet
achieve the target energy acceptance. Further efforts aim to improve this. Otherwise one would need to
reduce the beam energy spread by about a factor two, potentially leading to a 30% luminosity reduction.

— Collective effects. A very high muon bunch charge is required to achieve the luminosity goal. This can
lead to important collective effects—such as space charge, beam loading, wake elds—that might limit the
collider performance.

— Cost and power consumption. The cost and power consumtion of the faciliy is an important challenge
since sustainability must be prime concern for future scienti ¢ projects.

1.4 Developing the muon collider study

During and after the development of the European LDG roadmap, several steps were important to generate the
framework for the muon collider studies:

— The muon collider has been reviewed by the global community. Both, the muon beam panel of the Eu-
ropean LDG roadmap as well as the Energy Frontier and Accelerator Frontier working groups of the
U.S. Snowmass process used the world-wide expertise in assessing the challenges of the concept. This
has been instrumental in identifying the required R&D programme.

— The International Muon Collider Collaboration has been established. The collaboration provides the organ-
isational framework for all the efforts to develop the collider concept.

— The inclusion of the muon collider in the medium term plan of CERN in 2021, providing an important part
of the resources.

— The decision of the European Union to fund the proposal for a co- nanced design study (MuCol) that
started in 2023. This also served to initiate the additional contributions from many of the collaboration
partners.

— Atthe end of 2023, the U.S. P5 process recommended that the U.S. join the IMCC and to consider hosting
such a facility. The collaboration organisation will adapt to fully include the U.S. as efforts will ramp up.
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The goals set out for the muon collider studies during the Snowmass process and in the P5 recommendations
are being integrated into the IMCC future programme.

The European LDG roadmap identi es a prioritised R&D programme to make fully informed decisions at the next
strategy process. It estimated the required resources to complete this programme to be a total of 446 FTE-years
and 11.9 MEUR. With the currently secured funding the collaboration can provide slightly less than 200 FTE-
years until and including 2025. Almost no material budget is available at this moment. However, the collaboration

is activley seeking to increase the funding.

1.4.1 IMCC short-term goals

The International Muon Collider Collaboration has formed with the short term goal to address the European LDG
roadmap in time for the next European Strategy for Particle Physics Update. More than 60 partner institutions are
currently involved in the muon collider studies. Three main deliverables are foreseen:

— a project evaluation report that assesses the muon collider potential;
— a R&D plan that describes a path towards the collider;

— an interim report early in 2024 (the present document) that documents progress and allows the wider com-
munity to be updated on the concept and to give feedback to the collaboration.

IMCC envisages to study the 10 TeV option, and also explore lower and higher energy options, e.g., a 3TeV
option as a step toward 10 TeV. The details of the required work and the required resources are documented in the
European LDG roadmap [2].

Overall facility parameters as cost, power/energy consumption and carbon footprint will be estimated as
the design matures, but are in many cases driving technical choices and optimisation.

1.4.2 IMCC organisation

A memorandum of cooperation (MoC) for the IMCC has been drawn up and the collaboration is rapidly growing.
The formal structure of the collaboration, as shown in Fig. 1.2 consists of the following main bodies:

— International collaboration board (ICB): The ICB role is to provide a forum for participants to examine
ongoing activities, assure appropriate, well directed use of contributions and ensure a balanced portfolio
of engagements. The chair of the ICB is elected by its members (simple majority). The ICB consists of
one representative of each participating institute that has signed the MoC. The ICB has been active since
October 2022.

— Steering board (SB): The SB oversees the execution of the muon collider study by assessing the progress,
resource usage and providing guidance. The SB reports to the LDG in Europe and to similar regional
supervising organisations in other regions as required. The SG is active and operational since Spring 2023.

— International advisory committee (IAC): The mandate of the IAC is to review the scienti ¢ and technical
progress of the study. This body is active since Spring 2024.

— Coordination committee (CC): The CC performs the overall coordination and execution of the muon col-
lider study. It is chaired by the study leader. This body consists of the workpackage leaders and some
additional experts of the collaboration and is very active. It provides the daily guidance of the study.

The workpackages of the collaboration are shown in Fig. 1.2.

The study leader is proposed by the host organization, and endorsed by the ICB. The study leader was
appointed in 2022 and has led the work to build up the collaboration and activities since then.

9
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Fig. 1.2: Organigram of the muon collider study governance structure

Fig. 1.3: The MuCol work-packages and their interactions.

1.4.3 The EU co-funded design study MuCol

IMCC successfully applied for an EU cofunded design study (named MuCol) [3]. The project staffédvarch

2023. The total co-funding of MuCol amounts to 3 MEUR, provided by the European Commission, the U.K. and
Switzerland. In the design study, CERN only receives limited contributions for administrative support and travel,
but has, in support of the successful design study bid, increased its contribution to the muon collider study.

The design study is fully integrated in the overall muon collaboration. The technical meetings and leaders
are in common and governance and management are also synchronised. The organisation is shown in Fig. 1.3.
Important activities in the collaboration are directly supported by the MuCol work-packages. In particular MuCol
contains the workpackges Physics and Detector Requirements, Proton Complex, Muon Production and Cooling,
High-energy Complex, Radio Frequency Systems, Magnet Systems and Cooling Cell Integration.
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1.4.4 Extending the collaboration—US plans after P5

In the US, the Particle Physics Projects Prioritization Panel (P5) recommended in December 2023 that the
U.S. should develop a collider with 10 TeV parton collision energies, such as a muon collider, a proton collider, or
maybe an electron-positron collider. The report states: “In particular, a muon collider presents an attractive option
both for technological innovation and bringing the energy frontier back to the US. The U.S. should participate to
the IMCC and have the ambition to host a future collider.”

U.S. groups are very active and in leading roles in the IMCC, e.g., in the Coordination Committee and the
Publications and Speakers Committee, even though in several cases the formal MoC signatures and effort ramp-up
the will need to wait for the forthcoming implementation planning of the P5 recommendations.

The collaboration plans to revise both the organisation and the workplan together with U.S. colleagues.
This will also impact the work programme laid out in this report. In particular, the ambition of the U.S.to host
such a facility strengthens the motivation for R&D and demonstrator planning at a fast pace.

The collaboration also plans to attempt further strengthen other regions' participation during this process.
There is at this moment an important potential for substantial expansion of the collaboration, resources and efforts
in Asia, and several European countries, Canada and South America.

1.5 R&D programme
The novelty of the muon collider concept implies that the R&D programme contains more uncertainty and chal-
lenges than for more conservative collider approaches.

A concise set of work-packages has been developed for the European LDG roadmap [2]. The programme
aims to provide a broad basis for the global collaboration and planning of future work towards a multi-TeV
muon collider. The programme is estimated to require about 450 full-time equivalent (FTE) years of labour and
12 MEUR material budget for the accelerator studies.

Substantial progress has been made since the de nition of the European LDG roadmap. The approval of
the EU co-funded design study MuCol, contributions from the collaboration members as well from U.S. partners
during the Snowmass process and an increase of the budget at CERN were instrumental in supporting the muon
collider study.

With the existing funding until 2026, the R&D cannot cover the full programme as described in the Euro-
pean LDG roadmap. The focus is on the most critical challenges and is guided by the priorities established by the
roadmap. The planned effort is roughly consistent with the minimal scenario in the roadmap.

The focus is on the most critical challenges:

— The development of the physics case.
— The possibility to nd a site and mitigate the neutrino ux.

— The detector concept, in particular, the machine-detector interface which drives the physics capabilities of
the detector.

— The development of the high energy accelerator design concepts, in particular the pulsed synchrotrons and
the collider ring. These are vital to reach the high energy beyond the scale studied by MAP.

— The further development of the muon production and cooling complex. The focus is on an engineering
design of the cooling cell and the evaluation of the target concept. An overall optimisation of the complex
is desirable but very resource demanding.

— The magnet technologies that drive the performance, cost and power consumption.
— The RF technologies that drive the performance, cost and power consumption.
— Other key technologies, for example shielding and cryogenics.
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1.5.1 Work organisation

The distribution of the work onto workpackages has been modi ed since the publication of the European LDG
roadmap to adjust to the availability of effort and experts. The document re ects this change. The areas represented
in the coordination committee are:

— The physics potentiallinks to all studies of the muon collider physics potential.
— The detector and MDI Links to the detector design studies and to the machine detector interface.

— The proton complexaddresses the key challenge of the accumulation of the protons in very high-charge
bunches, by addressing in detail the proton complex design, and provides the basic parameters of the
complex and the characteristics of the beam impacting on the production target.

— The muon production and coolingaddresses the production of the muons by the proton beam hitting a
target and the subsequent cooling, including some of the speci ¢ technologies, such as for the production
target and the absorbers that reduce the beam phase space volume.

— The muon acceleration complex(in MuCol part ofthe high-energy compl®studies the acceleration
complex of the muons.

— The muon collider ring and siting studies the design of the collider ring. Because the muon collider siting
is foremost driven by considerations on the neutrino ux from the collider ring the package also contains
these activities.

— Magnet systemawill establish a complete inventory of the necessary magnets to optimize and standardise
the design, and address the most critical ones. In particular it focuses on the solenoids of the muon produc-
tion and cooling, which are speci c to the muon collider, and the fast-ramping magnet system, which have
ambitious requirements on power ow and power ef ciency and limits the energy reach of the collider.

— Radio frequency (RF) systemsaddresses the muon cooling ensuring coherence in frequency choice and
synchronization among the various stages. It contributes to sustainability studies by its work on high
ef ciency RF power sources.

— The beam-matter interaction and target designlinks to the different shielding studies, in particular for
the muon production target and the collider ring.

— The collective effectsarea includes all beam dynamics studies across the complex.
— The demonstrator area connects to all the activities regarding the muon cooling demonstration.

— Cooling cell integration addresses the design of the muon cooling cell, which is a unique and novel design
and that faces integration challenges.

1.5.2 Recent progress and studies until 2026

The studies are summarised below, largely following the European LDG roadmap workpackages, which are indi-
cated in brackets.

— For thesite and neutrino ux mitigation (MC.SITE, MC.NF the following studies are ongoing and
planned by 2026:
— Veri cation of the neutrino ux impact using FLUKA and radiation protection knowledge.

— Exploration of a site and orientation of the collider ring to mitigate the neutrino ux, in particular
from the experimental insertions. This is the most dif cult challenge.

— Assessment of the mover concept to mitigate neutrino ux from the arcs.

— An assessment if the neutrino ux mitigation with movers impacts beam operation.

A number of important points cannot be covered with the current resources. This includes an assessment
of the neutrino ux mitigation for the other parts of the complex, the development of a concept to measure

12



CERN-2024-002

and verify the neutrino ux in operation and the alignment concept that allows to link the machine reliably
to the surface.

— TheMDI studies (MC.MDI) are progressing:

The simulation tools for the background prediction have been developed.

A masking system has been studied and optimisation is planned.

A programme to simulate beam-beam induced background has been developed.

Different lattice designs for the interaction region have been compared for the beam-induced back-
ground and limited differences were found.

The main effort to mitigate the background will have to be carried by the detector design.
— Theaccelerator concept and beam dynamic@MC.ACQ studies cover the key activities:

The combination of the high-power proton beam into short intense pulses.

A design of the experimental insertion and the arc lattices of the collider ring for 10 TeV.

A design of the arc lattice of the pulses synchrotrons of the muon beam acceleration system.

An improved concept of the muon cooling system.
— Assessment of key collective effects and their impact on the performance and speci cations.

Studies that are not covered are the concepts of other parts of the collider complex, e.g., the low energy
muon acceleration or the proton complex as well as full start-to-end simulations. Also alternatives for the
muon cooling and acceleration cannot be covered. Further the studies do not cover the 3 TeV design. We
anticipate that a solution for 10 TeV is also valid at 3 TeV.

— Thehigh- eld magnet (MC.HFM) studies are ongoing

— The muon production target solenoid concept is being developed, based on HTS technology.

— A database with the magnet performance speci cations from the previous MAP design has been
developed and the resulting challenges identi ed. A tool to systematically derive optimised mag-
net con gurations that create similar elds for the beam is under development and will be used on
subsequent lattice designs.

— 40T has been identi ed as a realistic goal for the nal cooling magnets and is used in the lattice
design effort. The magnet study addresses the technology challenges that stem from this eld.

— Initial limits for the collider ring magnets have been identi ed and show the need for improved
magnet protection and stress management, which will be addressed in further studies. Additional re-
sources are required to perform more cable tests and to build magnet models to verify the simulations
and improve the technology.

An experimental programme would be important to verify magnet performances and to develop the technol-
ogy, but the material budget for this is currently very limited. Also measurement of the radiation hardness
of the HTS magnets would be instrumental in establishing the performance limits.

— Thedesign of the power converters and fast-ramping normal magnet@VC.FR) for the RCSs is ongoing
in close interaction with the RF design and the lattice design. An overall optimisation will be performed
of magnets, power converter and RF systems. These systems have a very important impact on cost and
additional funding would allow experimental veri cation of the performances. The development of HTS-
based alternatives is not covered.

— TheRF system(MC.RP studies are ongoing:

— The acceleration of high-charge muon bunches to high energies is being developed using supercon-
ducting cavities. The longitudinal beam dynamics studies along the high-energy complex is progress-
ing and shows that cavities developed for the International Linear Collider (ILC) might be applicable.

— The synchronisation is being studied between the RF and the ramping of the magnets in the RCS
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together with its impact on the cost.
— The design is progressing of normal conducting cavities for the muon cooling cell.

— Themuon production target (MC.TAR studies focus on the ability of the target to withstand the beam
power and the required shielding of the surrounding solenoid. Indications are that a graphite target can
sustain about 2 MW. Higher power liquid metal target alternatives will be explored. The current resources
do not allow a complete design of the target and study of the muon capture systems.

— Theengineering design of one muon cooling cefMC.MOD) is ongoing and is instrumental to maintain
the option of a timely implementation of a demonstrator facility. Currently the resources to actually build
models of the components and ultimately a prototype of the cell are not secured.

Concepts of amRF test standare being developed and allow to apply for funding to overcome the current
lack of infrastructure of this type.

— The initial scope for thenuon cooling demonstrator (MC.DEM) has been determined and high-level
concepts of the facility are being developed to understand the footprint requirements. Initially two potential
sites at CERN have been identi ed, further options exist at Fermilab and we will invite more options. More
resources are needed to develop a full conceptual design of the facility.

The estimate of theost scale(MC.INT) has started and will use a mixture of high-level estimates with
detailed estimates of key components.

The physics potential and detector R&D goals are not part of the European LDG roadmap.

The physics potentialrequires sustained study to fully develop the understanding of the different mea-
surements that can be performed at the muon collider, in particular also in view of synergies with other physics
instruments.

A set of physics benchmark processess being developed that allows to assess the key detector concept
capabilities with a limited number of studies. The aim is to use these benchmark processes to demonstrate that the
detector performance is adequate and that the background is well controlled.

Designs of thedetector at 3 and 10 TeV detectords being developed with clear speci cations for the
technology performance. A systematic review is important of these performance requirements and an assessment
which current technology developments will meet them on which timescale. Also an exploration of alternative
technologies is essential and the derivation of a prioritised list of alternatives that should be further developed. Of
particular concern is the forward region, which suffers most from the background, as well as the detection of small
angle muons. Also some concept for the luminosity monitoring is essential.

A 3 TeV detector concept exists based on a slightly modi ed version of the CLIC detector concept. Perfor-
mance studies with this concept show that the measurement resolution for some processes is not strongly impacted
by the beam-induced background while important impact exists for other channels. A 10 TeV detector concept is
under development.

A systematic performance study of the 10 TeV detector concept is required for the benchmark processes
to establish that the physics potential can be realised. Therefore simulation of the detector is required without
and with beam-induced background in order to establish the latter has no signi cant impact on the physics perfor-
mance. The development of arti cial intelligence-based methods will be important to reduce the background at
the reconstruction and potentially the trigger level.

1.6 Timeline and staging

The potential of a muon collider to reach 10 TeV parton-parton collisions with high luminosity makes it a very
exciting future opportunity both on a longer and shorter timescale.

A roadmap towards a muon collider must remain exible, and is an important part of a diverse international
research programme in particle physics. New results, from the HL-LHC or non-accelerator based experiments,
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and potentially also lower energy experiments, might change the desired parameters for a future muon collider.
Societal changes and priorities might also in uence resource availability and hence timelines for investments in
basic science as needed for future colliders.

We already know that sustainability and environmental consideration needs to guide the design process
much more than projects decades back. Staging scenarios, a clear focus on working with developing technologies
(from HTS magnets to machine learning (ML) and arti cial intelligence (Al) methods) with a wide impact and
interest outside our eld, synergetic studies and projects as described in next subsection, and a broad international
collaboration, are all important to develop the muon collider as a scienti cally and technically novel but robust
future facility when it comes to implementation.

