The Muon Collider

Supplementary report to the European Strategy for Particle Physics - 2026 update

The International Muon Collider Collaboration

The most up-to-date version of this document can be found at:
https://edms.cern.ch/document/3284682/1

Abstract

Muons offer a unique opportunity to build a compact high-energy electroweak
collider at the 10 TeV scale. A Muon Collider enables direct access to the un-
derlying simplicity of the Standard Model and unparalleled reach beyond it. It
will be a paradigm-shifting tool for particle physics representing the first col-
lider to combine the high-energy reach of a proton collider and the high preci-
sion of an electron-positron collider, yielding a physics potential significantly
greater than the sum of its individual parts. A high-energy muon collider is
the natural next step in the exploration of fundamental physics after the HL-
LHC and a natural complement to a future low-energy Higgs factory. Such a
facility would significantly broaden the scope of particle colliders, engaging
the many frontiers of the high energy community.

The last European Strategy for Particle Physics Update and later the Particle
Physics Project Prioritisation Panel in the US requested a study of the
muon collider, which is being carried on by the International Muon Collider
Collaboration. In this comprehensive document we present the physics case,
the state of the work on accelerator design and technology, and propose an

R&D project that can make the muon collider a reality.
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Chapter 1

Introduction and overview

The muon collider is a unique, compact, high-energy electroweak collider concept which will produce,
cool, accelerate and collide two single-bunch muon beams of opposite charge. It is a paradigm-shifting
tool for particle physics representing the rst collider to combine the high-energy reach of a hadron
collider and the high precision of a lepton collider, yielding a physics potential signi cantly greater than
the sum of its individual parts.

The muon collider potential motivates a growing community, with substantial international interest and
enthusiasm, with many calling for the scienti c community to aim high asiuobt for the mudh The
innovative nature of the muon collider in accelerator, detector and magnet technologies has attracted a
vibrant community of early career researchers, many of whom are key designers of systems throughout
the accelerator complex. The innovative physics exploration methodologies and opportunities enabled
by high energy muon collisions similarly revitalised particle collider theory and phenomenology. These
are important assets for the muon collider and for the elds of accelerator and particle physics in general.

This report contains the proposals and steps necessary to make the muon collider a reality, even within
the next generation of high-energy particle physics facilities.

The report is submitted as input to the 2026 European Strategy for Particle Physics Update (ESPPU).
Beyond this executive summary, it contains four further parts:

— Part Il: Evaluation Reporis the most up to date status of the muon collider. This part presents a
comprehensive assessment of the physics case and of the experiment and facility design. We have
established what is available, and what requires further developments.

— Part Ill: R&D Proposal describes the research & development roadmap that is needed to bring
the muon collider into reality. A ten-years R&D plan is introduced with emphasis on simulation,
design of detectors and accelerators, and technological demonstration.

— Part IV Implementatiomescribes the pathway to build the muon collider. It discusses the overall
technically-limited timeline for the project, the cost drivers and scale and initial sustainability
assessment. This part includes considerations of site-speci ¢ designs.

— Part V Physics Preparatory Group Benchmaflgther expands the physics case—including very
recent results and original work—in answer to the questions posed by the Physics Preparatory
Group (PPG) in the context of the 2026 ESPPU and provides detailed technical input to the PPG.
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1.1 The muon collider concept
The baseline muon collider design id@TeV centre-of-mass collider providing an integrated luminos-
ity of 10ab ! [1]. Aninitial stage that can be implemented by around 2050 is also considered.

Figure 1.1.1: Conceptual layout of the muon collider.

The design of the muon collider is based on a concept, which was developed by the U.S. Muon Ac-
celerator Programme (MAP) until 2017 [2]. The design is now being progressed by the International
Muon Collider Collaboration (IMCC) [3]. A schematic layout of the collider is shown in Fig. 1.1.1 and
contains the following key areas:

1. Theproton driver (blue box in the diagram) produces a short, high-intensity proton pulse.

2. This pulse hits théarget (indigo) and produces pions. The decay channel guides the pions and
forms a beam with the resulting muons via a buncher and phase rotator system.

3. Severatoolingstages (purple) reduce the longitudinal and transverse emittance of the beam using
a sequence of absorbers and RF cavities in a high magnetic eld.

4. A system of a linac and two recirculating linaascelerate(light red) the beams to 63 GeV fol-
lowed by a sequence of high-energy accelerator rings which re&dieV or 5 TeV.

5. Finally the beams are injected at full energy into ¢béider ring (red). Here, they will circulate
and collide within the detectors until they decay.

A set of parameters has been de ned 3dreV and10 TeV centre-of-mass collisions. They are reported

in Tables 1.1.1 and 1.1.2 respectively for the collider and beam parameters. 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 (215 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.

A bene t of this design is that it enables initial stages which can be implemented faster, but with stages
of reduced luminosity performance.

1.2 Physics Case

A muon collider is a high-energy electroweak collider. It can access directly and precisely the underlying
simplicity of the Standard Model (SM) in its high-energy regime of “unbroken” electroweak symmetry.
This makes it an ideal and unique machine to investigate fundamental questions about our universe —
both long-held ones and more recent ones sparked by the LHC. Simultaneously, it is a paradigm-shifting
tool for particle physics representing the rst high-energy, high-precision compact collider. It combines
the precision of a lepton collider with the energy reach of a hadron collider, yielding a physics potential
signi cantly greater than the sum of its individual parts. This enables unparalleled exploration of the
Electroweak-Higgs Uni cation era that we have entered since the discovery of the Higgs. We can now
hope to answer the question of why electroweak symmetry breaking (EWSB) occurs by directly probing
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the transition between the “broken” and “unbroken” symmetry regimes. Furthermore, we can address
the phase diagram of EWSB and quantitatively investigate the earliest moments in our universe and its
ultimate fate. With high-energy EW collisions we can also search for physics beyond the SM directly
using a muon collider as an unrivaled EW discovery machine. These same high-energy high precision
collisions allow us also to probe new physics to scales far beyond the collider's energy and study the
Standard Model in new domains where new phenomena emerge.

For example, a muon collider can make exquisite measurements of TeV-scale vector boson scattering.
This is due to the inherently quantum and relativistic effect of abundant effective vector bosons con-
tained in a high-energy muon, which gives rise to large collision rates with low backgrounds. Such
measurements enable the rst precision experimental tests of the “unitarization” of massive gauge bo-
son scattering, arguably the foremost prediction of Electroweak symmetry breaking. High-energy, high-
precision studies of the Higgs and vector bosons also give the rst detailed probes of the “Electroweak
symmetry restoration” realm within the SM. The high-energy nature of the muon collider also enables
new insights into, and tests of, the “guantum compositeness” of particles. This is ideally studied in
Electroweak processes due to their perturbative and thus in principle calculable nature (unlike the strong
interactions), and the physical mass gap that makes “particles” fully well de ned as asymptotic states
unlike in Quantum Electrodynamics (QED). Finally, the intrinsic nature of a high-energy muon collider
provides the most abundant and best characterized source of high-energy neutrino-target collisions con-
ceived thus far. The neutrino physics program at a muon collider provides a high-energy complement to
current and future long-baseline neutrino experiments.

A muon collider simultaneously offers numerous pathways to searching for Beyond Standard Model

Table 1.1.1: Tentative target parameters for a muon collider at different energies. Scenario 1 corresponds
to Energy Staging, and Scenario 2 corresponds to Luminosity Staging. Both are de ned in Section 1.8.

The estimated luminosity refers to the value that can be reached if all target speci cations can be reached,
including beam-beam effects.

Parameter Symbol Unit Scenario 1 Scenario 2
Stage 1| Stage? Stagell Stage?2
Centre-of-mass energy R Ecm TeV 3 10 10 10
Target integrated luminosity L target ab * 1 10 10 10
Estimated luminosity L estimated 10*%cm %s * 2.1 21 5 (tbc) 14
Collider circumference Ceall km 4.5 10 15 15
Collider arc peak eld Barc T 11 16 11 11
Luminosity lifetime Niun turns 1039 1558 1040 1040
Muons/bunch N 10% 2.2 1.8 1.8 1.8
Repetition rate f, Hz 5 5 5 5
Beam power Peal MW 5.3 14.4 14.4 14.4
RMS longitudinal emittance " evs 0.025 0.025 0.025 0.025
Norm. RMS transverse emittange ", pUm 25 25 25 25
IP bunch length 5 mm 5 15 tbc 15
IP betafunction mm 5 15 the 15
IP beam size pUm 3 0.9 tbc 0.9
Protons on target/bunch N, 10" 5 5 5 5
Proton energy on target Ep GeV 5 5 5 5
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Table 1.1.2: 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 optimisation of the energy

in the last absorber with no strong impact on the acceleration chain.

Parameter Symbal Unit| Finalcooling at3TeV atl10 TeV

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

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

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

Aver.grad1:5-5 TeV Gayg | MV=m — 1.1

Figure 1.2.1: The ground-breaking nature of the muon collider physics perspectives and its contempo-
rary pertinence in the particle physics landscape after the LHC is well represented by the enthusiastic
reaction of the theory community to the muon collider study plans initiated by the 2020 ESPPU. The
number of papers on muon colliders in the hep-ph category is reported in blue on the left panel. The
right panel summarises the core directions of the physics case.

(BSM) physics by utilizing the energy reach, precision measurement capabilities, and the combination
thereof. The same abundant vector boson scattering that enables exploration of new SM phenomena
also furnishes a next-generation Higgs factory. In certain channels this allows an order of magnitude or
more improvement in the understanding of Higgs properties, including its potential. This allows one to
experimentally probe BSM contributions that could change the nature of the EW phase transition and
baryogenesis, the ultimate fate of our vacuum and the “Higgs portal” to hidden sectors. Furthermore the
energy reach of a muon collider allows one to test the origin of any deviation from SM properties found

in a precision measurement at the same collider, and by extension any previous Higgs Factory. The
combination of precision and energy also allows one to probe BSM possibilities such as “Higgs com-
positeness” up to th®(100) TeV scale, far beyond the reach of any other proposed collider. Reaching
the 10 TeV scale directly also enables unmatched probes of new EW particles such as those responsi-
ble for the simplest dark matter paradigms, or alternatively probing the possibility of new gauge forces

10
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in many cases to unrivaled scales. The combination of energy and precision also revolutionises avor
physics by enabling direct tests of fermions interactions, with a new physics scale reach that is compa-
rable or superior to the one attainable by traditional studies of meson or leptons decays. This includes
neutral current avor tests sensitive to mediators at the 100 TeV scale, while also enabling new windows
into SM avor in the Higgs sector and potential explanations of neutrino masses with Heavy Neutral
Lepton searches.