The current timeline considerations identi ed that three technical developments are de ning the minimum
time to implement a muon collider:

— The muon production and cooling technology and its demonstration in a test facility. At this moment we
expect that this development can be mature enough for a decision in 15 years provided suf cient funding is
made available.

— The magnet technologies, in particular HTS superconductor technology. At this moment, we expect that
the different HTS solenoids for the muon production and cooling are available within 15 years; the same is
expected for the fast-ramping magnets. For the collider ring, one can expect 14Sh Nitagnets with an
aperture of 16 cm to be mature. Higher performant HTS or hybrid collider ring magnets may take longer.

— The detector and its technologies that impact the ef ciency of background suppression and the quality of
the measurements. At this moment, we expect this technology to be mature in 15 years.

Suf cient funding should enable to accelerate the R&D of the other technologies and designs as to not constrain
the timeline..

A staged implementation that anticipates use ofSibcollider ring magnets can provide a muon collider
by 2050. The scenarios are possible, see also Table 1.1:

— In theenergy-stagingapproach, the inital stage is at lower energy, for example 3 TeV. There is an important
physics case already at this energy. In this strategy, the cost of the initial stage is substantially lower than
for the full project. This could accelerate the decision-making processes. The 3 TeV design is consistent
with Nb3Sn magnets at 11 T. In the second stage the whole complex will be reused with the exception of
the collider ring. An RCS to accelerate to full energy and a new collider ring will be added.

— In theluminosity-staging approach, the initial stage is at the full energy but using less performant collider
ring magnets. This leads to an important reduction of the luminosity. If 113SNMdipoles are used
instead of 16 T HTS dipoles, the resulting increase of collider ring circumference reduces the luminosity
by one third. In addition a further reduction arises from the interaction regions. A detailed study is required
to quantify the loss, but a factor three reduction might be a good guess. In the luminosity upgrade, the
interaction region magnets will be replaced with more performant ones, similar to the HL-LHC. However
one most likely will not replace the other collider ring magnets. In this scenario almost the complete project
cost is required in the rst stage, which could have important implications on the timeline.

The choice between the staging options will depend on physics needs and funding availability. Also the progress
in magnet development will play an important role. Faster progress, in particular of HTS for the collider ring
magnets, combined with strong funding support will make an earlier start of the 10 TeV option more attractive.

1.7 Site considerations

Different sites for the muon collider will be explored in the longer run. However, at this moment the international
study to a large extent focuses on the technical and design challenges with no speci c site in consideration.
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Speci ¢ sites however offer the bene t of existing infrastructure, e.g., existing proton complexes and collider
tunnels. We will consider these bene ts later for the different potential sites. Speci c sites also can impose
important constraints. For example, for Fermilab an option is preferred where the accelerator rings all t on the
existing site. First considerations indicate that this is possible. For CERN the most important consideration is to
ensure that the neutrino ux can be mitigated to a negligible level. A rst site and orientation of the collider ring

that can achieve this has been identi ed and requires further study. In this case the extension of the experimental
insertions point towards a steep uninhabited slope of the Jura on the one side and to the Mediterranean sea on the
other side.

1.8 Synergies and outreach

Particle physics and the associated accelerator development have made important contributions to society; both in
training of young people and in developing technologies.

Many young people have developed their scienti ¢ and technical skills in the eld; they also learned to
work in fully international collaborations. Because the muon collider is a novel concept it opens opportunities
for young researchers to make original contributions to the development that are much harder to make in long-
established design approaches.

The muon collider needs technologies in several areas that differ from other colliders. High- eld solenoids
are a prime example. In the past low-temperature superconductors such as the very mature NbTi and still devel-
oping Nk Sn were the technologies of choice for accelerators and most other applications. Now high-temperature
superconductors (HTS) are becoming an important technology. In particular they are of interest for fusion reactors,
that have similar requirements than the one for the muon collider target solenoid. Highly-ef cient superconducting
motors and power generators, e.g., for off-shore windmills, also have strong synergy. Other relevant areas are life
and material sciences; in particular, applications for nuclear magnetic resonance (NMR) and magnetic resonance
imaging (MRI). In addition synergy exists with magnets for neutron spectroscopy, physics detectors and magnets
for other particle colliders, such as hadron colliders.

The muon production target is synergetic with neutron spallation sources targets, in particular the alterna-
tive liquid metal concept.

The muon collider RF power sources have synergy with other developments of high-ef ciency klystrons
and superconducting cavities. Some RF systems need to work in high magnetic elds, an issue that also exists in
some fusion reactor designs.

The test facility and the collider itself require a high power proton source. This allows sharing technology
and potentially even facilities. Neutron spallation sources such as SNS and ESS are major examples; other exam-
ples are neutrino facilities, such a NuSTORM, lepton avour violation experiments, such as mu2e and COMET
and the generation of low-energy, highly polarised muon beams.
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2 Physics opportunities

A muon collider with 10 TeV energy or more could discover new particles with presently inaccessible mass,
including WIMP dark matter candidates. It could discover cracks in the SM by the precise study of the Higgs bo-
son, including the direct observation of double-Higgs production and the precise measurement of the triple Higgs
coupling. It will uniquely pursue the quantum imprint of new phenomena in novel observables by combining
precision with energy. It gives unique access to new physics coupled to muons and delivers beams of neutrinos
with unprecendeted properties from the muons decay.

For these reasons, the new European interest on muon colliders that emerged during the process and with
the deliberation of the 2020 Strategy Update—and the creation of the IMCC—triggered an enthusiastic reaction of
the theory and phenomenology community. Since 2019, INSPIRE-HEP has recorded more than 150 papers about
muon colliders in the “Phenomenology-HEP” subject category [1]. This is about half of the papers ever written
on this topic. The left panel of Fig. 2.1 compares the time distribution of the phenomenology papers (in blue),
with the papers about muon colliders in all subjects (in grey). In the past, muon collider phenomenology papers
used to be a small fraction of the total and the development of the eld was almost entirely driven by the advances
in accelerator physics. Physics studies are instead a major component and a driver of the activity in the last few
years, indicating an unprecedented enthusiasm on muon colliders physics opportunities. A small fraction of these
recent works is described below to exemplify some of the achieved accomplishments. For an extensive overview,
see Refs. [2, 3] and, most recently, the review produced by the International Muon Collider Collaboration [4].

Several workshops and seminars on muon colliders physics were held in the last few years, including a very
successful series of events organised by the “Muon Forum” [5] in the context of the Snowmass 2021 Community
Planning Exercise. The activities and the work triggered by the Forum [3] strongly impacted the Snowmass
Energy Frontier outcome [6], which recognised the muon colliders potential for the exploration of the energy
frontier and advocated R&D investments with the perspective of hosting a muon collider in the US. The P5 panel
report con rmed and strengthened this view [7].

The rest of this section describes the work done, the open questions and the future directions for the
development of muon colliders physics. In Section 2.1 we outline the potential of a 10 TeV muon collider to
explore the energy frontier conclusively and systematically by a number of different strategies, depicted on the
right panel of Fig. 2.1. Section 2.1.1 describes the future challenges for theory and phenomenology in the novel
environment of multi-TeV muon collisions. These challenges are in fact opportunities for the theory frontier
exploration of a new regime of the electroweak interactions. Section 2.2 is devoted to physics opportunities
in addition to those entailed by the 10 TeV muons collisions. In particular, we illustrate the unprecendented
properties of the collimated beam of neutrinos that emerges from muon decays close to the interaction point.
Finally, we present in Section 2.2.2 a physics-driven assessment of possible muon colliders energy or luminosity
staging plans.

2.1 Exploring the energy frontier

Motivations

The LHC con rmed an unprecedentedly complete framework—the Standard Model (SM)—that enables a the-
oretical description of Nature up to extremely short distance scales, which are still experimentally unexplored.
Testing the SM predictions at shorter and shorter scales is a prime motivation for studying higher and higher
energy collisions. On the other hand, the SM success should not be overrated. The theoretical machinery of
local eld interactions the SM formulation builds upon is compatible with the profound principles of relativistic
guantum eld theory, but it is not uniquely selected by these principles, nor it is suf cient for a truly complete
description of Nature that includes gravity. Even within this partial framework of local Lagrangian eld theory,
the SMis highly non-unique and its eld content is merely engineered to accommodate the observed particles, and
in fact not all of them because the SM lacks a dark matter candidate. Since our present knowledge of fundamental

18



CERN-2024-002

Fig. 2.1: Left: Time distribution of the papers on muon colliders (grey) compared with those (blue) with
subject “Phenomenology-HEP” [1]. Right: Pictorial view of the muon colliders exploration opportuni-
ties.

particles emerges from past observations, the existence or non-existence of other particles can be only established
by future observations. If the new particles are heavy, this requires a high-energy collider.

The most mysterious sector of the SM is the one associated with the breaking of the electroweak (EW)
symmetry: the Higgs sector. The Higgs boson is not only the most recently discovered SM patrticle. It is the rst
manifestation of a description of the massive spin one EW force carriers—by the formalism of spontaneously-
broken gauge theories—that can be extrapolated up to energies much above the EW bosons mass. Testing the SM
predictions for the properties and the couplings of the Higgs particle is an important but indirect way to probe the
validity of this novel description. The key innovation of the Higgs theory is to offer a modelling of EW interactions
in the multi-TeV energy regime. Its most striking manifestations are thus the interplay between the Higgs and the
EW bosons—and also the fermions, as also their mass requires the Higgs—in high energy collisions.

At variance with other theoretical possibilities, the SM Higgs achieves the breaking of the EW symmetry
by a fundamental scalar eld, which results in an elementary (point-like) Higgs boson. The naturalness paradox
famously displays the contradiction between the existence of elementary spin zero particles and the Wilsonian
interpretation of quantum eld theory. We will thus learn profound lessons by probing if the Higgs particle is
elementary—namely, if its size is much smaller than its Compton wavelenght—or instead composite. Less radical
possibilities to circumvent the naturalness paradox such as supersymmetry should be also investigated for the
same reason.

In this context, the muon colliders' potential to explore Higgs and EW physics at high energy and without
large backgrounds from the QCD interaction appears particularly appealing. A high-energy muon collider is
arguably the best response to the contemporary challenges of fundamental particles and interactions physics.

Muon collider physics highlights

The motivations for studying short-distance physics are strong, but broad. Therefore, a radical advance requires
an equally broad and comprehensive program of energy frontier exploration that leverages many diverse strategies
of investigation. The multiple exploration strategies available at a muon collider—see Fig. 2.1—make it ideally
suited for this task.

The high available energy allows to search for new heavy particles, with a reach in mass that strongly
extends the one of the LHC. In fact, the muons are elementary and their collision energy is entirely available to
produce new patrticles. The protons instead are composite and their effective energy reach is limited to a fraction
of the collider energy by the steep fall of the parton distribution functions. This is the reason why a muon collider
with 10 TeV energy can access heavier particles than the 14 TeV LHC, as illustrated on the left panel of Fig. 2.2.
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Fig. 2.2: Left: The HL-LHC and FCC-hh exclusion mass-reach for several beyond the Standard Model
(BSM) particles. The exclusion (and discovery) reach of 10, 14 and 30 TeV muon colliders are reported
as horizontal lines. Right: Sensitivity to the Higgs trilinear coupling modi er of different future
colliders proposals. The sensitivity of the 10 TeV muon collidet() is compared with the one of
higher energy muon colliders {4 and 30) and with the one of the low-energy stage at 3 Te\3)(

Plots from Ref. [4].

The gure shows the projected exclusion mass rédoha number of BSM particles at the HL-LHC (solid bars)

and at the 100 TeV proton-proton collider FCC-hh (shaded bars). At a muon collider, these particles are produced
in pairs by EW interactions and their production cross section does not depend on any BSM model detail other
than the EW and spin quantum numbers of the states. The EW cross-sections for the particles considered in the
gure range from0:1 to 10 fb [9, 10] at the 10 TeV MuC, for masses almost up to the kinematic threshold of

5 TeV. With the target integrated luminosity of 10 &b enough (more than 1000) events will be available for
discovery up to the threshold. The MuC mass-reach at 5 TeV is above the HL-LHC exclusion limit for all the
BSM candidates. The 10 TeV muon collider has an even higher reach than a 100 TeV proton-proton collider on
QCD-neutral particles such as chargirgsand tau sleptons.

Along these lines, the “Energy” arrow in Fig. 2.1 represents the possibility of searching for new heavy
particles of very generic nature, or speci ¢ well-motivated candidates. Past works investigated the MuC sensitivity
to a number of BSM scenarios ranging from WIMP dark matter, extended Higgs sectors, heavy neutral leptons,
composite resonances, solutions toghe2 anomaly and more. An incomplete list of references include [11-35].
Few speci c results are outlined below.

Reference [11] (see also Refs. [2, 12, 13]) studied one extra EW-singlet extra Higgs scalar which is po-
tentially responsible for the generation of a strong rst-order EW phase transition in the Early Universe, and is
present in other BSM scenarios as well. Such “scalar singlet” is a standard benchmark for future colliders, also
in light of its peculiar coupling to the SM, which occurs only through a Higgs-portal interaction. The 10 TeV
MuC mass-reach on this BSM scenario has been found superior to the one of the FCC-hh in the most motivated
region of the parameter space of the model. In fact, the sensitivity is superior in the whole parameter space, if in-
cluding [4] the indirect MuC reach from Higgs coupling measurements. The MuC advantage over FCC-hh stems
from the large MuC cross-section for the production of Higgs-portal coupled new physics in vector boson fusion.
Similar ndings have been reported in other Higgs-portal coupled BSM scenarios, making the muon collider an
ideal option to cover this class of models at the multi-TeV scale.

We use the HL-LHC and FCC-hh sensitivity projections that have been presented for the 2020 Update of the European
Strategy for Particle Physics, summarised in Ref. [8]. The particles are labeled with a standard BSM notation; forénstance
is the stop quark. See Ref. [4] for additional details.
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It should be emphasised that the results described above—as well as the other ndings reported in this
section and the majority of the muon collider studies in the literature—are based on detailed phenomenological
analyses that consider the relevant backgrounds as well as a parametric modeling of the detector effects. The
assumed detector performances are those of the IMCC muon collider DELPHES card [36, 37], which match
the performances of the CLIC detector and lie in between (see Section 3.1) the “Baseline” and “Aspirational”
performances.

Several papers [28, 31-35] studied the observability of a variety of WIMP DM candidates at the muon
collider (see Ref. [4] for a summary). Detection strategies include mono-photon (or, more generally mono-
X) searches, indirect searches from loop effects, and direct searches of the disappearing tracks produced by
the charged particle in the dark matter multiplet. The beam-induced-background (BIB) from the decay of the
muon beams has a potentially large impact on the disappearing track search, which is dif cult to estimate and to
parametrize faithfully in a fast detector simulation. For this reason, a complete study of disappearing tracks was
performed in Ref. [35], based on realistic BIB Monte Carlo simulations. The observability of long-sought dark
matter candidates such as the Higgsino and the Wino has been established up to the thermal mass.

The “Precision” arrow in Fig. 2.1 represents accurate measurements in the EW and Higgs sector. These are
possible at the muon collider exploiting the large rate for EW-scale scattering processes initiated by effective vec-
tor bosons, and the small QCD background that is typical of leptonic collisions. The perspectives of exploiting the
10 million Higgs boson produced by the collider in the vector boson fusion channel have been investigated in de-
tails [2,38—40] based on fast simulation but also validated against the available full-simulation studies [40]. These
sensitivity projections for Higgs signal-strength measurements were used in Ref. [4] for a Higgs couplings tin
the same setup that was employed in Ref. [41] for a global comparative assessment of future colliders sensitivity in
preparation for the 2020 European Strategy Update préc&he result is that a per mille level determination of
the single Higgs boson couplings will be possible at the 10 TeV MuC, similarly to future low-eategyHiggs
factories. A detailed inspection of the sensitivity to different couplings reveals the complementarity between MuC
and low-energy Higgs factory couplings determinations.

The ndings above refer to the “kappa-0" Higgs couplings t [41], where no BSM Higgs decay channel
is allowed. The closure of the “kappa-1" t, where this assumption is relaxed, requires a measurement that is
sensitive to the absolute value of at least one of the couplings of the Higgs, without dependence on the Higgs total
width. The determination of the total (inclusive) Higgs cross-section in the Z-boson fusion production channel
could provide such measurement at the MuC, enabling a very precise coupling determination also in the kappa-1
scheme [42]. However, this measurement relies on the observability of muons in the forward region by a dedicated
detector, whose feasibility is still to be assessed (see Section 3.1). If such measurement turned out to be impossible,
the closure of the kappa-1 t will have to rely on the inclusive cross-section measurement at a low-&nergy
Higgs factory, providing one further element of complementarity with such machine. The at direction in the
kappa-1 t could be also lifted by high-energy measurements at the MuC, by relying on extra assumptions [43].

Unlike low-energy Higgs factories, the MuC can also measure the double-Higgs production cross-section
and determine the Higgs trilinear coupling at the percent level, as shown on the right panel of Fig. 2.2. This
result [9, 38] is based on a parametric modeling of the detector effects—assuming CLIC-like performances—
validated against the CLIC full simulation sensitivity projection [44]. Figure 2.2 also reports the expected sensi-
tivity of FCC-hh [45], which ranges frorB% to 8% depending on the assumed detector performances. The MuC
result has been found less sensitive to detector performances because the background is lower.

A unique feature of the muon collider is the simultaneous availability of energy and precision. This allows,
very simply, to measure high-energy scattering cross-sections precisely. The possibility of exploiting energy and
precision at once is represented by the “Energy& Precision” arrow in Fig. 2.1 and it corresponds to an exploration
strategy that is typical of high energy physics: higher energy observables are more sensitive to short-distance

2Reference [4] also presents an EFT t, which includes several additional muon collider observables like high-energy mea-
surements.
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physical laws and give access to novel effects that were too tiny to be detected in previous experiments performed
at lower energy. This mechanism produced some of the most striking past discoveries, including the discovery of
neutral currents and the one of the nite radius—i.e., the composite nature—of the nucleons. Suf cient statistics
will be available at the muon collider to measure 10 T2V 2 scattering cross sections with percent-level
accuracy, which roughly translates into the sensitivity to new physics at the 100 TeV scale. Notice for comparison
that 100 TeV scale new physics produces unobservably small one part-per-millon effects on EW-scale observables.
This explains the superior sensitivity [4] to EFT interactions of the muon collider in comparison with Z-pole
measurements at the FCC-ee.

Concrete illustrations of the physics potential from high-energy measurements include (see [4] for an
overview) the sensitivity to new neutral currents mediated by a very heA® Boson of order 100 TeV
mass [9, 46] and the possibility of observing new quark- or lepton- avour breaking transitions more effectively
than low-energy experiments [2]. Furthermore, high-energy measurements give direct access to the possible -
nite size of the Higgs particle [9, 46] testing Higgs compositeness more effectively than any other future collider
project. This is shown on the left panel of Fig. 2.3 in the plane formed by the Higgs compositeness sedle.,
the inverse of the Higgs radius—and the effective coupn@f the new strongly-interacting sector the Higgs
emerges from. The “Others” line in the plot is the envelope of the sensitivity attained by other future collider
projects. It assumes the entire FCC-ee physics program including EW precision tests at the Z pole, and direct
searches at FCC-hh for new states with omermass that emerge in the Composite Higgs scenario under exam-
ination.

The “Muons and neutrinos” arrow in Fig. 2.1 reminds us that energetic muon beams will be made avail-
able for the rst time. Studying their collisions offers self-evident opportunities to discover new physics coupled
primarily to muons and not for instance to electrons, whose collisions are extensively studied. Speci c illustra-
tions [2,4] of the potential in this direction stem from the larger Yukawa coupling of the muon than of the electron,
which suggests a stronger coupling to muons of extended Higgs sectors [47], from the connection with possible
new physics in the muon anomalous magnetic moment [18-22,48-52], as well as opportunities to test muon-philic
scenarios [14,15,17,53-57]. However, the agnostic exploration of new physics coupled to muons is arguably the
strongest motivation.

Beyond collisions, energetic muon beams offer additional unique opportunities. In particular, they produce
a collimated beam of neutrinos with unprecedented properties described in Section 2.2.

Future work and physics-detector integration

The future development of muon collider physics should proceed along three complementary directions. First,
by expanding the physics case with new targets and sensitivity projections. We saw that previous work already
identi ed many promising avenues, but we are still far from a complete assessment of the muon collider physics
opportunities.

Second, by consolidating the physics case with increasingly detailed and optimised sensitivity projections
in close connection with the evolution of the muon collider experiment and detector design. Current results
assume the CLIC-like detector performances implemented in the IMCC muon collider DELPHES card [36, 37],
as previously described. Novel and more speci ¢ (“Baseline” and “Aspirational”) target performances are de ned
in Section 3.1.

The third direction in which progress is needed is the development of the theoretical tools for making
predictions at the muon collider. The next section summarises the main open questions in this area.

3Interestingly enough, the sensitivity is not limited to neutrdl  scattering processes. The copious emission of charged
EW bosons at the 10 TeV scale gives effective access to chargedattering, and to  scattering.
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Fig. 2.3: Left: The sensitivity (from [4]) to Higgs compositeness. Right: the number of neutrino DIS
events as a function of andQ? for a 10 TeV MuC after one year of data taking with a small 10 kg
detector.

2.1.1 Challenges and opportunities at the theory frontier

EW interactions at 10 TeV display novel phenomena associated with the large separation between the collision
energy and the mass of the EW particles, of ortlgd GeV. The EW bosons start behaving as nearly massless
producing IR-enhanced radiative effects that are parametrically of order one at 10 TeV. The corresponding “EW
radiation” phenomena share some similarity with electromagnetic and QCD radiation, but also remarkable differ-
ences that pose profound theoretical challenges. Being the EW symmetry broken at low energy, different particles
in the same EW multiplet—i.e., with different EW gauge color—are distinguishable. This invalidates the can-
cellation between real and virtual radiation, obliging us to include the resummed effects of EW radiation in all
observables, also in inclusive cross sections. Moreover, the resummation is needed for non color singlet observ-
ables that do not exist in QCD. In analogy with QCD and unlike QED, the IR scale for EW radiation is physical.
However, at variance with QCD, the theory is weakly-coupled at the IR scale. A rst-principle and accurate mod-
elling of EW radiation is thus possible in principle, though based on all-orders resummation techniques that are
still to be developed. On top of being functional to the exploitation of the MuC physics potential, this poses an
interesting challenge to theory [46,58-85].

Muon colliders will require at least as much theory progress as it was needed and achieved in the past
decades for the exploitation of the LHC data. LHC studies greatly advanced xed-order calculations, Monte Carlo
showering and resummation techniques and produced radical progress in the theoretical (and later experimen-
tal) knowledge of the QCD interaction. Muon collider physics requires similar tools but in the EW sector. Its
development will entail an equally radical advance of EW physics knowledge.

2.2 Synergies and staging

Most of the recent work focuses on the opportunities offered by muon collisions at 10 TeV (or possibly higher)
energy and with the target design luminosityl@fab * (or higher, at higher energy). Much less explored are
instead alternative ways—other than collisions—to exploit the muon beams (see however Ref. [86] for a rst study
of physics at muon beam-dump experiments), or the opportunities that emerge during the facility construction in
a staged approach. This is the subject Sections 2.2.1 and 2.2.2, respectively.

2.2.1 Neutrinos

When the muons in the beam decay in the straight section close to the Interaction Point (IP), they produce a
collimated beam of very energetic neutrinos. Based on the conservative estimate of the neutrino ux presented in
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Section 3.3, we expect at least 10 neutrinos of each species emitted in a narrow con@®mrad average

angle during one year of run at the 10 TeV MuC, &4 10'7 neutrinos at the 3 TeV collider. A far-forward
detector with realistic geometry (e.g., a 10 cm radius cylindrical target placed 100 m away from the IP, ora 1 m
target at 1 km distance) would intercept all the emitted neutrinos. Each neutrino would thus have the chance to
produce a detectable interaction, with probability

L E
gcm 2 TeVv'’

Pint "6 10 8

where we assumed a typical cross-section on nucleoh® dfcm? E=TeV for all neutrino species, witE the
neutrino energy. In the equationjs the density of the neutrino target ahds the longitudinal extension of the
target along the neutrino beam.

No design is currently available for the neutrino detector. One concept was developed long ago [87], with
the purpose of studying the neutrinos produced by a dedicated 250 GeV muons ring. The concept foresees a
cylindrical target with 1 m length and 10 cm radius composed of 750 silicon CCD tracking planes, which would
also act as a vertex detector. This would be followed by a magnetized spectrometer and calorimeter. The design of
Ref. [87] ensures excellent tracking and reconstruction performances for all the particles that are possibly produced
in the interaction, including electrons, muons (and perh&gsas well as bottom and charm hadrons tagging and
discrimination. On the other hand, the target mass per unit area is relatively smialk 50 g cm 2, for a total
target mass of only 10 kg. Contemporary neutrino detectors operating at similar energy and with similar physics
needs employ denser and bigger targets and attain masses ranging from one ton (FASERV [88], SND@LHC [89],
CHORUS [90]) to several hundred tons (CHARM [91], NuTeV [92]). Waiting for dedicated studies, it seems
reasonable to assume a target mass of at least one ton for the neutrino detector.

Figure 2.4 reports the energy distribution and the total number of neutrino interactions that could be
recorded by a 10 kg target (corresponding to Ref. [87]) and by a 1 ton target during one year of run at the 10 TeV
and 3 TeV muon colliders. The neutrinos available for a number of past and planned experiments (from Ref. [93])
are also reported for comparison. Notice that only the anti-neutrinos from the decay 6f tre included in the
gure. A second detector would be needed to collect the neutrinos from thdecay, since they y away from
the IP in the opposite direction. Electron (anti-)neutrinos with a similar spectrum are also present.

The gure shows that one single year of muon collider operations would enable to collect orders of mag-
nitude more interactions of TeV-energy neutrinos than current facilities such as FASERSND@LHC. Even
with the very small 10 kg detector, more neutrinos will be collected than at the proposed Forward Physics Facility
(FPF) [95]. The energy spectrum peaks at 1 TeV for the 3 TeV MuC, and at 4 TeV in the case of the 10 TeV
collider, and more than 100 million interactions would be recorded at these energies by a 1 ton detector. There are
many orders of magnitude more neutrino interactions in this energy range than any other past or planned neutrino
experiment. Furthermore, extremely small uncertainties are expected in the predictions for the energy spectrum of
the muon collider neutrinos, to be contrasted with the large uncertainties in the spectrum of the neutrinos produced
by the LHC arising from forward hadron production. On top of the superior statistics, neutrino physics measure-
ments at a muon collider are thus expected to bene t from reduced systematic uncertainties in comparison with
LHC-based experiments such as FASER or FPF.

The physics opportunities offered by the neutrino beams are still to be explored. Ideas discussed long
ago [87] include CKM quark mixing matrix, nucleon structure, EW precision and charm quark physics measure-
ments. The contemporary relevance of these measurements should be assessed, and the sensitivity projections
adapted to the higher-energy neutrino beams that would be available at the 3 and 10 TeV MuC.

Progress can also come from the extrapolation of the physics reach of modern LHC-based neutrino ex-
periments. For example, Ref. [96] studied the opportunities for QCD and hadronic physics studies, and Parton
Distribution Functions (PDFs) [97] determination, offered by neutrino Deep Inelastic Scattering (DIS) at these
facilities. The right panel of Fig. 2.3 shows the expected DIS event yields ix-t3é plane at the 10 TeV muon
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Fig. 2.4: The energy spectrum of neutrino interactions produced by the 3 TeV and 10 TeV MuC in one
year, overlaid with the summary plot in Ref. [93] for past and planned neutrino experiments. The solid
and dashed lines assume, respectively, a small 10 kg and a realistic 1 ton target mass.

collider. The gure conservatively assumes the 10 kg target. The unprecedented rate of events will make possible
a very ne binning with permille-level statistical uncertainties in the whole kinematic region covered and enables
multi-differential measurements, such as those required to access the 3D structure of the proton in terms of non-
perturbative quantities such as transverse-momentum dependent PDFs or generalised PDFs. The large statistics
can be positively compared with the predicted event yields at the Electron-lon Collider (EIC) [98]. A far-forward
neutrino detector at the muon collider would therefore provide a charged-current analog of the EIC.

2.2.2 Stages

We conclude this section with a physics-driven assessment of the opportunities of muon colliders of lower energy
or lower luminosity, to be possibly operated during the construction of the 10 TeV MuC facility in a staged
approach.

At order 100 GeV energy the luminosity is not competitive with the one of electron-positron colliders,
however (see Ref. [4] and references therein) muon colliders feature speci ¢ opportunities in this range of energy.
One is to operate at 125 GeV energy in the centre of mass, exploiting the large muon Yukawa coupling to produce
the Higgs boson in the-channel. This would enable a percent-level direct determination of the Higgs boson
width, an astonishingly precise Higgs mass measurement at one part per million and few permille measurement
of the muon Yukawa coupling. Alternatively, or in addition, a muon collider operating at the threshold for the
production of a pair of tops (which muon colliders could reach with a very compact design) would enable a
conclusive assessment of the SM vacuum stability by a measurement of the top mass with 50 MeV uncertainty.
Focused projects with speci ¢ and unique targets like the ones above would be de nitely of interest.

The current IMCC staging plan [4] foresees a rst muon collider with 3 TeV energy in the centre of mass
and a target integrated luminosity of 1 docollected in ve years, or of 2 ab' in 10 years if the 10 TeV collider
construction is delayed. Such 3 TeV muon collider stage features striking physics opportunities, described in
Ref. [99] in details. These include probing Higgs compositeness at the 20 TeV scale (still competitive of better
than other future collider project) by high-energy measurements and determining the Higgs trilinear coupling (see
Fig. 2.2). It will be also possible to improve HL-LHC single-Higgs couplings precision, but not to surpass it
radically. Studying muon collisions for the rst time entails strong opportunities, including those that stem from
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the neutrino beams previously described.

The 3 TeV MuC can also search for new heavy particles. However, the window of opportunities beyond the
HL-LHC sensitivity is limited by the pair-production mass reaci@&f TeV. Progress could thus be possible only
on relatively light motivated targets like extended Higgs sectors and Higgsino dark matter. Further studies and
advances on the search of these speci ¢ scenarios would be an important addition to the 3 TeV MuC physics case.
Recently, R. Capdevillat al,studied the possibility of observing the soft tracks from the decay of the charged
state in fully realistic experimental conditions including the BIB, and demonstrated that the Higgsino with thermal
mass could be discovered by this strategy at the 3 TeV MuC [100].

An alternative plan is to operate the rst muon collider directly at 10 TeV energy, but employing less
performant technologies—available on a shorter timescale—which entail a luminosity reduction by around a factor
of 10 or less. The physics reach of such low-luminosity 10 TeV MuC stage can be robustly extrapolated from the
full-luminosity results.

The candidate BSM patrticles considered in Fig. 2.2 would still be discovered or excluded up to the 5 TeV
mass threshold. In fact, the particles considered in the gure are produced at a very high rate with the full design
luminosity. More than10® or 10* production events are expected with the baseline integrated luminosity of
10 ab !, which is collected in 5 years with the full luminosity. Around one month of run would be enable a
discovery. With one tenth of the luminosity, discovery would merely take one year. The reduced luminosity would
of course affect the excellent perspectives of characterising the properties of the newly discovered particles with
precision, but not the mass-reach.

The indirect physics reach described in Section 2.1 will be impacted by the reduced luminosity because the
corresponding measurements are dominated by statistical uncertainties and not by systematics or theory errors.
However, the factor few increase of the uncertainties—by the square root of the luminosity—will not have a
dramatic impact on the physics reach. While a detailed and comprehensive assessment is not yet available, it is
expected that the reduced performances would still allow for very competitive studies of the Higgs single and
trilinear couplings, and for probes of very heavy new physics by high-energy measurements including Higgs
compositeness at tens of TeV. On the other hand, the total 1btabget luminosity is needed in order to deliver
the physics program described in Section 2.1 in its full breadth and power.
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3 Physics, detector and accelerator interface
3.1 Physics and detector needs

3.1.1 Overview

The vast physics potential described in Section 2 can be translated into requirements for the machine and the
experiments that will harvest data from it.

The most notable requirements on the machine are: the mitigation of the beam-induced backgrounds (dis-
cussed in Section 3.2), the amount of delivered integrated luminosity and the ability to measure it with permille-
level precision, and a precise determination of the beam energy.

The requirements on the detectors situated at the main interaction points are set in terms of “baseline”
and “aspirational” targets. The latter are aimed at a muon collider operati?@ at 10 TeV. They include
requirements on the detector acceptance, particle detection and identi cation ef ciency, as well as resolutions on
the various particle properties inferred by the instrumental measurements. The baseline requirements are set by
the need to separate collision products from energy depositions from beam-induced backgrounds and the need
to identify and measure particles over a wide range of energies with a precision at least comparable with the
experiments taking data at the LHC. The aspirational targets are set with the goal of fully exploiting the physics
potential of the machine. They aim at a reconstruction performances comparable to those targeted by Higgs
factories while extending to signi cantly higher energies. Furthermore, these requirements are set with the goal
of maintaining sensitivity to unconventional signatures as well as pro ting from the unique potential of muon
colliders to use forward muons to study vector boson fusion processes. The preliminary targets for several key
metrics discussed more in detail in the next Section are reported in Table 3.1.

Table 3.1: Preliminary summary of the “baseline” and “aspirational” targets for selected key metrics,
reported separately for machines taking data at= 3 and10 TeV. The reported performance targets

refer to the measurement of the reconstructed objects in physics events after, for example, background
subtraction and not to the bare detector performance.