The impressive physics potential of a muon collider is enabled by both its energy reach as well as its high
luminosity. The luminosity goal of 10 TeV with 10 abis naturally consistent with the emittance targets
from cooling and the inherent increase of luminosity power ef ciency at high-energy. While most studies
have been performed for these parameters, it's important to note that the bulk of the physics potential
is only mildly affected by a slight change in energy or an order of magnitude change in luminosity.
Furthermore, a muon collider is an innately stageable project in both luminosity and energy given a
common front end for muon production and cooling. With a staged approach, considerable technical
and nancial risk could be retired and physics progress can be achieved along the path to the highest
energies. Low energy stages could provide direct measurements of the Higgs width or experimentally
and theoretically precise measurements of the top mass. Such low-energy muon colliders could be also
considered as an independent satellite project at the muon collider complex. A 3 or 3.2 TeV stage
can offer the rst signi cant step beyond the HL-LHC in understanding the Higgs potential as well as
testing certain Dark Matter (DM) candidates. A 7.6 TeV stage at CERN would extend our understanding
of EWSB even further allowing a differential test of EW restoration, especially relevant if luminosity
goals are relaxed in the pursuit of the highest energies. Furthermore, while 10 TeV is the ultimate goal
of this study, it is not the nal goal of particle colliders nor the highest conceivable energy of a muon
collider in the far future.

Successfully building a muon collider allows us to reset the collider landscape with this paradigm shift-
ing tool. Muon collider investment now lays the groundwork for coming generations to explore nature
directly at even shorter distances, in likely the only sustainable and technically practical way for the
future of High-Energy Physics (HEP).

1.3 Detectors

The design of dedicated experiments to take data at the collider interaction points has sparked a lively
environment that allowed the community to make fast progress in just a few years. The detector design
is still in its infancy, but it is already possible to make substantive statements about the technological
requirements, expected performance, and opportunities for further improvement.

Requirements were spelled out in terms of detector acceptance, particle detection and identi cation
ef ciency, as well as to resolutions on the various particle properties inferred by the instrumental mea-
surements. They were outlined in terms of “baseline” and “aspirational” targets, corresponding, respec-
tively, to the requirements to fully exploit the physics potential of the machine and a more ambitious set
of performances comparable to those targeted by Higgs/Top/Electroweak-factories. These targets are
summarised in Table 1.3.1.

An initial detector, optimised for operation atpaé = 3 TeV muon collider, was extensively studied
and demonstrated the feasibility of the physics programme. Recent work focused on developing the

11
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Table 1.3.1: Preliminary summary of the “baseline” and “aspirational” targets for selected key metrics
for a10 TeV muon collider.

Requirement Baseline Aspirational
Angular acceptance= log(tan( =2)) jj< 25 jj< 4
Minimum tracking distance [cm] 3 <3
Forward muons (> 5) tag p=P 10%
Track , =pf [GeV ] 4 JpO ° 1 JpO
Photon energy resolution 0: 2-p 0: 1-IO
Neutral hadron energy resolution 0:4= E 02= E
Timing resolution (tracker) [ps] 30 60 10 30
Timing resolution (calorimeters) [ps] 100 10
Timing resolution (muon system) [ps] 50forj j> 25 < 50forj j> 25
Flavour tagging bvsc bvsc, s-tagging
Boosted hadronic resonance identi cation  h vs W/Z Wvs Z

rst detector designs for g s = 10 TeV machine. Two distinct detector concepts have been devel-
oped: MUSIC (MUon System for Interesting Collisions) and MAIA (Muon Accelerator Instrumented
Apparatus). Both designs, shown in Figure 1.3.1, envision a multi-purpose detector sharing a similar
structure: a cylindet1:4 m long with a diameter 028 m. They comprise typical collider detector in-
strumentation, such as an all-silicon tracking system, an electromagnetic calorimeter (ECAL), a hadron
calorimeter (HCAL), and a muon sub-detector. Superconducting solenoids are used to provide bending
power for the measurement of charged particle momenta within the tracking system. The design work
follows the concept already developed POE = 3 TeV, with modi cations to account for the higher
energy. The main differences between the two detector concepts lie in the placement of the solenoid
(after the tracker in MAIA and between ECAL and the HCAL in MUSIC) and the technologies selected
for the ECAL (Si-W for MAIA and semi-homogeneous crystals for MUSIC).

Figure 1.3.1: Layout of the MUSIC (left) and MAIA (right) detector concepts

High levels of beam-induced background in the detector pose unprecedented challenges for the recon-
struction and identi cation of particles produced in muon collisions. Studies based on detailed simula-
tions of the MAIA and MUSIC detector concepts were carried out. These studies used state-of-the-art
FLUKA simulations to account for the beam backgrounds produced by the decays in the latest accel-
erator lattice, and GUINEA-PIG predictions to study the effects of incoherent pair production at the
interaction point. The detector response was studied to develop initial background-mitigation measures.
In both cases, the results indicate that the background effects on the detector response can be minimised

12
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to a degree that approaches the aspirational goals.

Research and development over the next decade must focus on developing the necessary technologies,
tools, and crucial expertise to design and construct state-of-the-art detectors for this future machine. At
the muon collider, most detector components must simultaneously optimize position resolution, timing
capability, radiation hardness, data transmission, and on-detector background rejection, all while main-
taining low-mass and low-power consumption. Many of these technical challenges align with ongoing
research in other initiatives, such as the LHC and Higgs/Top/EW-factory R&D programs. However, the
development effort must also address challenges unique to the muon collider, including its harsh radia-
tion environment, the need to suppress signi cant beam-induced backgrounds, and the requirements for
high-precision calorimetry to measure signi cantly higher energy physics objects.

The R&D program is organised around three main areas: simulation and performance, technology and
computing. In technological R&D, multiple technologies will be investigated in the rst phase of the
work. The choices are expected to consolidate after the rst four to six years and resources will transfer
to the identi ed technologies needed for the chosen detectors designs. Coverage across areas for items
relevant for the same sub-detectors is also ensured. Among all tasks that have been identi ed, ASICs and
detector magnets have been identi ed as critical components requiring extended development timelines
and should therefore be prioritized to ensure readiness for detector construction.

1.4 Readiness and status

The IMCC, the Muon Beam Panel of the Laboratory Directors Group (LDG) and the Shnowmass process
in the U.S. have all assessed the muon collider challenges with the support of the global community [4,
5]. Key conclusions are that, although the muon collider concept is less mature than several linear col-
lider 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 particu-
lar within the U.S. Muon Accelerator Programme (MAP) [2], has demonstrated several key technologies
and concepts, and gives con dence that the overall Muon Collider 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 full demonstrations
of technology are required.

Following the last European Strategy, the IMCC has been formed with the goal to establish whether
the investment into an important R&D programme on the muon collider is justi ed. A prioritised work
programme has been developed by the LDG with this goal and is being implemented by IMCC. Re-
sources have been made by the 58 member institutions, several other partners and the European Union.
Following discussions with DoE representatives, an addendum to the CERN-DoOE agreement is prepared
and currently being reviewed by DoE. At this point, progress in several areas is limited by resources and
additional resources are being sought across the collaboration, in parallel with the processes to include
new partners. The R&D programme thus addresses priority challenges.

The IMCC programme prepares the way towards a conceptual design report (CDR) and a demonstration
programme for a muon collider. The IMCC studies physics potential, detector design, accelerator design
and performance studies. Studies assess technology maturity and develop critical designs to understand
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key challenges.

As mentioned abovthe demonstrator design at CERNis progressing and detailed studies of an im-
plementation on CERN site - i.e. in the TT7 tunnel - is ongoing. The collaboration has developed a
baseline parameter set and designed critical components for the muon collider facility. Two detector de-
signs have begun. The current level of R&D resources has not enabled a fully integrated lattice design.
Study of critical technologies has begun and a small set of hardware tests have been performed.

A second detector design studyMAIA, has started in addition to an improved and dedicated MUSIC
design at 10 TeV. Both experiments' design is constrained by beam induced background. Shielding
reduces the radiation to levels similar to HL-LHC. Full simulation studies with background, including
beam-beam pair production, indicate that the most relevant physics channels can be studied with near-
future technology, in many cases thanks to developments for HL-LHC. Further improvement will be
possible with more computing power, improved algorithms and better technology.

Beam dynamics studiesare progressing. Two tentative muon cooling system designs now promise a
transverse emittance &f 25 m, close to the target of 225 m. This is a marked improvement
compared to the previous performance58f m obtained by the MAP study. For one design, the
longitudinal emittance is still slightly above the target (88 vs 64 mm). For the other design it is signif-
icantly below (38 mm). An initial collider ring lattice design achieves the target beta-functions but its
energy acceptance is a factor 2—-3 below the goal. Further system design to improve the acceptance is
ongoing. The muon cooling system with smaller longitudinal emittance would almost half the required
acceptance.

A rst preliminary estimate of the totaransmission of muonspredictsl:5 10" at the collision point,

which is 20% below the target. The transmission in the muon cooling section is below the initial goal,
while it is above in the high-energy part of the complex. Further studies will address this aiming to
improve the sub-system transmission and to increase the initial number of muons with a higher power
target.

In the Rapid Cycling Synchrotrons (RCS), initial assessment shows that the RF cavities could be dis-
tributed around the arcs and dispersive effects could be mitigated by carefully choosing the phase ad-
vance between them. Detailed lattice design is ongoing. This gives more exibility implementing the
RCS in an existing tunneland it would also reduce the small mismatch of the ramping magnet eld
strength and the beam energy. This may allow reduction of the injection energy of the rst RCS and
could reduce the cost of the initial linacs.

Parameters for thproton driver were developed based on existing facilities and simulations of key
systems for a high-intensity 5 GeV or 10 GeV beam. Heat and radiation load tartet area was
assessed for 2 MW proton beam power; a target and shielding design was developed that adequately
protects the capture solenoid and limits damage to the graphite target rod. Extraction of the spent proton
beam at the target has been identi ed as a potential technical issue.

The muon cooling system reduces the 6D beam size (emittance) to improve luminosity, and has been
optimised from previous designs. The system delivers transverse and longitudinal emitt2-8 giof
and7 MeV=srespectively. The longitudinal emittance is almost a factor 3 better than the target parame-
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ters but the transmission is 20 % lower than target. Optimisation continues by matching between cooling
stages, integrating components within the cooling cell and improving the longitudinal beam capture sec-
tion. Beam-loading and heat-load on the hydrogen absorbers have been identi ed as technical issues.

Low-energyaccelerationsolutions have been found for the LINAC and the second recirculating linear
accelerator. Simulation of the high-energy acceleration has been performed including single-turn and
multi-turn wake elds and with counter-rotating beams.The lattice exceeds the target values for trans-
mission. Suitable emittance control has been demonstrated in the absence of errors. Lattice errors may
impact the beam quality and this is a focus of ongoing studies.

The collider ring at 10 TeV centre-of-mass energy and=1.5 mm must deliver a short bunch with

a large energy spread to avoid luminosity dilution from the hour-glass effect. Challenges arise from
controlling chromatic aberration in the ring despite the 0.1% RMS momentum spread. The current
lattice has a reduction in energy acceptance compared to the target parameters. Magnet misalignments
may reduce performance further, especially as the magnets will be periodically mdvedrad, to

dilute the neutrino ux. Designs are ongoing to improve energy acceptance. The potential improvement
in longitudinal cooling may alleviate the shortfall.

The magnet teamhas developed conceptual designs for critical magnet systems, including: a 1.2 m
bore and 20 Target solenoi¢glcooling solenoidsvith achievable values for radial and hoop stress, stored
energy, current density and elds up to 40rapidly pulsed normal-conducting1.8 T magnets for the
accelerator system with high-ef ciency power converters that require acceptable wall-plug power and;
high- eld dipoles quadrupoles and combined-function magnets including appropriate shielding from
muon decay electrons. A resource-loaded programme for magnet hardware development, which is on
the muon collider facility critical path, has been assessed and is discussed below.

The RF team has developed 352 and 704 MHz normal conducting RF cavity designs for the cooling
system. Thecooling RF cavitiesare challenging owing to tight integration with the solenoids and up

to 32 MV/m required electric eld. Power couplers have been developed to minimise interference with
neighbouring equipmenHigh-energy acceleration cavitigmve been developed assuming 1.3 GHz RF
structures. The required layout of RF stations and impact on the beam quality has been assessed. It has
been integrated within the overall lattice.

A Muon Cooling Demonstration programme has been proposed based on a typical section of the
cooling channel. An integrated engineering design has been developed. Candidate sites at CERN,
Fermilab and other laboratories have been identi ed. Concepts for layout and beam optics design of the
beam transport sections have been assessed. The programme, including magnet and RF cavity R&D, has
been developed into a resource-loaded timeline. The Demonstrator is also on the muon collider facility
critical path and implementation is discussed below.

Collective effects studiesare progressing. They show that impedance effects can be mitigated in the
RCSs and collider ring. The same is true for beam-beam effects. The implementation of muon cooling
physics into a CERN tracking code is ongoing and will allow to combine single particle effects in matter
with collective effects. Further efforts to implement all collective effects and develop a start-to-end
model of the machine are planned. The impact of imperfections and their mitigation need to be studied.
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The overall facility design has progressed well given the available resources. The transmission and
beam emittance has been estimated across the facility. Further development of the lattice design may
reveal new issues, but also make possible a global optimisation for cost, power and performance. Some
technical issues have been uncovered. None of the issues have impacted the concept feasibility although
in some areas the performance relative to target parameters may be degraded. Innovative approaches
have enabled the IMCC to exceed target parameters in other &easall we are convinced that the

target luminosity is achievable.If the target luminosity can be m&¥ICC considers that we have a

signi cant contingency in luminosity in hand.

1.5 R&D plan

IMCC proposes a comprehensive R&D programme to reach the maturity required to initiate the approval
process. The programme requires approximately 300 MCHF material budget and about 1800 FTEy of
personnel for the accelerator and about 20 MCHF and 900 FTEy for detectors. With timely funding, the
programme spans about 10 years. This would enable a rst muon collider stage with a start of operation
around 2050. Its could thus be the next agship project in Europe in case no Higgs factory is realised at
CERN. A slightly longer timescale is envisaged for an implementation in the U.S. taking into account
budget constraints.

The rst phase of the R&D programme contains completion of a start-to-end facility design. It also
includes hardware development of components that drive the overall timeline for the collider such as the
superconducting magnets and the muon cooling technology. After this phase a ramp-up of resources will
enable a more detailed facility design to prepare for the start of the decision process. This process could
start in 2036 and allow investing into industrialisation of the components before project construction
approval. The proposed technically limited timeline is feasible, contingent on the strong commitment
from the community and the funding agencies to realise a muon collider at the earliest possible time.

The proposed R&D plan will achieve the following:

— Further development of thaetector will optimise the performance and minimise the impact of
beam induced background.

— Themuon cooling technologydemonstration programme will develop this novel technology. It
will develop the components such as the HTS solenoids, the cavities and the absorbers. Test
of a full cooling cell with RF power will allow veri cation of the integrated performance. The
demonstrator facility will test several of the cooling cells with beam to demonstrate the technology.

— An intense programme will establish theperconducting magnetperformance through the con-
struction and test of models and protoypes. It will focus in particular on HTS solenoids for the
muon production target and the muon cooling. These have strong synergy with applications in
society such as fusion reactors. A model of the collider ring dipoles will also be constructed and
establish the eld at large aperture.

— A start-to-end modelof the collider. The completion of the lattice design along the whole com-
plex and its optimisation will guide the component development. The development of simulation
tools that include the relevant beam physics, such as collective effects and imperfections as well
as the relevant mitigation techniques, will enable robust luminosity predictions. A study of the
machine availability will establish the integrated luminosity performance and guide component
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and accelerator design.

— Experiments in combination with further design work will verify tfaeget robustness.

— Conceptual designs of the superconducting and normal-condeetiitgesalong the whole com-
plex. Experimental veri cation of the performance limits will allow to optimise the complex
design. In particular, the construction of an infrastructure to test RF in a high magnet eld will
enable experimental optimisation and veri cation of the normal-conducting muon cooling RF.

— The development of high-power, high-ef cienklystrons will be instrumental for the muon cool-
ing cell test and enable cost effective design.

— The performance of th&ast-ramping magnet systems and power convertefor the Rapid-
Cycling Synchrotrons (RCS) will be demonstrated.

— Site and environmental impact studiesincluding civil engineering, will allow optimisation for
power consumption and material usage as well as minimising the impact of the machine for the
local environment.

— Anoverall optimisation of the complex for cost, power consumption and risk will be performed
and is particularly essential since we cannot base ourselves on experience with previous similar
projects. This optimisation will also cross the boundaries between the different systems.

It will also be important to explore promising alternatives to the current baseline, e.g. the use of a
Fixed-Field Accelerator (FFA) in the proton complex to reduce the linac energy and cost.

1.6 Synergies
Particle physics and the associated accelerator and detector development have made important contribu-
tions 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 developing N§Sn were the technologies of choice for accelerators and most other appli-
cations. Now HTS are becoming an important technology. In particular they are of interest for fusion
reactors, that have similar requirements to 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 exist 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 collid-
ers.

The muon production target is synergetic with neutron spallation sources targets and neutrino targets, in
particular the alternative 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
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exists in some fusion reactor designs.

The test facility and the collider itself require a high power proton source. This allows sharing technol-
ogy and potentially even facilities. Neutron spallation sources such as SNS and ESS are major examples;
other examples are neutrino facilities, such as NUSTORM, lepton avour violation experiments, such as
mu2e and COMET and low-energy muon beam facilities used for materials science.

1.7 Site development

IMCC is developing a site independent design, which could be realised at any location. It is also explor-
ing two main speci ¢ implementations at this moment, one at CERN and one at FNAL. The proposed
layouts are shown in Figure 1.7.1. At these sites the muon collider can potentially bene t from exist-

ing infrastructure, e.g. at CERN from the SPS and LHC tunnels. The muon collider can bene t from

existing infrastructure but does not depend on it.

Civil engineering studies at CERN indicate that the surface installations of the accelerator facility could
be constructed fully on CERN land and thiae SPS and LHC tunnels could be reusedo host the
accelerator rings, thus minimising the overall civil engineering. The proton complex would be located
on the Meyrin site. The beam would be transported through the SPS tunnel to the Prevessin site where
the cooling and initial linacs would be located in cut-and-cover tunnels. The beam is injected into the
SPS then the LHC and nally into a new 10 km long collider ring. It may be possible to maintain the
current SPS in parallel to the muon collider. This scenario would enable collision energy as high as
7.6 TeV with the baseline technologies. It could be envisaged to increase the energy by using higher
eld HTS fast-ramping magnets in the last RCS in the LHC. Alternatively, a second hybrid RCS could
be installed in the SPS and the rst RCS in the LHC could be be hybrid. A detailed study will enable
validation of these implementation concepts.

A similar siting study, including investigation of how the existing and planned infrastructure can be used,
is underway for Fermilab and the preliminary layout, constrained within the boundaries of the Fermilab
site, is shown in Fig. 1.7.1 (right). The exact parameters of the collider sited at Fermilab are to be re ned
taking into account ndings from the study.

Figure 1.7.1: Conceptual layout of the muon collider at CERN (left) and Fermilab (right).
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Muon decays produce neutrinos that will exit the earth's surface far from the accelerator facility. These
neutrinos will enable a unique experimental programme that goes far beyond current state-of-the-art
programmes such as FASERIn this case neutrino detectors would be installed on the surface where
the neutrino beam emerges. A suitable implementation has been identi ed at CERN. The neutrinos
arising from the rest of the facility must be diluted so that there is negligible radiation outside the CERN
site, comparable to the impact of the LHC. A system of movers are required in collider arcs to displace
the magnets vertically to achieve this. Tentative studies indicate that it is possible to have a negligible
impact on the environment. Further optimisation and expansion of the studies to the full complex are
required.

1.8 Timeline and staging

A roadmap towards a muon collider must remain exible, and is an important part of a diverse interna-
tional research programme in particle physics. New results, from the HL-LHC or non-accelerator based
experiments, 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. The potential of a muon collider
to reach around 10 TeV parton-parton collisions with high luminosity makes it an exciting opportunity
for the near and more distant future.

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.

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.

All the possible scenarios cannot be addressed in parallel so IMCC developed a timeline that allows to
operate a muon collider by 2050. This demands that all needed technologies be mature in approximately
15 years. This timeline is essentially driven by technical considerations and assumes that suf cient
funding is available and that the R&D is successful. This technically-limited, success-oriented timeline
can serve the community and the decision makers as a basis to de ne the strategy and the budget for the
future of the study. It is shown in Figure 1.8.1.

Figure 1.8.1: Technically limited muon collider timeline.

The current timeline considerations identi ed that three technical developments are de ning the mini-
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mum 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
11 T Nb;Sn magnets 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 ofStbcollider ring magnets can provide a muon collider
by 2050. The scenarios are possible, see also Table 1.1.1:

— In theenergy-stagingapproach, the initial 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 BBn 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 11JSNb
dipoles 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.

1.9 Sustainability and environment

The concept of muon colliders inherently involves less resources (energy, land, materials) than other
collider concepts. All the energy of the particles is utilised in collisions, therefore it requires less energy
to probe physics at the same parton centre of mass as a hadron collider. In addition, the relatively
large muon mass strongly suppresses energy losses due to synchrotron radiation. In fact, as shown in
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Figure 1.9.1, a muon collider is most ef cient known technology to explore multi-TeV energy scales.

Figure 1.9.1: Ratio of luminosity to wall plug power compared to sevesaé machines.

A 10 TeV muon collider at 10 TeV requires about half the length of the tunnels (including the injectors)
of an 100 TeVpp collider. All the acceleration chain is entirely, or partially pulsed, therefore electrical

consumption is reduced, and the collider ring, which is the only CW machine, is only about 10 km long.

For a green eld construction with no re-use of previously existing infrastructure, thef@print for

the construction can therefore be barely estimated as half of that of the FCC-ee, and equivalent to that

of a linear electron collider at 3 TeV.

Furthermore, the IMCC based its design on technologies that should provide a reduced energy consump-

tion with respect to the present state of the art, namely:

— Magnets based on High Temperature Superconductors (HTS)HTS have the potential to
greatly lower the energy consumption for the same level of magnetic eld (not always achiev-
able with conventional LTS materials). It is fair to say, however, that this technology is not yet

demonstrated to work reliably in an accelerator environment, therefore the need for a muon cool-

ing Demonstrator.

— High Ef ciency Klystrons . The MC cooling channel requires low duty factor, high power (> 20

MW) RF power sources. No klystron with similar characteristics exist on the market, therefore the

IMCC will, if budget is made available, develop a new klystron with a minimum of 80% ef ciency
(against a typical 60% to 65% ef ciency of presently commercially available klystrons.

— Superconducting RF cavities Wherever possible (for non-pulsed RF) the IMCC has foreseen

superconducting RF cavities. This choice allows to reach high electric gradient for a much reduced

electrical consumption with respect to room temperature RF structures.