Requirement D Baselirb:: Aspirational
s=3 TeV s =10 TeV
Angular acceptance ] 1< 25 jj< 25 ji< 4
Minimum tracking distance [cm] 3 3 <3
Forward muons (> 5) - tag p=p 10%
Track o, =% [GeV 1] 4 5 4 5 1 5
Photon energy resolution 0:2=_E 0:2=_E 0:1=_E
Neutral hadron energy resolution 05= E 04= E 02= E
Timing resolution (tracker) [ps] 30 60 30 60 10 30
Timing resolution (calorimeters) [ps] 100 100 10
Timing resolution (muon system) [ps] 50forj j> 2.5 50forj j> 2:5 < 5Oforj j> 2.5
Flavour tagging bvsc bvsc bvsc, s-tagging
Boosted hadronic resonance ID h vs W/Z h vs W/Z Wvs Z

Initial considerations on the interplay between the accelerator complex and detectors dedicated to the study
of neutrino physics are reported in Section 3.3.

3.1.2 Key challenges

The requirements on a detector that can successfully extract physics from collision data at a muon collider are
set by two categories of constraints: the rejection of the reducible beam-induced backgrounds (BIB) and the need
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for (precision) physics observables. These two categories can lead to con icting choices that require an overall
optimisation to be performed. A guantitative assessment of these requirements is being carried out based on a
preliminary set of physics benchmark channels, discussed in the following paragraphs, which are used to study
the overall performance of a detector design on selected key metrics.

The requirements on the detector acceptance, summarised ireiegunar acceptancandminimum track-
ing distance have to balance the need to maximise the sensitive volume for a high rate SM measurements, retain
sensitivity to a broad range of non-prompt physics, while suppressing the BIB to a manageable level. For example,
the presence of large absorber nozzles located in the forward region of the detector is key to reducing the high-
energy showers from the beam decays to a soft, diffused, energy contribution in the detector volume. At the same
time, especially when considering a machine operating at a centre of mass energy of 10 TeV, a sizeable fraction
of the interesting events will include outgoing particles within the uninstrumented volume of the absorbers. The
precision determination of the Higgs boson couplings in single and multi-Higgs boson production events are used
as main benchmark to set the angular acceptance requirements. The requirements on the minimum tracking dis-
tance will be studied on high-rate Higgs boson studies exploiting avour-tagging as well as searches for long-lived
particles [1].

Thanks to their highly penetrating nature, muons offer a unique possibility to discriminate charged and
neutral vector boson fusion processes. Dedicédedard muon( > 5) detectors that could be placed beyond
the detector shielding and the accelerator components to detect outgoing muons from neutral vector boson fusion
processes. The needs of a comprehensive vector boson scattering measurement and BSM searches (e.g. extended
Higgs sectors) programme set the goals of measuring not only the presence of the outgoing muons, but also their
momenta with good resolution. A preliminary study of the placement of the detectors, their technology and the
effects of BIB still needs to be performed.

Itis assumed that excellent (>90%) detection ef ciencies must be achieved for energies be{dp&eV
to O(1) TeV for all measured particle species. The requirements on the resolution of the measurermanss of
verse momentand energiesare driven by the high rate Higgs and SM measurements. In particular, these re-
guirements are set by the need of rejecting irreducible SM backgrounds that share the same nal state signature.
Searches for high-mass objects, where searches for heavy vector triplets (HVT) are being used as a benchmark,
contribute with looser requirements since these are naturally less affected by both BIB and irreducible SM back-
grounds. The same physics benchmarks are currently used for the determination of the requirements in terms of
avour tagging of hadronic jets.

The identi cation of boosted hadronic resonances is an important feature, required for the full exploration
of the SM electroweak sector and several searches for new heavy particles. In particular, the ability to distinguish
hadronically-decaying Higgs bosons from Z and W bosons in the whole detector acceptance is crucial. High-mass
searches, e.g.searches for HVTs, would bene t from the ability to distinguish W and Z bosons for centrally-
produced resonances.

The availability of timing information from each of the sub-detectors of a next-generation collider exper-
iment is taken to be the norm. Requirementgiaring resolutions are set by background suppression consider-
ations. The time of arrival of BIB particles on the sensitive elements of the detector spreads over a few ns after
the bunch crossing, providing a powerful handle for rejection. In the future, these requirements could be relaxed
when improved reconstruction algorithms with alternative mitigation strategies (e.g. based on the event topology)
become available. The search for heavy (meta-)stable massive particles was identi ed as a benchmark channel that
would pro t directly from a precise determination of the time of ight by each of the detector systems. A minimum
goal of retaining sensitivity to slow-moving particles with a relativistic velocity 0:5 was taken as baseline
model-independent benchmark. The use of timing and time-of- ight information for particle identi cation is a
potentially promising tool that has yet to be studied.

Unconventional signatures and the search for long-lived states still need to be explored in detail at a muon
collider. However, it is reasonable to assume that they would impose requirements on the ability to reconstruct

33



3. Physics, detector and accelerator interface

displaced decays using only a subset of the available detector systems. Foreseen benchmarks are for example a
search for anomalous showers in the calorimeter systems, or searches for displaced decay vertices in the tracking
detectors or the muon system.

The requirements on the detector acceptance and performance are less stringent when considering an en-
ergy stage at s = 3 TeV. The differences are driven by the smaller contribution of vector boson fusion processes
to the total cross-section and by the lower maximum energy of the collision products.

A key part of the physics programme at a muon collider is the measurement of several cross-sections and
branching ratios with percent-level precision. This immediately sets a stringent requirement on the determination
of the delivered integrated luminosity. The current assumed target is a measurement with an uncertainty at the
permille-level.

3.1.3 Recent achievements

Signi cant progress has been recently made on on the physics requirements of a muon collider detector. Much of
this was documented in the Muon Forum report [2] and a recent review [3]. There have been two main directions
of research undertaken in the pursuit of better understanding detector needs: those focused on phenomenological
studies and those based on full detector simulation. Phenomenological studies (discussed in Section 2), have
been performed at a variety of levels of sophistication, from background free studies on truth level events, to fast
detector simulation in DELPHES with all relevant backgrounds. The utility of these studies is that they are able
to cover a large array of physics possibilities and to focus on what is needed for detectors to disentangle the hard
scattering physics backgrounds. The studies based on full simulation allow one to also quantify the potential in
the presence of beam-induced backgrounds. As focused on in Refs. [2, 3], there have also been a small amount of
studies of the same physics cases, where both fast and full detector simulations were performed. While ultimately
it would be ideal to have all studies that impacted detector performance requirements done at a full simulation
level, in cases where there is overlap between fast and full simulation studies good agreement has been found.
This in turn gives con dence in the use of fast simulations to help better delineate the physics performance goals
that have been reported.

Notable highlights were the studies performed on Higgs measurements and dark matter searches with
disappearing tracks.

The Higgs measurements [4, 5] serve as a general purpose benchmark for low-energy Standard Model
processes. These were used to evaluate the effects of the detector acceptance on the nal Higgs boson coupling
precision, as well as to perform an initial study of the resolution and instrumental effects related to the presence
of beam-induced backgrounds.

The search for disappearing tracks [6] is a unique probe to de nitively test the WIMP dark matter paradigm
at a collider experiment. The signature consists of short tracks formed by a few (3-4) tracking detector hits. As
such, it is uniquely sensitive to the detector layout, technology and the levels of beam-induced background.

Furthermore, recent fast simulation studies [5, 7] have been crucial in demonstrating the need for not just
forward muon tagging, but also the aspirational goal of forward muon measurements and how these measurements
affect for example the search for exotic Higgs boson decay modes.

3.1.4 Planned work

The effort in view of the evaluation report will be focused on extending the list of preliminary benchmarks men-
tioned in Section 3.1.2 by assembling a list of representative benchmarks that will allow judging the physics
performance more globally. As a part of this effort, a broad survey of measurements and searches will be con-
ducted to identify a list of high-priority benchmarks to be studied in more detail with full simulation. The result

of the survey will be a prioritised benchmark list. The primary target of the evaluation will be a collider operating
atIO s =10 TeV. The list should specify for which benchmarks a dedicated assessment for a lower energy stage at
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P s = 3 TeV should be performed.

The second key task follows directly from the rst and consists in performing the detailed studies for as
many of the benchmarks extracted from the prioritised benchmark list as feasible to update to the requirements on
the key metrics. As a part of this detailed studies, the CLIC-inspired DELPHES card used for the fast-simulation
results will be updated to re ect the expected detector performance in the “baseline” and “aspirational” scenarios.

The last key task will consist in developing a concept for automating the evaluation of the prioritised bench-
marks to ef ciently re-evaluate the results for any change in assumed detector design or data-taking conditions.

3.1.5 Next priority studies and opportunities for additional collaboration

A precise determination of beam energy is necessary for extracting physics results from the experiments. While it
is assumed that techniques foreseen and used at other collider facilities will be compatible with the requirements,
additional collaborators interest in working on the design of the instrumentation, the conceptual evaluation of the
expected performance and the evaluation of any interplay with the detectors would be welcome.

Similarly, only preliminary studies have been performed to study luminosity determination using large-
angle Bhabha scattering [8]. The feasibility of reaching the required precision needs to be systematically assessed,
and possible dedicated detectors need to be designed, if required. New efforts in this direction would make the
current assumptions signi cantly more robust.

3.2 Machine-detector interface

3.2.1 System overview

The beam-induced background (BIB) poses a signi cant challenge for the physics performance of a multi-TeV
muon collider. The background is dominated by the decay of stored muons, with additional contributions from
incoherent electron-positron pair production and possible beam halo losses on the aperture. These particles inter-
act with surrounding materials and generate a mixed radiation eld composed of secondary electrons, positrons,
photons, as well as hadrons (photo-nuclear interactions) and muons (Bethe—Heitler pair production). Without ded-
icated mitigation measures, the beam-induced background would severely impede the reconstruction of collision
events in the detector and would lead to signi cant radiation damage in detector components.

An optimized design of the machine-detector interface (MDI) is hence critical for minimizing the impact
of machine operation on the physics performance reach, and for reducing the ionizing dose and displacement
damage in the detector. The MDI design must include an elaborate absorber con guration, consisting of masks
inside the nal focus region and a conical shielding, which penetrates deeply into the detector region, up to a few
centimeters from the interaction point. The optimization of these masks and absorbers must be done jointly with
the detector and interaction region (IR) design. A conceptual MDI layout for a 1.5 TeV muon collider has been
devised previously within the MAP collaboration, by means of the MARS Monte Carlo code [9-11]. Based on
this con guration, rst MDI design studies for higher-energy muon colliders (3 TeV and 10 TeV) were carried out
within the IMCC [12-14] using the FLUKA code [15-17].

3.2.2 Key challenges

The main challenge for the design of the machine-detector interface is the short lifetime of muons. This intrinsic
source of radiation distinguishes a muon collider from other high-energy colliders. One of the key requirements
is the design of a sophisticated shielding con guration at the interface between nal focus magnets and detector.
As shown in previous studies by the MAP collaboration for 1.5 TeV [9-11], the number of secondary particles
entering the detector can be suppressed by orders of magnitude by placing massive absorbers in close proximity of
the interaction point (IP). The innermost part consists of a nozzle-like shielding, which de nes the inner detector
envelope and hence the angular acceptance of the detector (10° in MAP). The shape and material budget of the
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nozzle determines the entry points, directions and energy spectrum of particles reaching the detector. The nozzle
must be made of a high-Z material to ef ciently shield the electromagnetic showers induced by muon decay
products or by beam halo losses on the aperture. In addition, it must embed a layer of borated polyethylene or a
similar material to moderate and capture secondary neutrons produced in photo-nuclear interactions. The nozzle
must be carefully optimized for different center-of-mass energies. Besides the conceptual design, one also faces
engineering challenges including assembly and support of the nozzle, as well as integration of the nozzle inside
the detector. In addition, an adequate cooling system must be devised, to evacuate the heat deposited by decay
products and beam halo losses.

While the characteristics (e.g. spectra) of the decay and halo-induced background are mainly determined
by the nozzle, the amount of background particles is also in uenced by the interaction region layout, i.e., by the
lattice design and the placement of mask-like absorbers inside IR magnets. For example, the previous studies by
MAP for a 1.5 TeV collider suggested that a dipolar component in the nal focus con guration can be bene cial
for reducing the background ux into the detector [11]. Designing and optimizing the IR layout is one of the key
challenges for the collider design, in particular for 10 TeV (a 3 TeV and 6 TeV IR design was previously devised
within MAP [18-20], although no background simulations were published). Furthermore, the ux of secondary
particles is also in uenced by the presence of a solenoid eld in the detector region. This concerns not only
the decay-induced background, but also incoherent electron-positron pairs, which are produced in the vicinity of
the IP and are not directly intercepted by the nozzle. While the choice of the solenoid eld strength is primarily
driven by the particle detection ef ciency in the detector, it must also take into account the bene ts for background
suppression.

Even with an optimized MDI and interaction region design, a suitable choice of detector technologies
and reconstruction techniques is needed to reduce the effects of the remaining background (see Chapter 4). The
signatures of background particles often exhibit distinct differences with respect to collision products, which can
be exploited for background suppression. This concerns, for example, the arrival time of background particles
with respect to the bunch crossing, as well as the directions of background particles when they enter the detector.
The shielding requirements and MDI design will hence strongly depend on detector R&D efforts to suppress the
effect of background particles.

3.2.3 Recent achievements

A full simulation framework based on the FLUKA Monte Carlo code was developed for computing the beam-
induced background entering the detector. First muon decay studies for 1.5 TeV, replicating the MAP interaction
region, exhibited a good agreement with the previous MAP results derived with MARS15 [21]. The studies were
further extended to 3 TeV and, in particular, to a higher collision energy of 10 TeV [12-14]. At the same time
various simulation techniques were improved, like the sampling of decays from a fully matched beam phase-
space distribution, which provided a more accurate description of the transverse beam tails. While the 1.5 TeV
and 3 TeV studies were still based on the interaction region lattice from MAP, a new lattice was developed for the
10 TeV collider, considering a triplet con guration as nal focus scheme [22]. The 10 TeV lattice allows for
values of a few millimeters and incorporates an adequate chromatic compensation without sacri cing the physical
and dynamic aperture. Using the FLUKA simulation framework, a comparison of decay-induced background for
1.5TeV, 3TeV and 10 TeV were performed [12-14, 21]. As one of the key ndings, these studies demonstrated
that the secondary spectra and multiplicities of particles entering the detector are not substantially different for
a 10TeV collider. Figure 3.1 illustrates the distribution of arrival times and energy spectra of decay-induced
background particles for 3TeV and 10 TeV, respectively [14]. The results were obtained with the different IR
lattices (MAP lattice for 3 TeV and IMCC lattice for 10 TeV), as described above.

In order to explore the impact of lattice design choices on the decay-induced background, a series of studies
was performed for 10 TeV [12]. Three alternative triplet layouts were considered, one based on pure quadrupoles,
one based on combined-function dipole-quadrupoles and one using short dipoles placed between triplet magnets.
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Fig. 3.1: Left: Distribution of the arrival time of decay-induced background particles entering the de-
tector. Right: Energy spectra of particles arriving within the time windlod : 15]ns with respect to

the bunch crossing (photons, electrons and positrons below 100 keV were discarded). The gures were
taken from Ref. [14].

In the two latter cases, the dipolar component strongly alters the azimuthal distribution of e-/e+ impact positions
on the vacuum aperture, yet the massive nozzle dilutes any azimuthal dependence of the particle ux into the
detector. In general, the studies showed that the dipolar component suppresses only marginally the contribution
of decays in the nal focus region, but nevertheless is bene cial for reducing the contribution of distant decays.
The latter can yield a non-negligible contribution if the nal focus is followed by a long drift section. Such a drift
might be needed to allow for a a smoother reduction of the beta function at the end of the nal focus scheme. The
studies showed that in this case, a dipolar component in the triplet can help to reduce the background.

In addition to the above studies, the impactLofon the decay-induced background was explored for the
10 TeV collider [13]. The solenoid in the detector region traps the electrons and positrons, which travel in the
beam vacuum until they reach the other side of the interaction region, depositing their energy in the machine
components. As a consequence, muon decays between the nal focus magnéts)contribute several orders
of magnitudes less to the background than those in nal focus quadrupoles. A Ibngerplies larger beta
functions in the magnets, therefore increasing the magnet aperture. On the other hand, the quadrupole gradient
decreases if the maximum eld at the coil aperture is kept the same, thus implying a longer nal focus scheme. A
comparative study of two different lattices with = 6 and10m showed only a moderate background reduction
by a few tens of percent, but at the expense of a more complex lattice design. Incteaisihgnce not considered
a viable option for reducing the background.