— Ef cient Cryogenics systems By choosing from the start to use high temperature superconduc-
tors, the IMCC will invest, as resources will become available into the development of ef cient

cryogenic systems at temperatures around 20K, and will therefore help pushing the boundaries for
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such technologies.

— Energy recovery linacs The IMCC presently considers in its baseline design the use of Energy
Recovery Linacs, in the early stage of muon acceleration. While giving advantages in terms of
fast acceleration, they also provide energy to the beam in an ef cient way.

At present the ideal muon collider is being designed considering a green eld facility, not yet based in

a precise geographical situation, for this reason, no considerations are being done for energy sourcing,
energy recovery, water sourcing, waste water treatment, etc. Such considerations will be part of the
speci ¢ implementations in the various labs, in coherence with national legal frameworks and will pro t

of local efforts already ongoing. For instance, an eventual implementation at CERN will build on the
experience of the HL-LHC and the FCC-ee feasibility study. For details of the CERN implementation,
see Section 14.3.

1.10 Developing the muon collider study

The growing collaboration is based on a Memorandum of Cooperation (MoC). The number of insti-
tutes signing the MoC has increased to 58 and several more institutes are in the process of joining the
collaboration. Its structure consists of the International Collaboration Board that represents the partner
institutions, the Steering Board that guides the studies and links to the LDG, an International Advisory
Committee to review the study and the Coordination Committee that coordinates and executes the study
and is chaired by the study leader.

IMCC succeeded in receiving funding for an EU cofunded design study, MuCol, which started 1.3.2023.
The total co-funding of MuCol amounts to 3 MEUR, provided by the European Commission, the UK 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 fully synchronised.

The US Particle Physics Project Prioritization Panel recommended in December 2023 to consider host-
ing a muon collider in the US and joining the IMCC. Discussions with US partners including the Depart-
ment of Energy's bureau of high-energy physics are on-going. The US community already collaborates
strongly in developing the R&D plan for the next decade and is in the process of setting up their national
organisation. An inaugural US muon collider community meeting took place at Fermilab in August
2024 with close to 300 participants.

The overall IMCC goal is to carry out the R&D together and to develop options to host the collider
at CERN or at FNAL and potentially also other sites. On the 2050 timescale, the muon collider is an
important option as an alternative to low energy Higgs factories, that can also deliver energy frontier
measurements.

At this point progress in several areas is limited by resources and additional resources are being sought
across the collaboration, in parallel with the above-mentioned processes to include new partners.
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1.11 Conclusion

The formation of IMCC has enabled important progress on the muon collider design and technologies,
greatly increasing con dence in the concept. Investment in an experimental programme for the tech-
nologies is now essential for further progress. Demonstrating key technologies for muon cooling—such
as HTS solenoids, RF cavities, klystrons, absorbers and their integration into cooling cells—will ad-
vance the novel aspects of the design. Additionally, the development of other critical technologies,
including fast-ramping magnet systems, high- eld superconducting dipoles, high-power target and su-
perconducting RF technology, will optimise collider performance. The technology development has
strong synergies with other projects, such as FCC-hh, as well as applications with signi cant societal
impact, such as fusion reactors. Increasing effort on the start-to-end design will enable robust predic-
tions of luminosity performance and availability of the collider, optimise cost, power consumption, and
risk, and guide the continued development of technologies.

Global interest in the muon collider as a path to 10 TeV parton-parton collisions is growing, with CERN
and Fermilab currently being considered as potential sites. Initial exploration indicates that a muon
collider could be implemented at CERN, reusing the SPS and LHC tunnels. The corresponding techni-
cally limited timeline indicates that a rst collider stage could be available by around 2050. Following
HL-LHC or a potential fast Higgs factory, the muon collider could thus become Europe's next agship
project.
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Chapter 2

Physics

The physics opportunities offered by a high-energy muon collider have been investigated extensively
in the recent years. The present section summarises the results accomplished. The extraordinary op-
portunities and perspectives for advancing muon collider theory and phenomenology during the next
decade are outlined in Section 8. Technical input and other results in answer to the benchmark questions
proposed by the Physics Preparatory Group are reported in Part 15.

We start in Section 2.1 from a high-level overview of the muon collider physics case, including a quan-
ti cation of the enthusiastic reaction of the physics community to the IMCC R&D plans. Selected
highlights from the muon collider physics case are reviewed in Section 2.2. We devote Section 2.3 to the
opportunities offered by the muon collider to investigate the physics of avour in the quark and in the
lepton sectors, outlining a novel path towards avour physics by energy-frontier—rather than intensity-
frontier—experiments. Opportunities for neutrino physics, including a new forward neutrino experiment
parasitical to the 10 TeV collider, synergies with other neutrino experiments at the demonstrator or pos-
sibly dedicated muon beams, are described in Section 2.4.

2.1 High-level overview

The Higgs discovery in 2012 marked the dawn of a new era:Efeetroweak-Higgs Uni cation era

We discovered that electroweak physics is at least approximately described by a uni ed symmetry—
the electroweak symmetry—that is broken by the fundamental Higgs eld and the associated Higgs
particle. For the rst time, we obtained direct experimental con rmation that electromagnetism and the
weak nuclear force are manifestations of a spontaneously-broken gauge symmetry, a paradigm at the
heart of the Standard Model (SM). The SM accommodates the mass of the electroweak bosons and of
the quarks and leptons in a framework that is extremely predictive, potentially providing a microscopic
description of electroweak physics up to amazingly short distances and high energies.

Itis also the rst time that we have encountered the possibility that a spin-zero particle such as the Higgs
boson could be point-like and fundamental rather than composite. The Naturalness Paradox famously
illustrates the tension between point-like spin-zero particles and the Wilsonian Paradigm of Quantum
Field Theories as Effective Field Theories, making the Higgs discovery at once a success and a mystery
for theoretical physics.

Current technology enables the construction of low-energy electron-positron colliders to precisely mea-
sure the properties of the Higgs and electroweak gauge bosons, but not to access the most direct man-
ifestations of the novel paradigm of broken gauge symmetry, nor to verify directly its validity as the
microscopic description of electroweak physics.

High energy is needed to accomplish this goal, as well as leptonic collisions that are not polluted by the
overwhelming effect of strong interactions. Muons are the most promising path towards a lepton collider
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with very high energy, and accessing the high-energy phenomena of Electroweak-Higgs uni cation is
the major (and most unique) physics driver of the muon collider project.

Exploring new Standard Model phenomena

The SM predicts a host of as-yet-unobserved phenomena as the energy rises well above the masses
of the electroweak particles. At TeV energies the process of electroweak boson scattering receives a
contribution from the virtual exchange of the Higgs that cancels the growth of the vector exchange am-
plitudes. This is vital to ensure the high-energy viability of the uni ed Electroweak-Higgs theory, hence
this so-called “unitarization” mechanism is arguably its most fundamental prediction. The experimental
con rmation of unitarization is a long-sought target of the LHC, which is nonetheless hard to accom-
plish because of the large backgrounds and the limited event rates in the relevant high-energy regime.
A muon collider can instead measure vector boson scattering at TeV energies with precision, thanks to
both low backgrounds and the enhanced collinear emission of vector bosons from energetic muons that
results in large collision rates.

The effective presence of massive vector bosons inside the massless muon is in itself a striking high-
energy manifestation of the broken gauge symmetry paradigm, which the muon collider will establish
experimentally. This will intriguingly probe the “quantum compositeness” of particles, effectively made
of partons, and its fundamentally different nature from the classical intuition of a composite state. Elec-
troweak physics is ideally suited for these studies because it is perturbative and hence in principle cal-
culable (unlike the strong interactions), and endowed with a physical mass gap that makes “particles”
fully well de ned as asymptotic states unlike in QED.

By studying electroweak scattering processes at 10 TeV, the muon collider will enable a variety of
tests of the most basic properties of the uni ed electroweak-Higgs sector. This includes establishing
with high precision the restoration of the electroweak symmetry, as well as the con rmation of the
Goldstone Boson Equivalence Theorem that puts the Higgs boson in the same doublet as the longitudinal
polarizations of the electroweak bosons.

The neutrino partonic content of the muon—an intrinsic feature of electroweak-Higgs uni cation, as
neutrinos and charged leptons combine into uni ed electroweak multiplets—provides new ways to ex-
plore the neutrino sector at muon colliders. Interactions of these partonic neutrinos will enable the rst
experimental detection of high energy neutrino-neutrino and neutron-muon collisions. Furthermore,
neutrinos produced in the decay of muon bunches provide an intense and well-characterized beam of
collider neutrinos for a forward detector. The neutrino physics program at a muon collider provides a
high-energy complement to current and future long-baseline neutrino experiments.

Studying 10 TeV processes will also offer a uniqgue window on the emergent phenomenon of electroweak
radiation. Conversely to the partonic content of the muon patrticle, this will test the particle content of
partons, under the above-mentioned favourable theoretical conditions that are offered by electroweak
physics. Among the striking experimental consequences, the effégtiieson and electron content of

the neutrino parton will give rise to observable “neutrino jets”, making neutrinos detectable for the rst
time at a collider experiment.
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Beyond the Standard Model with Precision, Energy, and Precision from Energy

The observation of novel Standard Model phenomena is a guaranteed outcome of the muon collider
project. An equally interesting and guaranteed outcome is the plenitude of answers to compelling ques-
tions about physics beyond the SM (BSM), with a high chance of BSM discovery given the strong
improvement in sensitivity relative to current knowledge. Much of this sensitivity emerges in connec-
tion with the novel SM electroweak phenomena previously described, and in some cases from the very
same measurements that will serve for the observation of the new SM phenomena.

For instance, the abundance of effective vector bosons in the muons enables a number of BSM tests
including the search for new interactions in high-energy vector boson scattering, as well as producing
BSM particles coupled through Higgs-portal or gauge-portal type of interactions. Concrete scenarios
with Higgs-portal interactions connect with fundamental questions like Dark Matter, Naturalness, and
the nature of the electroweak phase transition in the early universe.

Effective vector bosons are also responsible for the large rate of production for the Higgs, both in the

single- and in the pair-production mode. This enables a per-mille level precision measurement of several
couplings of the Higgs, and a few-percent precision in the measurement of the Higgs trilinear coupling.

The overall prospects for the determination of Higgs boson properties at the muon collider are broadly
comparable to those of future low-energy electron-positron Higgs factories, but also widely complemen-

tary. The new muon collider observables would improve single-Higgs coupling measurements beyond
the capabilities of the Higgs factory and provide a direct and much more accurate determination of the
Higgs trilinear coupling.

Even more importantly, the high energy reach of the muon collider will also allow it to directly probe
the new physics that is responsible for coupling modi cations that could be observed at a Higgs fac-
tory or the muon collider itself. A striking example is provided by minimal BSM scenarios where a
rst-order electroweak phase transition in the early universe is induced by the presence of new neutral
states coupled via the Higgs portal. In a vast region of the relevant parameter space, this scenario will be
discovered at the muon collider both by modi cations of the single and of the triple Higgs coupling, but
also observed directly by the resonant production of the new particles in vector boson fusion. More gen-
erally, new physics responsible for Higgs coupling modi cations may also contain electroweak-charged
particles that can be discovered and precisely characterized at the muon collider up to the kinematic
threshold mass of 5 TeV.