All the studies listed above were still based on the MAP nozzle design, which was optimized for 1.5 TeV.
First attempts to adapt the nozzle for 10 TeV suggest that there is potential to reduce the decay-induced particle
ux into the detector [13]. For example, the simulations showed that particle ux into the inner tracker depends
on the internal angle of the nozzle tip. The studies also indicated that changing the external shape of the nozzle
and adapting the placement of the borated polyethylene layer can reduce the neutron and photon ux. Optimizing
the nozzle for 3 and 10 TeV remains one of the key tasks for future studies.

Preliminary assessments of background sources beyond muon decay were performed for 10 TeV. In partic-
ular, a rst comparison of incoherent electron-positron pairs against decay-induced spectra was carried out [13].
Although some electrons and positrons from pair production will be trapped by the solenoid, a non-negligible
fraction of particles with energies up to about 1 GeV is expected to enter the inner tracker. The studies suggest that
contribution of incoherent pairs corresponds to a few ten percent of the total number of electrons and positrons
entering the detector in the vicinity of the IP (within50cm). On average, the incoherent pairs have a higher
energy than the decay-induced background component since the latter is strongly diluted by the nozzle.
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Table 3.2: Maximum values of the ionizing dose and the 1 MeV neutron-equivalent uence (Si) in a
CLIC-like detector. All values are per year of operation (10 TeV) and include only the contribution of
muon decay.

Dose 1 MeV neutron-equivalent uence (Si)

Vertex detector 200 kGy 310™ n/cn?
Inner tracker 10kGy 110 n/cn?
ECAL 2kGy 1 10" n/cn?

Through the same simulation framework and by using a simpli ed model of a CLIC-like detector as well
as the MAP nozzle (for the detector description, see also Sec. 4), the cumulative radiation damage in the detector
could be calculated for different collider energies (so far for muon decay only). Two quantities were evaluated,
the total ionizing dose and the 1 MeV neutron-equivalent uence in Silicon. The former describes the ionization
damage in organic materials and compounds, while the latter is related to the displacement damage. The high-
est dose values occur around the vertex detector, reaching a00tkGy/year (10 TeV collider). The 1 MeV
neutron-equivalent uence is highest in the inner tracker due to increased leakage of neutrons from the nozzle,
with a peak value of arounti0'® n/cn¥/year (10 TeV collider). Table 3.2 provides a summary of the maximum
values in different parts of the detector.

3.2.4 Planned work

One of the key tasks for the evaluation report is the optimization of the shape and material composition of the noz-
zle using the FLUKA simulation framework. The studies will be carried out separately for the 3 TeV and 10 TeV
machines. The optimization will rely on simple key gures (e.g. hit densities in the vertex detector) in order to
avoid the need of a full detector simulation for each design iteration. For certain reference con gurations, a full
evaluation of the background in dedicated detector simulations will be essential, to provide a feedback for the noz-
zle design. Where applicable, alternative optimization techniques (machine learning) will be explored. The nozzle
optimisation will mainly focus on decay-induced beam losses, but the contribution of other background sources
(incoherent pair production and beam halo losses) will be assessed through the same simulation framework. This
requires input from other codes (GuineaPig) and machine studies (beam dynamics simulations). In this context, it
is foreseen to improve the description of incoherent pair production by muons in GuineaPig.

Although a full-scale engineering design of the nozzle is out of the scope of the present studies, it is fore-
seen to address some of the most important engineering and integration aspects. This includes in particular the
evacuation of the deposited heat by means of a cooling system, the nozzle support structure, the nozzle segmen-
tation and assembly, as well as the integration of the nozzle inside the detector and solenoid. Furthermore, the
feasibility of instrumenting the nozzle will be evaluated in close collaboration with detector experts.

Another key task will be the optimization of the interaction region layout, under consideration of the
beam-induced background, optics-related constraints, shielding requirement for magnets (heat load to cold mass,
radiation damage in the coils), as well as magnet technology limitations (coil aperture versus peak eld). The team
is prioritizing this optimization for a 10 TeV machine, but will apply lessons learned to a reoptimization of MAP's
3 TeV interaction region if more resources become available. An important design speci cation is the minimum
acceptable vacuum aperture in the interaction region (in terms of transverse beam sigma). A smaller aperture
of the masks embedded in the nal focus magnets and the nozzle is bene cial for reducing the decay-induced
background, but can lead to enhanced halo losses in the interaction region. Itis essential to quantify the permissible
level of beam halo losses per bunch crossing, which must remain below the decay-induced background. Based on
these studies, the interaction region aperture will be revisited and the need of other mitigation measures for halo
losses (e.g. halo scraping system far from the IP) will be assessed.
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Complementing the background studies, updated estimates for the cumulative radiation damage in the
detector will be provided for the optimized interaction region and nozzle layout. These estimates shall include
all background contributions, including incoherent pairs and halo losses, which have been neglected so far in the
radiation damage studies.

3.2.5 Important missing effort

Considering the present resources, the MDI and IR studies described in the previous sub-section will be given
priority until the evaluation report planned for 2026. Although the foreseen design studies will be mainly of a
conceptual nature, they will prepare the path towards a fully integrated MDI and IR design. With the present
resources, integrated engineering can only be performed for a very limited subset of the systems; however, a de-
tailed design and integration of all technical systems can be elaborated once more resources become available. At
that stage, important aspects, like the alignment of the nozzle and correction schemes for possible misalignments,
can be addressed in detail. Furthermore, beam instrumentation like beam position or loss monitors, as well as
luminosity monitoring, can be studied once resources are increased.

In addition to the MDI and IR design studies, it will be important to design a collimation or scraping
system, which reduces the halo-induced background in the detector and also protects the interaction region in
case of accidental beam losses. Multi-turn tracking studies will be needed to assess the ef ciency of collimation
techniques. In addition, it might be necessary to explore novel collimation schemes. The studies described in
the previous sub-section will provide the necessary input concerning the acceptable amount of halo losses in the
interaction region. It will therefore establish speci cations for future design studies of a halo cleaning system,
which can be addressed once more resources become available.

3.3 Neutrino beams

The collider target parameters foresee a single bunth of 1:8 10 muons (and one of anti-muons) injected

in the 10 TeV muon collider every=f, = 0:2 sec. Assumind 0’ sec of operation per year, this corresponds to a
current ofd  10'° muons per year. The muons circulate until they decay, and those that decay in a straight section
of the collider ring give rise to a collimated beam of neutrinos that could be used for physics measurements in
a dedicated detector. The fraction of usable muons is the lengttthe straight section divided by the collider
circumference, of 10 km, and a region of at least 10 m without elds is required for the installation of the
detector close to the Interaction Point (IP). This gi9es 10° neutrinos of each species per second @nd10'®

per year at the 10 TeV collider. At the 3 TeV collider, a similar estimate divs 10°17) neutrinos per second
(year). Notice that our estimate only accounts for the muons that decay in the detector region. The total length
of the straight section is about 100 m in the current versions of the collider lattice design, and most of the muons
decaying in this longer region should produce usable neutrinos. At the real collider we could thus expect few or
10 times more neutrinos than our estimate.

The neutrinos are very collinear to the decaying muons, with an angle that is typically 6dlowrad
already at the 3 TeV MuC, and even smaller at 10 TeV because of the larger muon energy (see e.g. Ref. [23]).
The muon beam angular divergence is typically much al®dvenrad, hence the distribution of the neutrino angle
relative to the beam axis is driven by the dynamics of the muon beam and it cannot be estimated without reference
to the lattice design, which is still preliminary. Fortunately, the beam angular divergence in the detector region
equal to0:6 mrad, both for the 3 and 10 TeV colliders is a rather robust design parameter because it is directly
related to the luminosity at xed emittance. Our estimate of the neutrino angle (and energy) distribution thus
assumes a constadb mrad angular spreédor the decaying muons, and nominal beam energy®and 5 TeV
for the 3 and 10 TeV muon collider, respectively. This simpli ed simulation of the neutrino angle and energy
distribution has been found in qualitative agreement with the complete simulation based on a preliminary design

“Speci cally, we smeapxy =p;, with p the muon momentum, by independent Gaussians wits 10 “.
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of the lattice.

The relevant parameter for physics studies is the rate of neutrino interactions, which in turn depends on the
geometric acceptance and on the mass per unit area of the neutrino target. There are good perspectives to attain
order-one geometric acceptance: around 30% of the neutrinos would intercept a small 10 cm radius cylindrical
target placed at a realistically large (200 m) distance from the IP. The target mass is harder to estimate, because it
is intertwined with the capabilities of the detector to record the products of the neutrino interactions. Two options
are considered in Section 2.2.1, and the resulting interaction rates reported in Fig. 2.4.

Despite the promising potential discussed in Section 2.2.1, no resources are currently available within
IMCC for the design of dedicated neutrino detectors. We instead plan to re ne the estimation of the neutrino ux
from updated accelerator lattice designs.
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4 Detector
4.1 Concepts

4.1.1 System overview

The detector concept for %5 = 3 TeV muon collider is based on the detector design proposed by CLIC [1],
modi ed to adapt it to the machine-detector interface. The forward calorimeters (luminometer) have been replaced
with the shielding nozzles designed by MAP. This structure is constituted by two double-cone made of tungsten
and borated polyethylene having an opening angleOofwhich are necessary to mitigate the impact of the beam-
induced background. The nozzles are placed along the beam axis, in the region between 6 and 600 cm away
from the interaction point. As a consequence of that, the inner openings in the endcap region of the tracking
detector, calorimeter and muon stations have been increased to host the nozzles. In addition to that, the spatial
con guration of the vertex detector has been optimised to minimize the occupancy in the region of the tip of the
nozzles. Finally, the magnetic eld has been set to 3.57 T for consistency with the magnetic eld assumed in
the MARS15 simulation of the BIB particles. The detector is structured as follow. The innermost system closest
to the beam-pipe is a full-silicon tracking system, that includes a vertex detector made of silicon pixels with
double layers, and inner and outer trackers respectively composed of silicon macropixels and microstrips. The
tracking system is surrounded by a calorimeter system consisting of an electromagnetic (ECAL) and a hadronic
(HCAL) calorimeter, the former composed of alternating layers of tungsten absorber and silicon sensors, and the
latter having alternating layers of steel absorber and scintillating pads. A solenoid with an inner bore of 3.5m
radius, provides a magnetic eld of 3.57 T, whose ux is returned by a magnet iron yoke instrumented with muon
chambers (resistive plate chambers). A scheme of the full detector is shown in Fig. 4.1.

Fig. 4.1: Muon collider detector concept. From the innermost to the outermost regions, it includes the
nozzles (cyan), the tracking system (light green), the electromagnetic calorimeter (yellow green), the
hadronic calorimeter (red), the superconducting solenoid (light blue), and muon detectors (light green
and blue).
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4.1.2 Key challenges

As for the accelerator, the main technological challenges for the detector arise from the short lifetime of muons.
In fact the beam-induced background produced by the decay in ight of muons in the beams and subsequent
interactions potentially poses a serious limitation to detector operations. All kinds of particles are produced,
like photons, electrons, and neutrons, that can be partially mitigated by a proper design of the machine-detector-
interface, as described in Section 3.2. Nevertheless, of the ordé? phrticles enter the detector at this center of

mass (CoM) energy, therefore the detector design, the technology choices, and the reconstruction strategies must
primarily take into account the beam-induced-background impact.

Itis important to study the features of the beam-induced background by using simulation, to take the proper
directions for the detector development. Figure 4.2 shows two key distributions, the arrival time with respect to
the bunch crossing time currently set to zero, and the energy of the beam-induced background particles when they
enter the detector. These distributions have been obtained by using MARS15 simulgtﬁon at5TeV [22]. It
can be seen that a large part of beam-induced background particles are asynchronous with respect to the bunch
crossing, and they usually have low energy. Therefore timing measurements and appropriate energy thresholds
are important handles to suppress them at the detector level.

Fig. 4.2: Energy and arrival time, with respect to the bunch crossing time, of the beam-induced back-
ground particles when they enter the detector.

The following general requirements have been identi ed for the detector, driven by the necessity of sup-
pressing the beam-induced background and keeping the signal ef ciencies as high as possible:

— time measurements with excellent resolution: at this CoM energy resolutions ranging from 30 to 60 ps for
the tracking system, and around 100 ps for the calorimeters are evaluated to be appropriate with the detector
technologies available at the time of HL-LHC; the time resolution due to the primary vertex uncertainty
has not been studied yet, but a resolution below 10 ps can be easily assumed by considering the beam size
inz;

— energy measurements, to apply a proper threshold for rejecting the beam-induced background soft compo-
nent;

— high granularity, to reduce the overlaps between beam-induced background and signal hits, and conse-
quently reducing the occupancy;

— radiation hard devices, since the radiation level is similar to what is expected at the High-Luminosity LHC
(HL-LHC) [2].

The research and development for these technologies will be performed in synergy with the existing programs,
from HL-LHC to other future colliders.
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The muon collider detector should ensure the physics reaches from low eeaygyligs and standard
model physics) to the highest achievable energy scale for new physics searches (Section 3.1). This is particularly
challenging in the detector chré = 10 TeV caollisions and beyond, where particle momenta from few GeV to
several TeV have to be measured. The detector layout and design should satisfy physics requirements, and at the
same time, it has to accommodate the MDI requirements and geometry. In this context, the magnetic eld value
plays an important role. High magnetic elds, around 5T, could help in improving tracking momentum resolution
of high energy particles but it could generate inef ciencies for those with low momentum. In addition, there are
signi cant challenges to achieve the mechanical and electrical stability of the superconductive solenoids needed
to reach such values of the eld, including the technology transfer from previous HEP projects and the availability
of experts.

Another challenge is the simulation of the detector for reconstruction and performance studies. The prop-
agation of millions of beam-induced background particles through the detector volume, done with software based
on GEANT4 [4], is heavily CPU-time consuming. Dedicated software and algorithms that tackle this problem in
the proper way have to be developed since the muon collider environment is different from that of other well-
known collider machines. Adequate computing resources should also be allocated for the detector studies.

4.1.3 Work progress since the publication of the European LDG roadmap
An important progress since the the publication of the European LDG roadmap is the initiation of the studies for

the design of the detector afs = 10 TeV. To properly understand the requirements, three major macro-categories
of physics processes for muon coIIisiongaﬁ =10TeV have been identi ed:

— low energy: typical examples are electroweak (EW) and Higgs boson production, with energy in the range
of a few hundreds of GeV, a sample of Higgs bosons decayibyje&ts is used for the studies;

— high energy: New physics (NP) processes can create heavy resonances at the order of TeVs; sitnulated Z
boson with a mass of 9.5 TeV is taken as a representative case with physics objects with energied up to
TeV,

— unconventional signatures such as long-lived particles, disappearing tracks and emerging jets are just a few
examples.

The transverse momenia; , of the decay products of Higgs andtbsons are shown in Fig. 4.3 to illustrate the
difference among them.

Fig. 4.3: Left: pr distributions ofl-quark coming from théd ! bbdecays aP s =3 and 10TeV, as
obtained at generator level. Right: distribution of leptons andgetsoming from the decay of a%Z
boson produced ats = 10 TeV with a mass of 9.5 TeV, as obtained at generator level.

The requirements set on the detector by the selected physics benchm%&s: a0 TeV are determined
by optimizing the different sub-detectors. For the tracking system, a parametric study has been done looking at
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the relation between the depth of the tracking system and the magnetic eld. Figure 4.4 (left) shows the results
of momentum resolution for tracks with a transverse momerggm 5000GeV, as a function of the maximum
tracker radius for different magnetic eld values where it is evident that a deeper tracker with an high magnetic
eld value is necessary to keep a good track reconstruction resolution. A preliminary discussion with experts on
detector magnets has been organized with a dedicated workshop [11], that set the basis for the studies.

Studies with photon/protons/pions particle guns have been performed to determine the calorimeter charac-
teristics. Deeper calorimeters to contain high energy particles showers are necessary as shown in Fig. 4.4 (right),
where it is visible that a fraction of photon energy (with energies greater than 1 TeV) leaks into HCAL. For the
muon reconstruction, studies on muons vith  5000GeV have shown that more inclusive algorithms that also
use calorimeters information should be used in order to collect the energy released by muons.

Fig. 4.4: Left: track momentum resolution for muons wjgh=5 TeV and = =2, as a function of the
tracker radiusRmax ) and for different values of magnetic eld(). Right: fraction of photon energy
measured in HCAL with respect to the total energy measured in ECAL+HCAL, as a function of the true
photon energy.

4.1.4 Work planned for next evaluation report

The magnet layout and magnetic eld intensity will be one of the rst items to be tackled for the next activities.
This choice will drive the design of the detector sub-systems. The tracking, calorimeter, and muon detector system
geometries will be de ned, considering the available space (limited by the magnet, MDI, and cavern dimensions).