The generic 5 TeV direct reach on electroweak-charged particles produced in pairs will strongly advance
our knowledge relative to the LHC era. The reach is even higher than that of a 100 TeV proton-proton
collider if the new particles do not carry QCD interactions. While the anticipated reach of 5 TeV is
for particles that decay promptly into easily detectable nal states, comparable sensitivity can also be
obtained in more challenging scenarios. Specic careful studies—including the simulation of fully
realistic beam-induced background from muon decay—have been conducted to assess the muon col-
lider's prospects to discover minimal WIMP dark matter candidates such as the Higgsino and Wino.
The cosmological abundance of these dark matter candidates is entirely determined by their mass and
electroweak charge, so that the observed dark matter abundance in the universe sets sharp mass targets.
These targets can be reached (and exceeded) at the muon collider by detecting disappearing or soft
tracks. Such search strategies, in combination with many others that leverage clean leptonic collisions,
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offer a wide coverage of the landscape of minimal WIMP dark matter models at the muon collider.

It bears emphasizing that the muon collider's unique union of precision measurements and direct
searches opens new windows into physics beyond the Standard Model beyond the two in isolation. The
very concept of separating precision measurements from direct searches in the pursuit of BSM physics is
simply an organizational arti ce which does not exist in the underlying quantum eld theory framework.
The muon collider accesses this underlying coherence: for weakly-coupled BSM physics, the fact that
the direct reach of a muon collider is often comparable to precision measurements implies that the full
set of experimental observables at high energy probes a complementary space in UV-complete models.
In addition, the combined observation of new particles and of new effects in precision observables will
be a formidable tool for the characterisation of a discovery. Thus the union of precision and energy
shows that the whole of a muon collider physics program is much greater than the sum of its individual
parts.

Still, it would be reductive to describe the BSM discovery opportunities of the muon collider as the
simpleunion of the opportunities offered by precision measurements and by the direct search for new
particles, which could also be respectively performed at future leptonic and hadronic colliders with
slightly superior or inferior sensitivity depending on the speci ¢ BSM scenario at hand. The muon
collider uniquely bene ts from théntersectionbetween energy and precision by precisely measuring
high-energy observables such as scattering cross sections at 10 TeV. This offers unique opportunities not
only for SM electroweak studies as previously emphasised, but also for the search for new physics with
very high mass.

The contribution of heavy new physics to low-energy observables is suppressed by some power of the
ratio between the characteristic energy scale of the observable and the new physics mass scale. The
measurement accuracy that is needed to discover its effects thus depends very strongly on the character-
istic scale of the observable under consideration, in a way that very low energy observables are useful
only if they can be measured with exquisite accuracy, while a more modest accuracy is suf cient when
using observables with higher characteristic scale. Equivalently, the reach on the new physics scale of a
measurement with given accuracy increases linearly with the energy of the observable. The muon col-
lider can measure 10 TeV scattering cross sections with order percent accuracy. For typical new physics
effects that scale with the second power of the energy over mass ratio, this generically corresponds to an
order 100 TeV reach on the scale of new physics.

A historical example of such energy enhancement is the discovery of the nite radius—and hence the
composite nature—of the proton. This was accomplished by detecting departures of the electron scat-
tering cross section from the point-like proton prediction. These effects are suppressed at low energy by
the square of the scattering energy divided by the proton compositeness scale, which we today associate
with the QCD con nement scale of about 300 MeV. The limited accuracy in the cross section measure-
ment prevented these effects from being detected until technological developments enabled scattering
energies as “high” as 100 MeV, mitigating the suppression. By exploiting this very same strategy, the
measurement of 10 TeV cross sections at the muon collider can discover evidence for Higgs composite-
ness at scales as high as 40 TeV, or in the case of null results exclude compositeness scales as high as
60 TeV. In this respect, the muon collider will probe the compositeness of the Higgs boson up to a scale
that is far above not only our present-day sensitivity, but also the projected sensitivity of any other future
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project or planned measurement.

Another historical example is the observation of neutral current weak interactions in muon production
from electron-positron collisions. Here the suppression is the square of the scattering energy divided by
the mass of th& boson, and in this case the observation was enabled by the availability of high-energy
electron-positron collisions with around 20 GeV of energy. Correspondingly, the muon collider can
discover new weak currents mediated by a heaelparticle with a mass possibly in excess of 100 TeV,
depending on the coupling. Such discovery would not merely consist of the observation of a tension
with the SM prediction for a single observable. Many different cross sections can be measured, as well
as differential distributions, enabling the characterisation of the properties of the new discovery.

Beyond speci ¢ models, the competitive advantage of the muon collider can be also illustrated by the
sensitivity to new interactions encoded by Effective Field Theory operators. Flavour-diagonal and -
universal operators that induce energy-growing effects in the production of two leptons, quarks, vector
bosons or Higgs can be probed up to an effective scale that is generically about 50 times higher than the
one that is presently tested. The reach is generically higher than the one that can be attained by electron-
positronZ -boson factories with high luminosity. Unlik2-factories, the muon collider's sensitivity

to the new interactions does not rely on the feasibility of very precise measurements and theoretical
predictions with ordefl0 ® resolution, but on the detection of percent-level effects on the high energy
cross section. This adds a considerable degree of robustness to muon collider projections that is further
augmented by the large variety of available measurements—including differential distributions—that
can illuminate the discovery of new physics.

By 10 TeV cross-section measurements, vector boson scattering, and Higgs physics, the muon collider
can greatly advance the program of precision tests of the electroweak and Higgs physics, commonly
referred to as EWPT (electroweak precision tests). Importantly, these advances will be attained by a
novel methodology, less prone to systematic uncertainties and more suited for the characterisation of
discoveries.

The 10 TeV measurements can also advance avour physics through their exquisite sensitivity to neutral-
current avour transitions, capable of resolving effects due to mediators at the 100 TeV scale. Unlike
for EWPT, the strategy of investigation in this case is not to probe corrections to SM cross sections,
but rather to observe phenomena that are very rare in the SM, such as the production of fermion anti-
fermion pairs of different avours. The energy enhancement works as before and boosts the BSM rate
of transition to an observable level. The sensitivity to neutral avour transitions in both the quark and
lepton sectors often matches or surpasses the best future prospects for low-energy experiments.

A newinterest in muon collider physics

The 2020 European Strategy Update process and the creation of the IMCC outlined an R&D path to-
wards the realisation of a muon collider with 10 TeV energy and high luminosity, triggering an enthusias-
tic reaction from the theory and phenomenology community. Since 2019 (when the muon collider R&D
effort catalyzed by the 2020 European Strategy Update began), INSPIRE-HEP has recorded around 200
entries about muon colliders in the “Phenomenology-HEP” subject category [6]. This is more than half
of the papers ever written on this topic. The left panel of Figure 2.2.1 compares the time distribution
of the phenomenology papers (in blue) with the papers about muon colliders in all subjects (in grey).
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Figure 2.2.1: Left: Time distribution of the papers on muon colliders (grey) compared with those
(blue) with subject “Phenomenology-HEP” [6]. Right: Pictorial view of the muon colliders exploration
opportunities.

Before 2019, muon collider phenomenology papers comprised a small fraction of the total and the devel-
opment 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 for muon colliders physics opportunities.

Extensive reviews of this growing literature can be found in Refs. [5, 7] and, most recently, in the IMCC
EPJC Review [1] and the IMCC Interim Report [3]. Major topics of investigation are projections for
the direct discovery of new particles [8—79] including WIMP dark matter [80—96], the measurement of
the Higgs couplings including the trilinear and possibly the quadrilinear coupling, and the sensitivity to
heavy new physics through precision measurements in both an EFT context and concrete new physics
scenarios such as Composite Higgs [97-152]. Several “muon-speci ¢’ opportunities that stem from
colliding muons for the rsttime, in connection with the muon g-2 and with lepton avour physics, have
been also investigated [153—-186]. Growing attention is being devoted to theoretical tools and predictions
for muon collider physics [187—-196].

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 Collider Forum” in the context of the Snowmass
2021 Community Planning Exercise. The activities and the work triggered by the Forum [5] strongly
impacted the Snowmass Energy Frontier outcome [197], which recognised the muon collider's 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 [198].

2.2 Muon collider physics highlights

The motivations for exploring 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 many exploration strategies available at a muon collider are

depicted as arrows on the right panel of Figure 2.2.1 and are described in turn throughout the rest of this
section.
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Figure 2.2.2: Left: 95%CL exclusion reach on the mass of several BSM patrticles at future colliders
[13, 80, 82, 199-201]. Only EW pair production is considered to assess the MuC sensitivity. This
underestimate the reach in models where single-production is possible (see e.qg. [47]). For the wino and
the Higgsino, we label as “p), " the mass required to reproduce the observed dark matter abundance.
Right: exclusion contour [1] for a scalar singlet of mass mixed with the Higgs boson with strength

sin .

Energy

The high available energy enables a search for new heavy particles, with a reach in mass that strongly
extends that of the LHC. This mass reach owes largely to the fact that the muons are elementary and
their collision energy is entirely available to produce new particles. The protons instead are composite
and their effective energy reach is limited to a fraction of the collider energy by the steep fall-off 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 Figure 2.2.2.

The gure shows the projected exclusion reach on the mass of a number of hypothetical particles (la-
belled with a standard BSM notatibrat the muon collider with 10 TeV energy in the centre of mass, at

the HL-LHC, and at the 100 TeV proton-proton future collider FCC-hh [13, 82, 199-201]. At a muon
collider, these particles are produced in pairs by electroweak (EW) interactions and the corresponding
EW production cross sections are determined by the EW and spin quantum numbers of the states. The
cross-sections range frobil to 10 fb at the 10 TeV MuC, for masses almost up to the kinematic thresh-
old of 5 TeV. With the target integrated luminosity of 10 ébenough events (more than 1000) will be
available for discovery up to the threshold provided the particle decays promptly to an easily-detectable
nal state. Therefore, all particles considered in the gure with the exception of the wino and the Hig-
gsino (see later) can be discovered up to 5 TeV mass by only exploiting the model-independent process
of EW pair-production. An extended mass-reach is possible if BSM interactions mediate the production
of the new state. For instance, the 10 TeV muon collider reach on top partners is 8roied from

single production [47].

The mass reach of the 10 TeV MuC is above the HL-LHC exclusion limit for all of the BSM candidates
considered in Figure 2.2.2. The 10 TeV muon collider has an even higher reach than a 100 TeV proton-
proton collider FCC-hh in QCD-neutral particles such as chargigmoand tau sleptons. It surpasses

the thermal target (see later) for the Higgsino and the Wino dark matter candidates.

'For instanceT is a fermionic top partnet;is the stop andv® and Higgsind=rO are the wino and the Higgsino, respectively.
The notation is the same as in Ref. [201].
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Figure 2.2.3: Left: 1 sensitivities (in %) from a 10-parameter t in theframework at al0 TeV

MuC with 10ab *, compared with HL-LHC. The effect of measurements frog#8GeVe e Higgs
factory is also reported. See Section 16 for details. Right: Sensitivity to the Higgs trilinear coupling
modi er of different future colliders. The sensitivity of the 3 TeV muon collider (MuC-3) and
10 TeV muon collider (MuC-10) is compared with that of the HL-LHC, CLIC, and FCC-hh. Plots
adopted from Ref. [1].