The assessment of the beam-induced background effects on the deté)cfm:alo TeV is another im-
portant activity for the upcoming Evaluation Report. It will include the study of incoherent electron-positron
production, a physics process that could become relevant at high center-of-mass energies, such as 10 TeV. Once
the simulation samples of the beam-induced background described in Section 3.2 are validated, the studies at
the detector level will start. First, the interactions of the beam-induced background with the detector have to be
simulated; a preliminary detector design will be used, considering different con gurations and values of the mag-
netic eld. Several important physics quantities, like detector occupancy and distributions of hit position, time,
and energy will be studied, including the determination of the radiation levels. The detector requirements will be
reviewed, to verify if important changes for the layout and the technology choices are necessary, with respect to
the s = 3 TeV concept. The reconstruction performance of the main physics objects will be studied. Initially,
using the same algorithms reported in Section 4.2, and subsequently, with algorithms tuned speci cally for the
P s = 10 TeV case. Feedback will be provided to the MDI study group to assess the possibility of improving the
detector acceptance., reducing the nozzle angle) while maintaining excellent reconstruction performance. The
technology choice will be made by considering physics requirements and costs.

A rst detector concept description gtg = 10 TeV will be delivered and made available in one of the
next releases of the muon collider simulation framework and will serve as the starting point for all future studies.
The simulation of the beam-induced background in this detector will be provided, along with a version of the
reconstruction algorithms with an initial tune speci cally tailored for this concept.
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4.1.5 Next priority activities and collaboration opportunities

Among the future activities, it will be important to study how to reconstruct and identify very forward muons, with
angle belowl(® with respect to the beam pipe. These muons are emitted outside the detector acceptance, mainly
in the nozzles. Their identi cation is important in several processes. For example, muong fdffusion
processes are mainly emitted in these regions, therefore their detection could be employed to tag such events
and distinguish them from the/* W fusion. These muon detectors have to be placed along the beam line,
where also the accelerator magnets are placed. The propagation of the very forward muons through the magnetic
elds con guration due to the accelerator components is not trivial, and a dedicated study with FLUKA has to be
performed.

4.2 Performance

This section presents an overview of the performance of the 3-TeV detector concept for the reconstruction of the
primary physics objects in the presence of beam-induced background.

4.2.1 Overview of the physics object reconstruction

The high levels of beam-induced background in the detector pose unprecedented challenges for the reconstruction
and identi cation of the particles produced in muon collisions, which are referred to as physics objects. To fully
exploit the physics potential of a muon collider and accomplish its physics program, it is essential to reconstruct
all the physics objects with high ef ciency and determine their properties with the greatest precision, even in the
presence of beam-induced background.

A campaign of studies, based on a detailed detector simulation, was carried out to assess the effects of the
background on the detector response and possibly develop the appropriate mitigation measures. The outcome was
that the reconstruction algorithms for all the considered physics objects required revision or ne-tuning. However,
the results indicate that the background effects on the detector response can be minimized to a degree that does not
compromise the detector performance. This performance was then estimated reconstructing a set of benchmark
Higgs boson channels at a 3 TeV muon collider.

The beam-induced background causes very high hit multiplicities in the detector's tracking system, making
the track nding process highly challenging, since the number of hit combinations to be considered increases
exponentially, and a uniform diffuse energy deposition in the calorimeters, which makes it dif cult to identify and
accurately measure the energy of particles from collisions.

In general, the physics object reconstruction involves combining information from different detector sub-
systems. Tracks, calorimeter clusters, and muon detector hits are combined to achieve an optimal performance
in terms of identi cation ef ciency, background rejection, and momentum resolution. For this purpose, a particle
ow algorithm is employed, PandoraPFA [7], which takes as an input the reconstructed tracks and the hits of the
calorimeters and muon detectors.

The initial focus of the detailed simulation studies was on muons, electrons, photons, and jets. Muons are
identi ed by matching tracks with hits in the muon detector system. This sub-detector, located far from the beam-
line, is not signi cantly affected by the beam-induced background, except for the forward and backward regions
with respect to the beam direction. Electrons and photons are reconstructed by matching tracks with clusters in
the electromagnetic calorimeter. Isolated clusters are classi ed as photons, while clusters matched with a track
are classi ed as electrons. The energy of electrons and photons is corrected to take into account inef ciencies and
radiation losses. The reconstruction ef ciency of the electromagnetic objects as a function of the energy reaches
around 996 for high energy but drops at low energies due to the beam-induced background. For the jet reconstruc-
tion, tracks and calorimeter hits are Itered to remove the beam-induced background contamination and then are
given as input to the PandoraPFA algorithm. The particles reconstructed by PandoraPFA are used as input to the
jet clustering algorithm, which aims to group together particles produced in the fragmentation process of the same
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Fig. 4.5: Left: Invariant mass distribution of the muon pairs produced in the ! H !

* process without the beam-induced background (red line) and with the beam-induced back-
ground overlaid to the physics events (blue line). Right: Transverse momentum resolution as a function
of transverse momentum for the reconstructed muons entering in the plot on the left with the beam-
induced background (BIB) overlaid.

quark or gluon, by exploiting their correlations. The resulting jet energy is corrected to recover the losses due to
particles escaping the detector, detector inef ciencies, and also for beam-induced background contamination. The
jet reconstruction algorithm has been tested with simulated samples of different jet avours: gluansiasd:,
andbquarks. Despite the presence of the beam-induced background throughout the detector, the ef ciency ranges
between 86 and 9846, with a negligible fake jet probability. In order to identify the jets originating from heavy
quarks, secondary vertices compatible with the decapsaridc-hadrons are reconstructed by combining tracks.

A jet is identi ed as a heavy- avour jet if one of these secondary vertices is reconstructed within the jet cone.
The b-jet identi cation probability is approximately 456 at low pr (20 GeV) and increases to %0at 120 GeV,

while keeping a misidenti cation rate of abo@0% for c-jets and from1% to 5% for light jets. This level of
performance is similar to what is currently achieved at hadron colliders. At lepton colliders, a higher ef ciency
can be expected. The current algorithm is mainly limited by the presence of the beam-induced background. In
the future, arti cial intelligence-based methods will be implemented to minimize the effects of BIB and further
enhance ef ciency.

The physics objects described above were used to reconstruct the Higgs boson decay modes into the nal
statedh, , *  andderive the reconstruction performance in the momentum range de ned by these processes.
The invariant mass depends on the magnitude and the direction of the decay particle momenta. The peak position
at the nominal mass of the Higgs boson indicates a well-calibrated energy of the objects, while the peak width
re ects the accuracy with which the object properties are measured. Figure 4.5 (left) shows the distribution of
Higgs boson reconstructed mass far | H with H decaying into * . The reconstruction of high-
energy muons produced in this decay, namely above 10 GeV (see Fig. 4.5 on the right), is not signi cantly affected
by the beam-induced background, as shown in the gure. The width of the mass peak is 0.4 GeV, comparable to
electron-positron colliders. Figure 4.5 (right) demonstrates that relatively high-energy muons are reconstructed
with high momentum resolution. In Fig. 4.6, the invariant mass otthle forthe * I H process
is plotted. As for the muons, high-energy photon reconstruction is not heavily impacted by the beam-induced
background. In fact, the di-photon mass distribution has a peak with a width of 3.2 GeV, with a small tail at higher
masses that does not have an impact ortHhe measurements. These events are then used to evaluate the
energy resolution achieved with the current calorimeter. This range of energy is dominated by the constant term,
which is abouB%.

The case is different for hadronic jets where an important contribution is given by low-energy (from
500 MeV to GeV) objects. The reconstruction performance of low-momentum, around GeV, tracks and low-
energy calorimeter clusters is impacted by the beam-induced background. The di-jet mass resolution is critical,
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Fig. 4.6: Invariant mass distribution of the photon pairs produced inthe ! H !
process with the beam-induced background overlaid to the physics events.

for example, to separate tht andZ peaks as shown in Fig. 4.7(left). The current value of the Higgs boson mass
resolution is about 8%, being dominated by beam-induced background efféetsthe energy thresholds set on

the calorimeter hits. The di-jet mass resolution is suf cient for determining the Higgs and Z bosons yields on
a statistical basis, but in the future improving the jet energy resolution will be fundamental for several measure-
ments. This can be achieved by optimizing the lters for removing the beam-induced background contamination,
and subsequently by lowering the calorimeter energy thresholds. Fig. 4.7 (right) [8] shows the invariant mass
distribution of two jets originating from the leading Higgs boson iHld samples, compared with that qfa,

ina * I 0hOhGhGh events sample without beam-induced background. It's important to emphasize that the
degraded energy resolution when including beam-induced background is due to the limited performance of the
reconstruction algorithm which is currently being improved.

Fig. 4.7: Left: Invariant mass distribution of the jet pairs produced inthe ! H I bo

process with the beam-induced background overlaid to the physics events: the reconstructed mass peak
of the Higgs boson is indicated in red, while the background flbrh bbandZ ! ccis in green.

Right: Di-jets invariant mass of the leading Higgs candidate in the samptdHofevents compared to

that one oft, 0h 1 & events, in samples reconstructed without the BIB.

A review of the Higgs precision measurement at a muon colligrélz 3 TeV can be found [8]. The
analysis of the different decay nal states allowed to determine the detector performance in an energy range of
few GeV up to hundred of TeV, summarized in Table 4.1. This performance can be considered the requirements
to be competitive on Higgs physics.
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Table 4.1: Detector and reconstruction requirements for Higgs physics at the muon collider, determined
with the detailed simulation studies. The values have been obtained for objectsrwofrabout 100

GeV, that is the average transverse momentum of the particles from the 2-body decay of the Higgs boson
with ™ s =3 TeV. The rst set of requirements is intended for single Higgs boson measurements, while
more stringent requirements are presented for the trilinear coupling determination with thejéobur-

nal state. Taken from Ref. [8].

Object | Requirements
muons % =0:4%

photons = =3%
jets % = 15%
b-jets % = 15%

:
b ef ciency = 60 %
¢ mistag = 20 %

b-jets % =10%
(for 3) | befciency =76 %
¢ mistag = 20%

4.2.2 Key challenges

The rst studies with the detailed detector simulation have shown that the effects of the beam-induced background
on high-energy objects in the central region of the detector are negligible. One of the key challenges in event
reconstruction is dealing with physics objects that have low energy and physics objects that are in the forward or
backward regions of the detector.

The beam-induced background mitigation measures must be re ned and perfected to improve the recon-
struction of the low-energy objects. For instance, the energy thresholds on the calorimeter hits affect the energy
resolution of jets and low-energy photons and electrons. In the detector forward and backward regions closer to
the beamline, the beam-induced background levels are higher. At multi-TeV collision energies, all the standard
model particles are highly boosted in the forward region and their decays may produce particles that are very close
to each other in space or even overlapping in the detector. Dedicated algorithms must be developed for those cases.

4.2.3 Work progress since the publication of the European LDG roadmap

Since the publication of the European LDG roadmap, an assessment has been performed of the reconstruction
performance for tracks, muons, electrons, photons, and jets in the presence of the beam-induced background with
a detailed detector simulation at a 3 TeV collider, as discussed in Section 4.2.1. The reconstruction algorithms of
the physics objects were revised and ne-tuned to preserve their reconstruction ef ciency and the accuracy in the
determination of their properties.

Moreover, such physics objects were used to carry out sensitivity studies on the Higgs boson production
cross sections at a 3 TeV collider. This paper reports only a small subset of all the results collected in the re-
view by Casarsat al.[9], where it is demonstrated that the achieved outcomes are competitive compared to the
corresponding comprehensive estimates from the CLIC Collaboration at the same collision energy.

4.2.4 Work planned for next evaluation report

The work plan for the evaluation report follows two main directions: the completion of the physics objects studies
at the 3 TeV center-of-mass energy and a preliminary evaluation of the reconstruction performance for the main
physics objects at %é =10 TeV collider.

At 3 TeV center-of-mass energy, a re nement of the electron and photon reconstruction is planned: the
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energy resolution is currently limited at low energies by the high thresholds set for the electromagnetic calorimeter
hits and at high energies by the spillage of the electromagnetic showers into the hadronic calorimeter; electron
reconstruction would also bene t from the recovery of the radiated bremsstrahlung photons. Furthermore, the tau
leptons are still missing to complete the set of available physics objects and their reconstruction algorithms must
be studied. In addition, only preliminary studies were conducted on the missing energy determination due to the
issues on the calorimeter object reconstruction. The improvements already discussed on this sub-detector will
open the possibility also to tackle the missing energy resolution.

4.2.5 Next priority activities and collaboration opportunities

The detector performance has been determined for the most critical and important objects. Additional efforts are
needed to get a complete picture at 3 TeV and to have a full set of reconstructed objects to be used in physics
studies:

— a study of the reconstruction algorithms for tau leptons with the beam-induced background and an assess-
ment of their performance;

— an optimization of the jet reconstruction, taking advantage of an improved reconstruction of low-momentum
objects and possibly the identi cation of jet substructure;

— development of dedicated algorithms to reconstruct and identify boosted physics objects;
— an improvement of the jet avour identi cation, exploiting more sophisticated algorithms based on
arti cial-intelligence techniques;

— an assessment of the most suitable particle identi cation techniques and algorithms in the muon collider
environment.

Neverthless, the next steps will be the study of the detector performaFr)\ée:atLO TeV following the same

priority list used for thé s = 3 TeV. The algorithms studied for the 3 TeV case will optimized and adapted where
needed, to the higher center-of-mass energy. New methods may be developed to reconstruct physics objects that
exhibits different properties at high energy.

4.3 Technologies

4.3.1 System overview

The detector concept described earlier serves as a starting point for evaluating the expected detector performance
in different physics scenarios by building an ef cient full-simulation work ow to study various beam-induced
background mitigation strategies. At this conceptual stage, only general assumptions about the relevant detector
parameters were made, such as dimensions, material composition, granularity, and spatial and time resolution.
This approach simpli es the process of iterative variations towards an optimised detector design for which spe-

ci ¢ technology details can be implemented at a later stage. These studies allow the identi cation of the key
features of different sub-detectors at a muon collider experiment, which are summarised in the recent review for
Snowmass 2021 on the promising detector technologies and R&D directions [10].

From the technology perspective the pres%ﬁt: 3 TeV detector model can be divided into six sections
ordered by increasing distance from the interaction point:

1. Vertex detector (VXD): Si sensors witl25 25 uny pixels and time resolution of; = 30 ps arranged in
double layers with 2 mm spacing.

2. Inner (IT) and outer (OT) tracker: Si sensors with 50 pum 1 mm (IT) and 50 um 10mm (OT) macro-
pixels and time resolution of; = 60 ps.

3. Electromagnetic calorimeter (ECAL): sampling design witW absorber an&i sensors arranged b
5 mn tiles.
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4. Hadronic calorimeter (HCAL): sampling design with steel absorber and plastic-scintillator tiles arranged
in30 30mn? cells.

5. Superconducting solenoid:magnetic eld strength of 3.57 T with a Fe return yoke.

6. Muon detector: resistive plate chambers (RPC) divided iB® 30mn? cells interleaved in the magnet's
return yoke.

Description of this geometry is implemented in the DD4hep [5] framework, which provides interface to
GEANT4 [4] simulation software and to Marlin [6] framework for detector digitization and event reconstruction.
Two generic types of hits are used in the detector simulation:

— Tracker hit: corresponds to a single energy deposited by a particle in the sensitive volume, with associated
energy, time and position of the deposit within the volume.

— Calorimeter hit: corresponds to the integrated energy deposited by one or more particles in the sensitive
volume during the xed integration time, with only the total energy and time assigned to the hit associated
with the volume.

Tracker-type hits are used for VXD, IT and OT detectors, while calorimeter-type hits are used for the ECAL,
HCAL and muon detectors, which have the actual granularity implemented in the geometry.

4.3.2 Key challenges

High-intensity beam-induced background that survives after passing through the MDI nozzles poses signi cant
challenges for most of the sub-detectors by inducing high levels of radiation and by creating excessive amount of
background hits. Projected levels of total ionizing dose (TID) and neutron uence at Muon Collider are compara-
ble to those expected at HL-LHC, while the background hits have signatures unique to Muon Collider and require
dedicated treatment in each sub-detector to achieve the necessary physics performance.

In the tracking detectors, the beam-induced background causes very high hit densify, uichits/cn?
in the innermost layers of VXD, when integrating over a 15 ns readout window. Combinatorial background aris-
ing from such a large number of hits makes track reconstruction unfeasible unless the amount of background
hits entering the pattern recognition algorithm is signi cantly reduced. The primary beam-induced background
suppression methods in the tracking detectors are:

1. Timing: rejection of hits outside of a very narrow time window of about 100 ps (exploiting the character-
istic time distribution of beam-induced background hits, as shown in Fig. 4.8.

2. Direction: rejection of hits inconsistent with pointing at the interaction region by estimating their direction
from a stub of two hits in a double-layer.

3. Cluster shape: rejection of beam-induced background hits represented by wider clusters of pixels due to
crossing the sensors at a shallower angle.