Along these lines, the “Energy” arrow in Figure 2.2.1 represents the possibility of searching for new
heavy particles of very generic nature, or speci ¢ well-motivated candidates. Past works have inves-
tigated the MuC sensitivity to a number of BSM scenarios ranging from WIMP dark matter, extended
Higgs sectors, heavy neutral leptons, composite resonances, solutiong tozlamomaly and more [8—
72,80-93, 160, 202]. A few speci c results are outlined below. It should be emphasised that the results
described below—as well as in 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 mod-
elling of the detector effects. The assumed detector performances are those of the IMCC muon collider
DELPHES card [203, 204], which match the performances of the CLIC detector and lie in between the
“Baseline” and “Aspirational” performances described in Section 3.1.

Reference [8] (see also Refs. [7, 9, 10]) studied one extra EW-singlet Higgs scalar which is potentially
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 a “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 is superior to that of the FCC-hh in the
most motivated region of the model's parameter space. In fact, the sensitivity is superior in the whole
parameter space upon including the indirect MuC reach from Higgs coupling measurements. This is
shown on the right panel of Figure 2.2.2 in the plane formed by the mass of the particle and its coupling
to the SM, expressed in terms of the degree of mixing with the Higgs boson. The MuC advantage
over FCC-hh stems from the larger 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.

Several papers [80-93] studied the observability of a variety of WIMP DM candidates at the muon
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collider (see Ref. [1] for a summary). Detection strategies include mono-photon (or, more generally
monoX ) searches, indirect searches from loop effects, and direct searches of the disappearing tracks
produced by the charged patrticle 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. [82], 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. In addition, Ref. [93], studied the possibility of observing
soft tracks and demonstrated that the Higgsino with thermal mass could be also discovered with this
second strategy. Using soft tracks, the thermal Higgsino could be discovered even ata rst muon collider
stage operating with 3 TeV energy in the centre of mass. The mass-reach reported in Figure 2.2.2 (for
the 10 TeV Muc) is the one obtained using mono-photon with one disappearing track [80, 82].

More energy-frontier opportunities for the muon collider to produce and discover new particles directly
are described in Chapters 19 and 20.

Precision

The “Precision” arrow in Figure 2.2.1 represents accurate measurements in the EW and Higgs sector.
These are possible at the muon collider by exploiting the large rate for EW-scale scattering processes
initiated by effective vector bosons, and the small QCD background that is typical of leptonic collisions.
The prospects for exploiting the 10 million Higgs boson produced by the collider in the vector boson
fusion channel have been investigated in details [97, 98] based on fast simulation but also validated
against the available full-simulation studies [205]. These sensitivity projections for Higgs signal-strength
measurements were used in Ref. [1] for a Higgs couplings t in the same setup that was employed in
Ref. [206] for a global comparative assessment of future colliders sensitivity in preparation for the
2020 European Strategy Update process. The most updated available input, described in Section 16, is
employed for the couplings t shown on the left panel of Figure 2.2.3. The 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-energe” e Higgs 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[206], where no BSM Higgs decay channel

is allowed. The closure of the “kappa-3” 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—with excellent
0:5% precision [105, 112]—in the Z-boson fusion production channel could provide such measurement
at the MuC, enabling a very precise coupling determination also in the kappa-3 scheme and an indirect
determination of the Higgs width with a precision 0ofl% (see Chapter 16). However, this measurement
relies on the observability of muons in the forward region by a dedicated detector, whose feasibility is
still to be assessed. If such a measurement turns out to be impossible, the closure of the kappa-3 t will
have to rely on the inclusive cross-section measurement at a low-eseegyHiggs factory, providing

one further element of complementarity with such a machine. The at direction in the kappa-3 t could
be also lifted by high-energy measurements at the MuC, by relying on extra assumptions [139].
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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
Figure 2.2.2. This result [98, 102] is based on a parametric modeling of the detector effects—assuming
CLIC-like performances—validated against the CLIC full simulation sensitivity projection [207]. Fig-

ure 2.2.2 also reports the expected sensitivity of FCC-hh [208], which range 8#m8% depending

on the assumed detector performances. The MuC result has been found less sensitive to detector perfor-
mances because the background is lower.

Precision from energy

A unique feature of the muon collider is the simultaneous availability of energy and precision. This
allows, very simply, the precise measurement of high-energy scattering cross-sections. The possibility
of simultaneously exploiting energy and precision is represented by the “Energy with Precision” arrow

in Figure 2.2.1. It corresponds to an exploration strategy that is typical of high energy physics: higher
energy observables are more sensitive to short-distance physical laws and give access to novel effects
that were too tiny to be detected in previous experiments performed at lower energy. This mechanism
has produced some of the most striking past discoveries, such as 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 TeV cross sections—speci cally,
the production of quarks, leptons, or vectors and Higgs pairs with 10 TeV invariant mass—with percent-
level accuracy. For BSM effects that are proportional to the square of the energy divided by the char-
acteristic new physics mass scale, this translates into sensitivity to new physics at 100 TeV. Notice for
comparison that 100 TeV scale new physics produces instead unobservably small one part-per-millon
effects on EW-scale (100 GeV) observables. This offers a competitive advantage to the muon collider
relative to EW-scale measurements (at or abov&tipele) at futuree” e colliders. On the other hand,

the 100 TeV scale will not be directly accessible even at a 100 TeV hadron collider.

In spite of the fact that the™ initial state is electrically neutral, this high sensitivity is not limited

to scattering processes with a neutral hard nal state. In a collision at 10 TeV, the emission of soft-

collinear charge®V bosons is very likely because of the Sudakov enhancement, resulting in large rates

for the production of two hard particles with non-vanishing total charge sudW As hZ, tb, etc.

This gives effective access to charged scattering amplitudes with muon-neutrino initial states, and to
scattering processes that are effectively initiated by neutrino collisions. Exploiting the emission of the

W and other EW radiation effects allows to de ne a variety of different observable cross-sections and

a rich program of measurements that can probe and disentangle different BSM effects and different
EFT interaction operators [191]. A recent comprehensive stydy of the different measurements [209] is
presented in Section 16.

The sensitivity of high-energy measurements to concrete BSM scenarios (from Ref. [191]) are illustrated
in Figure 2.2.4. The left panel displays the muon collider reach on a new neutral current interaction
mediated by a heavzogauge boson coupled to the SM Hypercharge [210] in the plane formed by
the Z° mass and gauge coupling. The 10 TeV MuC mass reach for discovery is around 100 TeV for a
coupling of the order of the SM EW gauge couplings. The mass reach for exclusion extends far higher,
up to 500 TeV for the maximal value of tigg o coupling,g,o0 * 1.5, allowed by perturbativity in this
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Figure 2.2.4: Left: Future collider95% CL exclusion sensitivity to a minimzﬂo[ZlO]. In the case of
muon colliders, thé discovery reach is also shown by dashed lines. Right: The sensitivity to Higgs
compositeness.

speci ¢ model. The sensitivity of CLIC, FCC-ee, and FCC-hh (from Ref. [201]) is also reported in the
gure for comparison. The design and construction of a muon collider appears as the only option to
probe this scenario at the 100 TeV scale.

The right panel of Figure 2.2.4 quanti es the sensitivity of the 10 TeV MuC to Higgs compositeness.
The scenario under consideration is that of a pseudo-Nambu-Goldstone Boson (pNGB) composite Higgs
(see [211] for a review), which is the only known possibility to explain—at the price of a moderate ne-
tuning on a single parameter—the agreement between current measurements of the Higgs couplings and
SM predictions. The experimental manifestations of a composite pNGB Higgs can be robustly modelled
in terms two parameter® andg [212], which correspond respectively to the Higgs compositeness
scale—i.e., to the inverse of the Higgs particle radius—and to the coupling of the new strong sector that
delivers the Higgs as a bound state. This theoretical setup was extensively employed for the comparison
of future collider projects in preparation for the 2020 European Strategy Update [201, 206].

The muon collider sensitivity to Higgs compositeness emerges from 3 different classes of measurements,
whose combined sensitivity is shown in Figure 2.2.4 in(the; g ) plane. Higgs coupling modi cations

are mostly relevant wheg is large and they dominate time reach forg above aroun®. Searches

for new effects in the 10 TeV di-fermion production cross section due to the modi cation of the EW
gauge interactions induced by the new strong sector are relevant onlygviesmall, explaining the
enhanced sensitivity whepn * 1. Measurements in di-boson and boson-plus Higgs nal states—again
performed at 10 TeV exploiting “Precision from Energy”—are instead equally relevant for any value
of g , because they probe new interactions of the Higgs doublet with the vector bosons that are directly
related to the nite radius of the Higgs. The magnitude of these new interactions thus depends only on the
compositeness scate and not on the coupling . Such direct manifestations of Higgs compositeness
dominate the muon collider sensitivity and they allow the discovery of Higgs compositeness up to around
35 TeV (or exclusion up to arouriD TeV even for the most unfavourable valuegoj. The comparison

with other future collider projects (from [201, 206]) displays the competitive advantage of the muon
collider for the study of Higgs compositeness.

Beyond explicit models, the power of the “Precision from Energy” arrow can be also illustrated by
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Figure 2.2.5: Fit to theCP-even avour-blind Warsaw basis [213] operators that grow with the energy
and interfere with the SM in di-fermion and di-boson production at the MuC. The MuC projections (blue
bars) from the measurements of these observables are compared with current knowledge (gray bars).

the sensitivity to new interaction operators in a SM EFT context. Figure 2.2.5 reports the result of a
global t[209] on a set of avour-diagonal, universal and CP-preserving operators of dimension 6 in
the SM EFT in the Warsaw basis [21%]'1’he selected operators are the ones whose effects on the di-
fermion and di-boson (and boson-plus-Higgs) production amplitudes grow quadratically with the centre
of mass energy and that produce a quadratically-growing contribution to the cross section by interfering
with the SM amplitude. They form a coherent set of operators for a muon collider t because they are
probed up to much higher scale than the other dimension-six operators, by exploiting the high-energy
measurements of di-lepton, di-quark and di-boson production.

The result for the 10 TeV muon collider (solid blue bars) displays sensitivity to an effective scale of
100 TeV or higher on all the operators. The limited sensitivity degradation of the global t in com-
parison with the single-operator reach (dashed blue bars) shows that the muon collider can measure a
suf cient number of different observables to probe and disentangle the different operators. The differ-
ent measurements exploit charged nal states and the possibility of distinguishing nal states that are
“exclusive” or “semi-inclusive” with respect the the emission of EW radiation [191].

An important technical note is that the global tresults are obtained by marginalising only with respect to
the operators considered in the gure, and not with respect to a complete basis of dimension-6 operators.
This is equivalent to a complete global tin the case of the muon collider, because the selected operators
are (among the avour-universal ones) the only ones that can be probed to such high scale. For the
“current”—which includes present knowledge on EW precision observables from LEP/LEP2 and LHC
measurements— instead, this procedure overestimates the global t sensitivity to the rst three operators
in the gure, as it does not include the marginalisation on other operators that can give comparable
contributions to the relevant observables (in this case, the EW precision observables).