4. Goodness of t: rejection of fake track candidates due to b&d

Considering these aspects, the great challenge for tracking-detector technology is to provide extreme time res-
olution and on-detector hit Itering while maintaining low material budget and high radiation tolerance. A low
material budget indirectly requires low power density of the readout electronics such that it can be cooled without
introducing additional heat-exchanging materials. We should also note that these beam-induced background sup-
pression methods could potentially limit the performance of long-lived particles, for which a dedicated strategy
should be de ned in the future.

In the ECAL and HCAL sub-detectors beam-induced background contribution comes primarily from low-
energy photons and neutrons respectively, which have a relatively uniform angular distribution across the detector
volume. Yet, their distribution in time and depth is different from the shower signatures produced by the hard
collision, as shown in Fig. 4.9. Given that the beam-induced background contribution partially overlaps with
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Fig. 4.8: Time distribution of hits in the tracking detector corrected for the expected photon's time of
ight from the interaction point. Hits from the beam-induced background (BIB) are shown by solid lines,
while hits from single muons smeared by corresponding time resolutions are shown by lled areas.

the signal hits, with the current con guration and technology of the calorimeters, it can't be excluded from the
readout completely and has to be subtracted instead at a later stage. To minimise the effect of such beam-induced
background subtraction on the resulting energy resolution the corresponding detector should possess high spatial
granularity and time resolution, allowing to measure the corresponding time and depth pro les of the shower. In
particular ne depth segmentation implies a large number of sensitive layers in the detector, making the cost of
the technology also an important factor. Thus, the main challenge for the ECAL and HCAL technologies is to
provide excellent time resolution in a nely segmented detector at a low cost, while being compatible with the
radiation-hardness requirements.

Fig. 4.9: Difference between the time (left) and depth (right) of the hits produced by beam-induced
background (BIB) and signal b-jets.

The muon system is relatively unaffected by the beam-induced background contribution except for the very
forward region, where high-energy neutrons and photons create hits near the MDI nozzles. While this does not
pose any serious challenge for muon detection itself, it is nevertheless important to have high spatial and time
resolution to allow matching of standalone muon tracks with hits in the tracking detector. Such seeding of muon
tracks from the muon system would greatly improve muon-reconstruction speed given the high combinatorial
background in the tracking detector.
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4.3.3 Work progress since the publication of the European LDG roadmap

Several developments have been done for different sub-detectors towards a better de nition of their technical
characteristics.

A realistic digitization algorithm for pixel sensors of the tracking detectors has been implemented and
integrated into the Muon Collider simulation software. With a con gurable pixel pitch for the sensor together
with other readout parameters like noise and threshold it provides realistic pixel clusters that can be used for
beam-induced background suppression. On the hardware side several technologies have the potential to meet the
requirements of the tracking detectors, such as AC- and DC-coupled LGAD, trench-isolated LGAD, as well as
MAPS technology thanks to its particularly low material budget. Estimates of the data rate, mainly due to the
beam-induced background hits, underline the importance of fast and radiation-hard data-transfer links, such as
LpGBT, and careful design of the data acquisition logic. Reduction of the amount of data directly in the readout
chip is particularly important in this respect.

For ECAL a new conceptual design has been implemented in the simulation based on Crilin technol-
ogy [19], which is a semi-homogeneous calorimeter with nely segmented Cherenkov-radiating crystals providing
high time resolution at relatively low cost. A semi-homogeneous calorimeter is expected to have a better energy
resolution with smaller uctuations, which can help to minimize the effect of the beam-induced background. After
showing a good performance in Muon Collider simulation studies some physical prototypes have been built and
tested to experimentally validate this technology and the expected performance. The latest beam test [20] of a
multi-layer prototype at CERN demonstrated a time resolutio® (#0 ps), as shown in Fig. 4.10, which gives
con dence that reaching 100ps on the nal detector would be possible.

Fig. 4.10: Left: two out of three detection layers of the Crilin prototype proposed for Muon Collider
calorimeter tested at CERN teast beam. Right: Distribution of the time difference between two neigh-
bouring layers of the prototype measured obtained with test beam data.

For HCAL the use of micro-pattern gas detectors (MPGD) [17] as an active layer is under study, which
offers good energy and time resolution at high rate and low cost for instrumenting such a large area. The cor-
responding design has been implemented in the detector geometry for full-simulation studies, which showed
performance comparable to that of the current baseline. The technologies being considered are puRWell, RPWell
and MicroMegas, for which initial digitization logic for digital readout has been implemented in the simulation
software. Physical prototypes for each technology have been also produced and two test-beam campaigns have
been carried out at CERN during 2023 (see Fig. 4.11), which showed good results in terms of MIP detection
ef ciency.
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Fig. 4.11: Left: MPGD-based HCAL prototype tested at CERN having multiple layers built with dif-
ferent technologies. Right: measured MIP-detection ef ciency of different MicroMegas layers as a
function of the applied high voltage.

For muon detector, the Picosec technology [18] is being studied as a better-performing alternative to the
RPC layers. It uses a crystal Cherenkov radiator, coupled to a UV-transparent photocathode and a two-stage
ampli cation by Micromegas, providing a time resolution comparable to that of the tracking detector. This would
be of great importance for rejecting out-of-time beam-induced background hits, especially in the forward region
of the muon system where the rates are high. Several prototypes have been tested with different photocathode
materials and gas mixtures, with very promising preliminary results, as shown in Fig. 4.12. Finally, the tested
Picosec geometry has been interfaced with the full-simulation framework to study its performance in the forward
region in the presence of beam-induced background.

Fig. 4.12: Time resolution obtained by the Picosec prototypes as a function of the mean signal amplitude
compared for different photo-cathode materials (left) and gas mixtures (right).

The community of the IMCC Detector and Physics is deeply involved in the ECFA DRD collaboration. In
some of the study, like the calorimeter one, the efforts are lead by the IMCC people. In addition to that, the muon
collider community participates to the DRD activities, making sure that all the mentioned technologies relevant for
each subdetector are included in the corresponding DRD collaboration roadmaps. Similar efforts are also taking
place within CPAD. A comprehensive list of all the relevant technologies can be found in Ref. [10].
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4.3.4 Work planned for next evaluation report

A number of developments are planned to progress towards a well-de ned conceptual detector design. Important
input is expected from experimental tests of the rst production batches of DC-RSD sensors [21], which is a
promising technology for the tracking detector. In particular its ability to achieve low occupancy by controlling the
extent of charge sharing will be validated and implemented in the simulation software. R&D on the technologies
considered for the ECAL, HCAL and muon detector will continue according to their working plans, which are
part of the coordinated DRD and CPAD efforts in Europe and U.S. respectively.

4.3.5 Next priority activities and collaboration opportunities

Current available technologies allow competitive physics measurement at muon collider if the detector were to be
built in the next few years. With the new generation of the detector, the performance can be greatly improved, as
the preliminary studies on the calorimeter systems is showing.

The development of an ad hoc tracking detector needs to be better pursued. Here, the technology is at
a very early stage and multiple technical aspects need to be addressed. These include the possibility of having
long pixels in the inner and outer trackers, where hit density is lower, which is challenging to implement in DC-
RSD technology. Different possible readout implementations can have great impact on the sensor's ef ciency,
granularity of the timing information and the resulting power consumption. An integrated approach to the tracker
design that also includes the mechanics and cooling will be very important in the future.

The integration of all sub-detectors, currently missing, will be studied once the technology for each indi-
vidual sub-detector is de ned.

4.4 Software and computing: Concepts

4.4.1 System overview

The muon collider software framework [3] is based on CLIC's iLCSoft. It includes the DD4hep toolkit [5]

to model the detector geometry, thee@\T4 [4] program to simulate the detector response, and the Marlin
package [6] for the event digitization and reconstruction. Stable particles are generated by external packages and
given as input to the aforementioned software. Signal and physics backgrounds events are produced by users with
common packages like WzARD [13] and MADGRAPH [14]. The beam-induced background bunch-crossings,
instead, are produced by using the FLUKA [15] and FlukaLineBuilder [16], as described in Section 3.2. The
programs work ow proceeds as:

generation of ¥ interactions and beam-induced background bunch crossings;

simulation of the interaction of the generated particles with the passive and active elements of the detector;
the results are stored as SimHits;

overlay of beam-induced background SimHits to tfie interaction events;

reconstruction of the energy deposits in each sub-detectors, i.e. tracker, calorimeters, muon system produc-
ing RecHits;

reconstruction of high-level physics objects e.g. charged patrticle tracks, jets, secondary vertices, muons,
electrons, etc.

The physics objects are then used in the analysis measurements, as presented in Section 4.2.1. The software
infrastructure is currently supported and maintained by two INFN experts.

The computing infrastructure is formed by:

— CPU: accessed via cloud services provided by INFN and CERN;
— storage: disk space of about 600 TB at INFN sites and about 100 TB at CERN.
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4.4.2 Key challenges

The major challenges identi ed so far are the following:

— production of the beam-induced background bunch-crossing events, see Section 3.2 for a description;

— simulation of the beam-induced background particles in the detector; this task requires a signi cant amount
of CPU time, in Ref. [3] such a time is quanti ed depending on the con guration used to track particles
throughout the material,

— the overlay of the beam-induced background hits with the interactions particle hits; this process de-
mands a signi cant amount of computing memory (RAM) per event, for a detailed discussion see Ref. [3];

— tracks and calorimeter object reconstruction from RecHits including the beam-induced background; it can
be performed only under particular conditions, for example by Itering tracker hits depending on their
arrival time on the sensor and subtracting a tuned amount of energy in the calorimeter cells.

4.4.3 Work progress since the publication of the European LDG roadmap

The software has been improved signi cantly since the publication of the roadmap to reduce the amount of com-
puting resources and the time necessary to simulate and reconstruct a complete bunch-crossing event. A complete
description of the improvements can be found in Ref. [3]. The notable optimisations include the early exclu-
sion of irrelevant beam-induced background particles froeaksr4 simulation by Itering tracker-hit collections

based on the arrival time on the sensor, as well as the integration of ACTS (A Common Tracking Software)
track-reconstruction framework [12].

Another important step forward is the transition to the common Key4hep software stack that is almost
completed, but not yet in production.

From the point of view of the code distribution to the users, two major software releases have been done
since the publication of the roadmap, in June 2022 and April 2023. The software is available with its distribution
via docker images and CERN CVMFS.

4.4.4 Work planned for the evaluation report

The major activities currently in progress and likely to be ready at the time of the evaluation report are:

complete transition to Key4hep and distribution of a production release, depending on the person-power
available;

de nition of the release validation work ow;

de nition of a user support, with voluntary personnel, to help newcomers to use the software structure;

expansion of computing infrastructure to include additional European and US sites.

4.4.5 Next priority activities and collaboration opportunities

The computing infrastructure is distributed in different sites, a federation is needed with an authentication and an
authorization method common to the IMCC. A similar problem is present on data management, where different
architectures are used by different sites and within IMCC there is no data management system in place. Both these
activities are not pursued due to the lack of person-power.

The usage of advanced arti cial intelligence methods for physics object reconstruction like tracks and jets
and their identi cation could signi cantly improve the performance by helping to minimize the impact of the
beam-induced background. These activities require a signi cant increase of the person-power.
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5 Accelerator design

This chapter describes the whole accelerator chain of the proposed muon collider complex. The challenge of the
proton complex is to provide the few MW proton with very short bunch lengths of a few ns and low repetition
rate of 5Hz. The muon production cooling part consists of a target inside an as high as possible magnetic eld
and standing the drive beam power, a decay channel with decreasing magnetic elds and comprising a chicane to
remove unwanted particles, a section for longitudinal capture of the muons and, nally, several ionization cooling
channels interleaved with a section merging several muon bunches into one bunch. The acceleration to high energy
has to be fast requiring large average RF gradients at all stages; the baseline solution consists of a sequence of
recirculating linacs followed be very rapid cycling synchrotrons accelerating the beam within a few tens of turns.
Finally, the muons are injected into the muon collider ring, which has to provide suf cient luminosity leading to a
challenging design with and rms bunch length of a few mm and large rms momentum spread of akald.

5.1 Proton complex

5.1.1 System overview

The proton complex is the rst piece in the muon collider complex. It comprises of a high power acceleration
section; an accumulator and compressor; and a target delivery section. The high power acceleration section can
take many shapes as shown in Fig. 5.1. In our baseline design we will study a nal energy linac. This section is
responsible for delivering high power, high intensity bunches to the accumulator and compressor section. At the
end of the high power acceleration section the pulse total charge is distributed among a high number of bunches
with a small energy spread. Such a long train of bunches do not reach the desired instantaneous power for intense
pion production on the target.

Fig. 5.1: Schematic layouts for the proton complex section. Our baseline design is the schematic 1 on
the gure. The bunch density as the proton travels thought the complex is also depicted. The closer to
the target the highest the bunch charge density and at the point where is collides with the target. To reach
high densities is one the the main challenges in the design of the part of the muon collider.

In order to achieve the high proton intensities in a short pulse, an Accumulator and Compressor ring will

be used to combine and compress the protons into very short bunch, with a length of the ordamofms. The

rst storage ring, the Accumulator, accumulates the protons via charge stripping of the incomihgath from

the linac section, preserving the energy spread. The incoming beam is chopped to allow a clean injection into the
ring circumference. The second storage ring, the Compressor, accepts between 1 and 6 intense bunches from the
Accumulator and performs a 90°-bunch rotation in longitudinal phase space, shortening the bunches to the limit of
the space-charge tune shift just before extraction. The Compressor ring must have a large momentum acceptance
to allow the storage of the beam with a momentum spread of a few percent, which arises as a consequence of the
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bunch rotation.

The target delivery section transports the nal intense short bunches from the compressor to the target,
ensuring that neither the transverse nor longitudinal properties of the beam are compromised in the process. To
achieve optimal luminosity, the nal collider will work in single bunch colliding mode. Therefore, in the multi-
bunch solution, short bunches extracted from the Compressor must be recombined and hit the pion production
target simultaneously.

The primary requirement of the proton complex is to enable the production of a high number of useful
muons at the end of the decay channel after the target. The production rate, to good approximation, is proportional
to the primary proton beam power, and (within the 5-15 GeV range) only weakly dependent on the proton beam
energy. Considering a conversion ef ciency of about 0.013 muons per proton-GeV, a proton beam in the 1-4 MW
power range at an energy between 5GeV and 10 GeV will provide the suf cient number of muons required.

5.1.2 Key challenges

The critical challenges for the proton complex include the determination of proton nal energy on the target with

signi cant implications for particle creation, the layout of the high power acceleration section, and the choice of

target material and size. Two nal proton beam energies, 5 GeV and 10 GeV, will be investigated during the length
of the grant.

A comprehensive study is required to identify key parameters for the Proton Complex, including a com-
pression scheme and the nal number of bunches, thus in uencing the layout of compressor ring lattice and the
required number of turns for compression. The minimum number of bunches needed will affect the layout of the
ring-to-targetdelivery design. The beam parameters on the target surface will impact the design of the expense
beam dump, which can be challenging due to target geometries and constraints.

Determining the linac chopping scheme is another key parameter, which will directly in uence the linac
pulse length and current, and subsequently, the accumulator and further accelerator design.

Other important challenges include the design of the accumulator lattice for both energies to be studied,
investigation of the instability thresholds in the accumulator and compressor rings, error analysis across the entire
complex with a focus on bunch recombination at the target delivery system, and continuous development of the
H source to meet the needed pulse current and length for the muon collider's requirements, including potential
upgrades.

5.1.3 Recent achievements

A baseline lattice for the accumulator and compressor for the 5GeV case, based on the studies for the neutrino
factory at CERN, was revised and ported to XSuite and PyOrbit. A campaign to cross benchmark of both codes,
specially for high space charge conditions, is ongoing. Basic beam physics parameters are being collected and
compiled and a parametric study is underway. A rst look at the transport between ring and target of a 2 ns high
current bunch has started. A compilation of the literature on past projects, with special attention to US Muon
Acceleration Program (MAP) [1, 2] results, was done.

Since both the accumulator and compressor rings are strongly space charge limited machines, an evalua-
tion of available codes for space charge dominated beam simulation is under way. In order to complement this
evaluation a collection of data from CERN PS bunch rotation and Booster bunch recombination, both with high
density bunches, was carried out. Data analyses and further plans are underway.

5.1.4 Planned work

The majority of the planned work for the following year is concentrated on the compressor lattice design, re ne-
ment, and target delivery parameters. We plan to explore possibilities at a beam energy of 5 GeV, including the
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Fig. 5.2: Schematic of the muon production system. Protons are incident onto the target on the left of
the gure, while the cooled muon beam leaves on the right of the gure, entering into the low energy
acceleration system

de nition of minimum number of bunches possible and a rotation scheme. Also for the 5GeV case, we plan to
narrow down the beam parameters that are possible to be delivered to the target. A second step in the process
will be the design of a 10 GeV compressor ring and the re-design of the target delivery section, in case the 5 GeV
solution is unable to achieve the required beam quality.