It should be also emphasised that the MuC R&D path could eventually enable the construction of a muon
collider with more than 10 TeV energy in the centre of mass. If the luminosity grows quadratically with

A much larger set of operators is considered in the t of Section 16.
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the energy as in the IMCC target scaling, thecale sensitivities of Figure 2.2.4 would grow linearly
with the muon collider energy. This offers a path for improving the reach even further, which is instead
harder to envisage wite" e colliders because the measurements' precision is limited by systematics
and theoretical uncertainties.

Muons and neutrinos

The “Muons and neutrinos” arrow in Figure 2.2.1 reminds us that energetic muon beams in the TeV
range will be made available for the rst time at a muon collider. Studying muon collisions offers
self-evident opportunities to discover new physics coupled primarily to muons and not for instance to
electrons, whose collisions are instead extensively studied.

In addition to the quest for agnostic exploration, there are strong theoretical motivations for the study
of muon-philic new physics. The SM Higgs Yukawa coupling of the muon is larger than that of the
electron, hence the muon coupling to new physics in the EW symmetry breaking sector is generically
larger than that of the electron. The implications of this larger coupling were studied for instance in
Ref. [163] in the context of an extended Higgs sector. The larger Yukawa couplings of the second family
leptons and quarks also suggests stronger muon interactions with a new physics sector responsible for
the origin of avour. For instance, UV models that aim at explaining the hierarchies in Yukawa cou-
plings by introducing avour non-universal gauge interactions typically predict larger effects in muons
than in electrons, see e.g. [214-222]. Finally, studying high-energy muons interactions is complemen-
tary to precise low-energy tests of the SM such as the measurement of the muon anomalous magnetic
moment [153-162] and the! 3 (see Section 2.3) decay. A muon collider will be needed to establish
and characterise the BSM origin of possible tensions with the SM of these measurements.

Beyond collisions, energetic muon beams offer additional unique opportunities. They produce a colli-
mated beam of neutrinos with unprecedented properties to be employed for a neutrino experiment. This
and other opportunities for neutrino physics are described in Section 2.4, Section 17.4 and in Chapter 18.

2.3 Flavour physics at the energy frontier

High energy also enables novel and powerful tests of avour physics. On the one hand, the high energy
enhances avour transitions mediated by very heavy new physics, offering the opportunity to discover
BSM avour transitions directly in either the quark or the lepton sector by studying the” |  ff 0
production of two fermions with different avour [169-171]. On the other hand, the high available
energy enables to search for the new particles that are potentially responsible for avour violation.
These two strategies for avour physics investigation at the muon collider are illustrated by examples in
the rest of the section in turn.

Figure 2.3.1 displays the sensitivity [231] (see Section 17 for more details) to representative avour-
breaking BSM interactions from the search for the high-energy production of avour-breaking nal
states such alss, bd sd, cu in the quark sector, and in the lepton sector. The analysis takes into
account realistic quark- avour and lepton ID tagging and misidenti cation ef ciencies, which are the
main detector parameters that control the sensitivity. On the left panel, we report the single-operator
exclusion reach to interactions where the avour-violating current is only coupled to the muon current
and not to the other leptons in a setup that violates Lepton Flavour Universality (LFU) maximally. This

37



ESPPU Muon Collider Report — H¥sics— March 31, 2025

Figure 2.3.1: Sensitivity reach in the effective scale[TeV] of effective operators containing a quark

or lepton avour-violating current, coupled to either a muon current (left panel) or a avour-blind gauge
current. The gray bands show the present constraints from meson [223-226] and tau [227] decays, while
the gray lines are the expected future sensitivity at the end of LHCb upgrade Il [228], Belle 11 [229], and
NAG62 [230] runs.

assumption does not affect the reach of the muon collider, which is only sensitive to the muon interaction,
but boosts the sensitivity of traditional low-energy strategies by exploiting LFU violation tests such as
the measurement of R(K) [223]. The 10 TeV MuC reach on the effective operator séalalways

at least comparable with current bounds (gray bands) and with future prospects for improvement (gray
lines), and in some case it is signi cantly stronger. The right panel of Figure 2.3.1 considers instead
avour-violating currents that are coupled universally to all leptons and quarks, through a dimension-6
operator—reported in the gure—involving the EW Hypercharge gauge BIld The 10 TeV MuC
sensitivity to this operator is much stronger than both current bounds and future prospects, with the
exception of second- rst (2-1) families transition, that is probed with the very rare dééay

at NA62 [226, 230].

Building a muon collider will open a new high-energy path towards avour physics exploration, with

a generic EFT interaction scale reach of the order of 100 TeV that is often much higher than what is
allowed by traditional methods based on low-energy high-intensity experiments. Furthermore, the muon
collider sensitivity is attained by measurements with moderate backgrounds, whose interpretation re-
quires theoretical predictions that do not appear extremely challenging. This has to be contrasted with
low-energy measurements that require a precise control over experimental systematics and theoretical
uncertainties that are furthermore often polluted by non-perturbative QCD dynamics. In addition, the
putative discovery and characterisation of BSM effects at the muon collider will not rely on the measure-
ment of a single quantity but rather on the determination of a variety of cross sections and differential
distributions.

A more extensive illustration of the muon collider avour physics potential through high-energy mea-
surements is presented in Section 17.

Testing quark avour in relation to the Higgs can also be a powerful probe of avour violation. At
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Figure 2.3.2: Sensitivity to a 2HDM [232—-234] which can generate appreciable changes to strange
qguark Yukawa coupling. The reach is shown in the plane of the mixing between the 2nd Higgs doublet
and the SM Higgstan( ), and the coupling of the heavy Higgs to the strange qué@é,. Lines

of constant modi cation to strange Yukawa coupling,are shown as dashed lines. Present LHC Higgs
measurements exclude the green shaded region, future prospects for different colliders from Higgs or
direct searches (in case of muon collidér,) are shown as solid lines.

low-energy Higgs factories one can test some of the unmeasured quark Yukawa cdupithgavour
tagging. This can be done with precision in the case of the charm Yukawa coupling or approaching
observation in the case of the strange Yukawa coupling. The interpretation of a deviation in a Yukawa
coupling at a low energy Higgs factory is through a higher dimensional operator

SQHa(HH);

and the projected reach on the operator scalgiven the precision of the measurements, ranges from
the EW scale to order of the TeV scale at best. Observing departures from the Sivhfiies the
existence of new particles in the mass range that the 10 TeV MuC can probe directly.

The maximal scale for the new particles corresponds to scenarios where they contribute to the avour-
dependent process at tree-level. Otherwise, a lower BSM particles’ mass would be needed in order to
compensate for the loop factor suppression. However, at tree level there are only two classes of UV
completions that allow for an uncorrelated Higgs avour enhancement of the operator under examina-
tion: a two Higgs doublet model (2HDM) [234] or new vector-like quarks (VLQs) [235, 236]. In either

of these two possible classes of models there is a new EW-charged state. Given that theo$tchée
operator in question is proportional to the mass of the new state and inversely proportional to a new
Yukawa coupling, Y 2=YSS, there is a bounded parameter space of interest. A large mass requires

a large coupling to generate the same effect and therefore unitarity and perturbativity set an upper mass

3Unmeasured here means after HL-LHC, where u,d,s,c quark Yukawa couplings will not be measured if they have their SM
values. Flavour tagging of lighter generation quarks could in principle be considered at a muon collider as well like at Higgs
factories, but has not been studied experimentally yet.
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intheO(1) TeV range if is small enough to be seen. A 10 TeV Muon Collider can therefore cover the
entire relevant range via pair-production of the EW states and effectively probe Higgs avour at much
higher precision than Higgs couplings alone can conceivably reach.

To illustrate this we show the results for a strange- avour-violating (SFV) 2HDM that can generate
sizeable strange quark Yukawa deviations that are consistent with avour physics constraints [232—234]
in Figure 2.3.1. The model has effectively 3 parameters, the new coupling of the strange quark to the
2nd Higgs doubletY:'SZ, the mixing between the 2nd Higgs doublet and the SM Higgstané¢, ),
and the mass scale of the 2nd Higgs douligt,,. The mixing angle is proportional to an underlying
quartic coupling between Higgses in the Higgs basis, and therefore the scale of the operator is

21 M3,= Y& ¢ . InFigure 2.3.1, lines of constant modi cation to SM strange Yukawa coupling,

s = ys:yss'v', are shown as dashed lines. Large modi cations to SM Yukawa couplings induce shifts to
all branching ratios, and thus the best measured single-Higgs signal strength sets the strongest indirect
bound. This is shown for current LHC data as the shaded green region, HL-LHC projection as the solid
green line, FCC-ee as the blue line, and the 10 TeV MuC as the curved red line. Direct strange tagging
measurements are possiblesde colliders shown as the purple ILC line [237]. The direct reach for
the muon collider comes from searching for the charged Higgs state in the 2HDM which we make the
conservative assumption that can probe ugh®TeV mass. This is very powerful because it only
depends on the mashl,,, and not the other model parameters since it is produced due to its gauge
guantum numbers electroweak pair-production. However, in overlaying the direct search constraints in
the parameter space of Figure 2.3.1 one has to x a maximal valug @f interpret the direct search as
tan( )/ My,= . The direct search constraint is then a vertical line on the plot, and to illustrate
different choices in the criteria for perturbativity we show two different valuessoh Figure 2.3.1.

2.4 Neutrino physics opportunities

Understanding the properties of neutrinos and the new physics responsible for nonzero neutrino masses
is among the highest priorities of contemporary particle physics (see, for example, [238]). Associated
with these pursuits are long-baseline “superbeam” experiments: experiments where the source of neu-
trinos is the decay in ight of accelerator-produced mesons (mostly pions and kaons). DUNE [239] and
Hyper-Kamiokande [240], both under construction, are the next-generation, and perhaps the ultimate,
superbeam experiments. A muon collider facility contains, unavoidably, a plurality of neutrino “beams”

of various avour compositions, energy pro les, and intensities. The source of muons for the muon col-
lider is very similar to that of neutrinos for superbeam experiments and, downstream of the production
target, the decay of muons as these are cooled, bunched, accelerated, and stored leads to neutrinos.

The physics opportunities associated to all possible neutrino sources at different stages of a muon col-
lider facility are still being identi ed and explored by the community; here we brie y highlight only a

few of them. We will concentrate on opportunities allowed by neutrinos produced in the decay of muons
with well-characterized energy pro les since these yield neutrino beams with well-characterized energy
spectra — we understand the physics of muon decay very precisely — and, in the case of negative (pos-
itive) muons, both muon-type (anti)neutrinos and electron-type antineutrinos (neutrinos). High-energy,
— energies above a few hundred MeV - intense, and well-characterized electron-type neutrino and an-
tineutrino beams are not available at any other existing or planned facility. These may play a crucial role
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in oscillation experiments in the near and the intermediate future.

By the 2040s, the precision and, in some cases, the sensitivity of both DUNE and Hyper-Kamiokande
might be limited by systematics. Among those are uncertainties associated with our understanding
of neutrino—nucleus scattering and our ability to reconstruct the incoming neutrino energy [241, 242].
Dedicated, high-precision neutrino-scattering experiments may be necessary in order to tame those sys-
tematics and fully exploit the potential of DUNE and Hyper-Kamiokande. These, in turn, will need to
make use of well-characterized beams of electron-type neutrinos and antineutrinos with energies be-
tween hundreds of MeV and a few GeV. NuSTORM (Neutrinos from Stored Muons [243]) is a proposal

to exploit stored muons with energies of a few GeV for such measurements. There are concrete studies of
how NuSTORM can be connected to a muon collider demonstrator [244], as discussed in Section 13.3.
Similar opportunities — and more ambitious ones — should also be present at any muon collider facility
in the future.