Other planned work regarding the proton complex includes:

— Compilation of linac technologies and main parameters

— Study on H source capabilities (current and pulse length)

— Study on H stripping for injection into the Accumulator

— De nition of a possible chopping scheme for the linac and nal accumulator setup
— De nition of RF requirements for bunch rotation

— Initial study of main instabilities in the accumulator and compressor rings

5.1.5 Next priority studies and opportunities for additional collaboration

Several studies with lower priority are at present not planned and could represent great opportunities for future col-
laborative work. Notably, the study proposal does not encompass work on the accumulator or further acceleration
(beyond the linac nal energy of 5GeV), alternative rotation schemes and in-depth error and instability studies

in various sections of the complex. All these topics would be of interest to further optimise the proton complex
scheme and could be envisaged with additional resources and collaborators. On a more technical side, integrated
engineering activities, as well as the detailed RF design for the rotation scheme, will be lacking. In depth work
on the linac lattice design and many R&D topics regardingddurce development, Hstripping, high ef cient
acceleration and design of high-gradient super conducting (SC) cavities will be either partially covered or not at
all developed at this stage, and we will use already proven schemes and setups for the SC linac in the baseline
design. Other area that represents further opportunities for knowledge exchange and collaboration are tests in a
established machine that can achieve space charge levels similar the the nal bunches in the proton complex, such
measurements can further our knowledge of the extreme space charge effects and help benchmarks the codes used
for design and simulations.

5.2 Muon production and cooling

5.2.1 System overview

The muon production and cooling system comprises several subsystems, as shown in Fig. 5.2. The protons pro-
vided by the proton complex intersect a target to produce pions. The target is immersed in a 20 T solenoid eld,
yielding a high pion ux. The eld is rapidly tapered to 1.5 T. Pions and muons traverse a solenoid-focused chi-
cane where high momentum beam impurities are removed followed by a Beryllium absorber which ranges out
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remnant low energy protons. The remaining beam passes through a longitudinal drift where any remaining pions
decay. The beam is then captured longitudinally. A multi-frequency RF system that captures the beam into 21
bunches is required owing to the initially large longitudinal beam emittance. Another solenoid chicane system
splits the beam by charge species, in preparation for the ionisation cooling system.

The ionisation cooling system comprises a series of solenoids, which focus the beam onto energy absorbers
where the beam momentum is removed. The momentum is restored longitudinally using RF cavities resulting in
a reduction in the beam'’s emittance (volume in position-momentum space). An initial rectilinear cooling system,
Rectilinear A, reduces the beam emittance suf ciently that the many initial bunches can be merged into one single
bunch. The beam is then cooled further to the nal emittance, using a continuation of the rectilinear cooling
system, Rectilinear B, followed by a sequence of high eld solenoids operated ultimately with a low momentum
(non-relativistic) beam. The beam is nally reaccelerated to semi-relativistic speeds so that it can be delivered to
the acceleration system.

5.2.2 Key challenges

Critical challenges have been identi ed in the muon production and cooling system.

— An outline cooling system was prepared by the US Muon Accelerator Program (MAP) [1] that yielded
an emittance that did not meet our requirement by a factor of two. The MAP system used conservative
equipment parameters, but more demanding parameters may yield improved performance while remaining
practical. Signi cant risk was identi ed associated with heating in the nal cooling absorbers. The MAP
system must be assessed and optimised to get a better understanding of the potential system performance
including thorough assessment of engineering challenges.

— A detailed design for the pion production target, solenoid and surrounding infrastructure must be performed.
This target is as demanding as state-of-the-art horn-based pion production targets. Solenoid focusing at
high beam powers in this environment has not yet been done in practice. Assessment of the associated
issues must be performed, building on the work done by MAP, including detailed assessment of solenoid
feasibility accounting for radiation and thermal loads in liaison with the magnet team. Handling of the
spent proton beam must be studied in detail.

Other important challenges have been identi ed.

— A system to separate the charge species has not been designed. In the baseline design the system must
accommodate very large emittance which is not readily manageable using a conventional system, while
maintaining the bunch structure.

— A design for the longitudinal capture system exists. In order to enable pion yield optimisation studies to
continue, the sensitivity to incident beam parameters must be understood.

— A design for the bunch merge system was done but the lattice is no longer available. A new lattice must be
generated and sensitivity to parameters must be performed.

— It is very likely that the overall system performance may be greatly increased by looking at alternative
designs to the baseline described above. This could dramatically improve the facility performance.

5.2.3 Recent achievements

The target team have designed a baseline radial build for the pion production target, taking into account radiation

ux into the surrounding solenoid, heat load on the graphite target itself and appropriate cooling systems for the
target and shielding (detailed in Sections 6.4 and 6.5). The radial build is shown in Fig. 5.3. A 3D FLUKA model

for the target area has been constructed and the pion and muon yield through the target system has been assessed.
The magnet team have identi ed HTS technology as having greater tolerance to radiation issues. The target team
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Fig. 5.3: Target assembly radial build showing different azimuthal regions from the target the axis up to
the SC solenoid coils.

Fig. 5.4: System performance of the muon cooling system, including an updated rectilinear and nal
cooling system. Optimisation continues; in particular the rectilinear cooling system nal emittance has
not been integrated with the nal cooling system.

have updated the design with reduced shielding. Preliminary concepts for the spent proton beam handling have
been studied.

Beam physics designs have been made for the ionisation cooling systems. Two cooling systems have been
studied, the rectilinear cooling system, used at high and intermediate emittances, and the nal cooling system, used
for low emittances. The optical parameters of the solenoid system have been assessed and parameter dependencies
established, including non-linear optics dependencies on momentum and transverse emittance. Possible lattices
using different RF technologies have been assessed. A preliminary system optimisation for both lattices has
been performed yielding potentially improved performance. The current performance estimate for the ionisation
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cooling system is shown in Fig. 5.4. The performance of both the rectilinear and nal cooling systems have been
improved yielding signi cantly smaller transverse and longitudinal emittance compared to previous baselines.
Optimisation continues and it is expected that the simulated performance will improve further.

5.2.4 Planned work

The target design will continue with increasing detail. Systems for cooling of the shielding, moderation and
absorption of neutrons will be re ned. Improved models for the incident proton beam will be considered and
the design for the upstream beam window will be updated. Preliminary studies for the handling of the spent
proton beam have been envisaged but a detailed design does not exist. The existing beam physics design for the
chicane and proton absorber will be re ned and an engineering design for handling of the signi cant spent proton
beam in this region will be developed. The 1.5T solenoid eld in this region will likely require superconducting
technology. An appropriate collimation and shielding system will be designed to protect the solenoids in this
region.

The intermediate emittance rectilinear cooling system design will be further optimised. The optimisation
will be extended to include the high emittance rectilinear cooling system. The optimisation will be re ned to
include a more detailed assessment of the limitations of solenoid and RF elds, taking into account the required
eld pro les and highly compact nature of the lattice. An integrated design will be completed for a small subset
of the cooling lattices that are proposed.

The nal cooling system design will be further optimised. The lattice design will be re ned in collaboration
with magnet and RF experts. Absorber heating increases rapidly at lower beam emittance and lower momentum
characteristic of the downstream end of this system. Schemes to mitigate the impact on the liquid hydrogen will
be assessed. Impact of misalignment and eld errors will be assessed. Other collective effects will be assessed.
The nal cooling system will be integrated with the nal emittance of the rectilinear cooling system. A system to
reaccelerate the beam to relativistic speeds will be studied.

Limitations arising from space charge and beam loading will be assessed to estimate a maximum beam
current that can traverse the cooling system. A preliminary estimate of tolerances to alignment will be performed.
A preliminary design for the absorber will be made including a preliminary heat load assessment. A preliminary
assessment of radiation load from muon decays will be performed and collimation systems will be considered.
Beam instrumentation requirements will be considered. Simulation in alternate codes will be performed to validate
the performance estimates.

For all systems, a future R&D path will be developed including an assessment of necessary equipment
tests. Detailed studies of a rectilinear cooling channel cell for a cooling Demonstrator are described below.

5.2.5 Next priority studies and opportunities for additional collaboration

Several studies with lower priority will not be carried out, assuming current resource levels continue. In the target
region, effects of misalignments and eld errors will not be studied. Mitigation schemes, to handle the case that
the baseline design can not accommodate the required beam power or the requirements change, will not be studied
in detail. Equipment tests will not be possible but a plan will be developed.

Integrated engineering will be performed for only a representative subset of the rectilinear cooling cells.
Beam instrumentation will not be studied in detail, but is expected to be feasible based on existing facilities.
Correction schemes for misalignments will not be studied. Low frequency acceleration systems such as induction
linacs, that may be advantageous for the nal cooling system, will not be studied.

Integration systems, key for a start-to-end simulation, will not be developed. Consequently the muon
production system will carry signi cant performance, risk, cost and power uncertainty. These integration systems
are unconventional and technically challenging. In particular, the charge separation system, which has no current
design, will not be developed. This system must separate muon charge species before cooling, where the beam
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that has transverse and longitudinal emittances that are expected to be too large for a conventional dipole-based
scheme to manage without signi cant 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 bene t 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 signi cantly, 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 nal
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-ef cient cooling system. Frictional cooling,
ring coolers, Parametric lonisation 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 nal cooling at 255 MeV/c and proceeds to 63 GeV, where the beam is going to
be injected into a rst 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 suf cient 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 | and Dogbone Il
are stacked up vertically; beam can be transferred between the accelerator sections by the vertical
dogleg.

Key challenges

To ensure that the survival rates of muons are suf cient, 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 rst passages (where the beam energy
is low) will lead to large betatron amplitudes at high energies, making the linac vulnerable to transverse wake eld
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effects. Considering the high bunch charge to be accelerated, the initial offset of the beam needs to be controlled
precisely.

Another key challenge is the beam loading effect due to the high bunch charge. The following bunch will
always gain less energy due to the beam loading effect of the the preceding bunch. Since both bunches will be
recirculating in the same arc, the energy difference will lead to a transverse orbit deviation from the reference orbit
in the arc, which will in turn lead to a transverse beam offset in the following linac pass. This offset will create a
wake eld in the linac that will amplify the beam offset and potentially lead to beam loss or degradation. Therefore
the beam loading effect needs to be controlled either by exchanging bunch positions or some other methods.

Fig. 5.6: Start-to-end Twiss functions along RLA2

Work progress since the publication of the European LDG roadmap

We created a preliminary lattice design for RLA2. We used a FODO focusing structure in the linac to reduce
chromatic effects at low energy. Several lattice con gurations were considered for the recirculating arcs including
FODO, Triplet, Theoretical Minimum Emittance (TME) and Double Bend Achromat (DBA). The DBA showed
better performance. An initial bunch with 100 mm.rad longitudinal and 40 mm.mrad transverse emittance could
be accelerated from 5 GeV to 63 GeV while preserving longitudinal emittance, a 25% increase in transverse plane,
and a better thai0% muon survival rate. Figure 5.6 shows the linear lattice functions along the RLA2. Because

the quadrupole gradients in the linac are the same for each linac pass, the increasing beam energy in later passes
leads to large beta functions in later passes. Table 5.1 contains the main parameters for the simulated RLA2 and
the predicted RLAL.

Table 5.1: Preliminary parameters for low energy acceleration.

Parameter Unit PA RLA1 RLA2
Injection energy [GeV] 0.255 1.25 5
Ejection energy [Gev] 1.25 5 63

RF Frequency [MHZz] 352 352 1056 352 1056
Number of cavities # 30 25 2 320 56
RF gradient [MV/m] 25 25 30 25 30
Energy gain/pass [GeV] 0.955 0.8 11.6
Passes # 1 5 5

Work planned for the evaluation report

The following works are planned as a next step as voluntary effort and provided resources can be made available.
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— No work has been performed for PA and RLA1. Our next step will be to create designs for these lower en-
ergy parts. The large acceptance of especially in PA, requires large apertures and tight focusing. Combined
with moderate beam energies, this favors solenoid rather than quadrupole focusing for the entire PA linac.

— We have made signi cant progress with the lattice design in RLA2. However, the design still does not meet
our performance requirements (see above) even without machine imperfections. We will therefore continue
to improve this design until it meets our requirements.

— The gradients estimated in simulations are somewhat optimistic. All simulations will be repeated for lower
acceleration gradients: 16 MV/m for 352 MHz, 30 MV/m for 1056 MHz.

— The impact of machine imperfections and operation strategies balancing contradicting requirements will be
implemented in simulations

Next priority studies and opportunities for additional collaboration

The expected gradient and balancing beam loading effect for the accelerating gradient plays a main role on the
muon survival rate in the low energy section.

An initial 6D phase space distribution is essential for performing more realistic simulations in the low
energy acceleration chain of muon collider. Our simulations have thus far assumed a Gaussian distribution, but
the upstream systems could deliver a beam very different from that. Simulations that provide that distribution will
not be available during this study, if for no other reason than the systems upstream of the PA will not be fully
designed.

5.3.2 High-energy acceleration

System overview

For the high-energy acceleration fr®#8 GeV to the TeV range, a chain of rapid cycling synchrotrons (RCS) is
foreseen to accelerate the two counter-rotating bunches with a repetition Batizo©ne option, inspired by the

US Muon Acceleration Program (MAP) [1, 2], includes intermediate stag8s36fTeV, 0:75 TeV and1:5 TeV

to nally reach 5 TeV before injecting the muons into the separate collider ring. This scenario is illustrated in
Fig. 5.7. The rsttwo RCS share the same tunnel, meaning that they have the same circumference and layout [4].

Fig. 5.7: Sketch of the chain of rapid cycling-synchrotrons for the high-energy acceleration complex.
From Ref. [3].

The bending in the rst RCS is provided by normal conducting magnets. The RCS2 to RCS4 are planned as hybrid
RCSs where strong xed- eld, superconducting magnets are interleaved with normal conducting magnets cycling
from By to+By.. This combination allows for a large energy swing combined with a high average bending
eld to minimize the radius and thus the travel time and decay of the muons.

Key challenges

To keep decays acceptably low, the RCSs must have high average grdsligptas high a2:4 MV=m. The

average gradient is the energy gain in one turn divided by the circumference; since most of the ring does not
contain RF, the gradient in the RF sections must be signi cantly higher than that average gradient. Assuming a
survival rate of 90% per RCS, ultra-fast acceleration with tens of GeV energy gain per turn is required. The RF
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voltage has therefore to be provided by hundreds of superconducting cavities. To both provide large gradients,
ILC-like 1:3 GHz cavity structures, also known as TESLA cavities [5], have been assumed for the simulations.
As a result of the tens of GV of RF voltage, the number of synchrotron oscillations per turn is much larger than
the conventional stability limit for stable synchrotron oscillations and phase focusityg d6] in a synchrotron

with one or few localized RF sections. As a consequence, the RF system must be distributed over the entire RCSs
in order to reduce the synchrotron tune between two consecutive RF stations to a value much smaller than that
instability limit.

As a direct result of the decay and ultra-fast acceleration, the acceleration times are in the millisecond
range and the number of turns in each RCS is between 17 and 66. In the RCS chain, the ramp rate of the normal
conducting magnets is on the so far unprecedented order of kT/s, a particular challenge. Further, due to the hybrid
structure of the three downstream RCSs, beam orbits and radii are not constant anymore, but change locally, as
depicted in Fig. 5.8. Special attention is therefore being paid to the lattice design in order to minimize the orbit

Fig. 5.8: Trajectories in a half-cell of RCS2. The injection/extraction orbits are respectively in the
inner/outer side (in blue/cyan). From Ref. [7].

length change during acceleration. Fast cavity detuning on the kHz scale to match the RF frequency with the
changing revolution frequency have to be developed.

With the special beam structure of counter-rotating, intense sifigend 4 bunches, large transient beam
loading for both fundamental and higher-order modes must be expected.

Recent achievements

To simulate longitudinal beam dynamics, we use the longitudinal macroparticle tracking code BLonD [8,9]. The
code was successfully extended to model multi-turn wake elds in the multiple RF stations per ring. A plot of the
longitudinal phase space at injection for RCS1 is displayed in Fig. 5.9(a).

Tracking simulations on the in uence of the number of RF stations on the longitudinal emittance and beam
stability have been performed for all RCSs. As shown in Fig. 5.9, their minimum number is around 32 RF stations
for RCS1 and RCS4, and 24 stations for RCS2 and RCS3 [3]. This allows to keep the longitudinal emittance
growth close to the required 5% level (not taking into account intensity effects nor phase and energy errors at
injection).

A rst lattice of the RCS2 has been developed with Xsuite [10]. In the current version (see Fig. 5.10, the
RCS2 consists of 26 arcs. 24 out of the 26 insertions between the arcs host some cavities. The two remaining in-
sertions will be dedicated to injection and extraction. The arc half-cells house three dipoles: two superconducting
dipoles (LO T) on the outside, and a pulsed normal conductor with a peak eld®T in the middle.
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