Whether neutrino oscillation experiments beyond DUNE and Hyper-Kamiokande will be needed in or-
der to understand the properties of neutrinos with the necessary precision is an open question that cannot
be answered in any quantitative way at the moment. Neutrinos from a muon storage ring are an excel-
lent source for next-next-generation experiments. These facilities are referred to as “neutrino factories”
and have been studied at some length in the literature. Recent analyses include [245-247]. Neutrino
factories allow one to circumvent beam-related systematics and backgrounds that plague neutrino super-
beams and, most important, allow access to yet-to-be-measure oscillation channels, ingJuding

and ! . These, in turn, allow for searches for T-invariance and CPT-invariance violation not avail-
able at DUNE and Hyper-Kamiokande. Given constraints associated to the size of the Earth and that
of neutrino detectors, neutrino factories require intense stored muon beams with energies below tens of
GeV. Previous studies point i0’° muon decays per year [248]. In order to collect these many useful
muon decays, the geometry of the storage ring for the neutrino factory is very different from what is
being considered for the muon collider and the energies are much smaller energies. Neutrino factories
require long straight sections so most muon decays “point” towards the neutrino detector. In the past,
race-track, bow tie, and triangle designs were considered [249]. While neutrino factories and muon
colliders have different requirements when it comes to, for example, the energy and the geometry of
the storage ring, they share, to leading order, the same front-end: muon production, cooling, and ac-
celeration. The R&D on muon colliders is vital to enable the construction of a neutrino factory in the
future.

In the case of a muon collider of high (3 or 10 TeV) energy, most of the muons decay on the arcs
and do not produce usable neutrinos. The neutrino beams are produced only from muons decaying
in the relatively short straight sections and the intensity is lower than the one for a neutrino factor.
Furthermore, the neutrino energy is too high for Earth-bound oscillation experiments, as the oscillation
length scales linearly with neutrino energy. On the other hand, they do allow access to unprecedented,
ultra-high energy neutrino xed-target scattering experiments. In the next subsection we describe the
characteristics and the physics potential of this neutrino beam in more detail.

Finally, © collisions at several to dozens of TeV have the potential to decisively inform the neutrino
mass puzzle. The new degrees of freedom may be directly produced and observed at a high-energy muon
collider or their indirect impact in other observables may be within reach. Muon colliders also allow,
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thanks to the neutrino content of the muon, studies of virtually-on-shell neutrino—muon, neutrino—gauge
boson, and neutrino—neutrino scattering. For a recent discussion, see, for example, [192]. Neutrino—
neutrino scattering has never been observed in the laboratory. These parton-level collisions allow access
to several different initial states, including those with non-trivial lepton- avor number or total lepton
number (e.g. . collisions have lepton number two, eletron number one and muon number one).

A forward neutrino experiment at the high-energy MuC

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 that could be used for physics measurements in
a dedicated detector. A robust parametric estimate of the properties of this neutrino beam is presented
below.

The collider target parameters reported in Table 1.1.1 foresee a single budchol :8 10" muons

(and one of anti-muons) injected in the 10 TeV muon collider edefy = 0:2 sec. Assumind.0’ sec

of operation per year, this corresponds to a currert of10'° 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. The fraction of usable muons is the lehgb the straight section divided by the
collider circumference, of 10 km, and a region of at ldast 10 m without elds is required for the
installation of the detector close to the Interaction Point (IP). This gj)ve!so9 neutrinos of each species

per second anél 10'° per year at the 10 TeV collider. At the 3 TeV collider, a similar estimate gives
2:4  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 Gélowad

already at the 3 TeV MuC, and even smaller at 10 TeV because of the larger muon energy. The muon
beam angular divergence is typically much ab®viemrad, 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 @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 cong€t&mnrad angular spreécﬂor the decaying muons, and
nominal beam energy df5and 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 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 inside

a dedicated forward detector. Each neutrino crossing the target has the chance to produce a detectable

4Speci cally, we smeap,., =p,, with p the muon momentum, by independent Gaussians with6 10 4,
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interaction, with probability
L E

gcm 2 TEV;

Pt 6 107

where we assumed a typical cross-section on nucleot® oPcm? E=TeV for all neutrino species,

with E the neutrino energy. In the equationl. is the density of the neutrino target times its longitudinal
extension along the neutrino beam. This parameter—or, equivalently the mass of the target since the
radius is xed at around 10 cm—is not straightforward 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 what follows, and the resulting interaction rates correspond to the continuous or dashed lines of
Figure 2.4.1.

No design is currently available for the neutrino detector. One concept was developed long ago [250],
with the purpose of studying the neutrinos produced by a dedicated 250 GeV muon 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. [250] ensures excellent tracking and reconstruction performance for
all the particles that are possibly produced in the interaction, including electrons, muons (and perhaps

's) as well as bottom and charm hadron tagging and discrimination. On the other hand, the target mass
per unit area is relatively small: L =50 gcm 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 [251], SND@LHC [252], CHORUS [253]) to
several hundred tons (CHARM [254], NuTeV [255]). Waiting for dedicated studies, it seems reasonable
to assume a target mass of at least one ton for the neutrino detector.

Figure 2.4.1 reports the energy distribution and the total number of neutrino interactions that could be
recorded by a 10 kg target (corresponding to Ref. [250]) 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. [256]) are also reported for comparison. Notice that only the anti-neutrinos
from the decay of the * are included in the gure. A second detector would be needed to collect
the neutrinos from the decay, 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 operation would enable to collect orders of magni-
tude more interactions of TeV-energy neutrinos than current facilities such as FASEFSND@LHC.

Even with the very small 10 kg detector, more neutrinos will be collected than at the proposed For-
ward Physics Facility (FPF) [257]. 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 around thousand 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 measurements 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.
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Figure 2.4.1: 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. [256] for past and planned neutrino experiments. The
solid and dashed lines assume, respectively, a small 10 kg and a realistic 1 ton target mass.

The physics opportunities offered by the neutrino beams are still to be explored. Ideas discussed long
ago [250] include measurements of the CKM quark mixing matrix, nucleon structure, EW precision
and charm quark physics. The contemporary relevance of these measurements is being assessed, and
the sensitivity projections adapted to the higher-energy neutrino beams that would be available at the 3
and 10 TeV MuC. Preliminary results described in Section 17.4 and Chapter 18 outline unprecedented
opportunities for both CKM elements and Parton Distribution Functions (PDFs) determination from
neutrino Deep Inelastic Scattering (DIS) measurements.

An extraordinary neutrino DIS experiment could be performed with the high energy muon collider neu-
trinos. The intense and precisely characterised beam of TeV-energy neutrinos will enable high-statistics
and low-systematics DIS measurements, in a region of high transferred mon{eﬁthat is well within

the realm of perturbative QCD, enabling accurate predictions. Very ne binning in—t@e" plane with
permille-level statistical uncertainties will enable the combined determination of the PDFs and of SM
parameters such as the CKM elements. Multi-differential measurements will be possible to access the
3D structure of the proton in terms of non-perturbative quantities such as transverse-momentum depen-
dent PDFs or generalised PDFs. The large statistics can be positively compared with the predicted event
yields at the Electron-lon Collider (EIC) [258]. DIS measurements at a dedicated (but fully parasitical)
far-forward neutrino detector at the muon collider would provide a charged-current analogue of the EIC
for nuclear physics.
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Chapter 3

Interface

3.1 Physics and detector needs

The vast physics potential described in Chapter 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
(discussed in Section 3.2), the amount of integrated luminosity delivered 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 span from detector accep-
tance, to particle detection and identi cation ef ciency, as well as to resolutions on the various particle
properties inferred by the instrumental measurements. They are outlined in terms of “baseline” and “as-
pirational” targets. The latter are speci ¢ to a muon collider operatin% @t 10 TeV. 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 to 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 reconstruc-
tion performances comparable to those targeted by Higgs/Top/Electroweak-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 are discussed in more detail in the next Section and summarised in Table 3.1.1.

Table 3.1.1: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 0 BaselinBe Aspirational
s=3 TeV s =10 TeV
Angular acceptance jj< 25 jj< 25 jj< 4
Minimum tracking distance [cm] 3 3 <3
Forward muons (> 5) - tag p=p 10%
Track , =pf [GeV ] 4 > 4 > 1 >
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> 25 < 50forj j> 25
Flavour tagging bvsc bvsc bvsc, s-tagging
Boosted hadronic resonance ID h vs W/zZ h vs W/Z WvsZ
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Initial considerations on the interplay between the accelerator complex and detectors dedicated to the
study of neutrino physics are discussed in Section 2.4.

Metrics and benchmarks for detector optimisation

The requirements on a detector that can successfully extract physics from collision data at a muon

collider can be grouped into two categories: the rejection of the reducible beam-induced backgrounds

(BIB) and the need to measure physics observables with high precision. These two categories can lead
to con icting choices that require an overall optimisation to be performed.

The optimisation considers a set of key metrics, de ned below. In addition, it is required that excellent
(>90%) detection ef ciencies must be achieved for energies betvagdh GeV to O(1) TeV for all
measured particle species.

— Angular acceptance: Expressed here in terms of the pseudorapidity log(tan( =2)). 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 collision events will include outgoing particles
within the uninstrumented volume of the absorbers.

— Minimum tracking distance: De ned as the minimum distance between the rst sensitive tracking
detector layer and the IP. The minimum tracking distance affects the resolution with which the
track impact parameters can be measured, directly in uencing the performance of avour tagging
algorithms and sensitivity to a broad range of non-prompt physics. A shorter distance typically
implies a larger number of BIB particles impinging on the detectors.

— Forward muons: Expressed here in terms of dedicated muon detectors placed in the regions
upstream and downstream of the interaction point (IP). Because of their highly penetrating nature,
outgoing muons produced in the IP could be detected by dedicated instrumentation placed beyond
the shielding nozzles and the accelerator components. A realistic study of the placement of the
forward muon detectors, their technology and the effects of BIB still needs to be performed.

— Track =p$: The track transverse momentum resolution. This quantity is used to assess the
performance of the choices of tracking detector layouts and magnetic eld intensity.

— Photon energy resolution: The photon energy resolution, provides a benchmark for electromag-
netic calorimetry.

— Neutral hadron energy resolution: The neutral hadron energy resolution, provides a benchmark
for hadron calorimetry.

— Timing resolution (tracker/calorimeters/muon system): The resolution on the timestamps mea-
sured by various detector sub-systems. The requirements are mostly driven by BIB suppression
considerations. 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. The use
of timing and time-of- ight information for particle identi cation is a potentially promising tool
that has yet to be studied.

— Flavour tagging: A qualitative metric to track the ability to identify the avour of the partons
initiating the hadronic jets produced at the IP. Several sub-detectors can affect this capability,
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from tracking to time-of- ight measurements.

— Boosted hadronic resonance ID: A qualitative metric to track the ability to identify boosted
hadronic resonances. This capability is mostly affected by the granularity of the calorimeter sys-
tems and the jet energy resolution.

In order to guide the optimisation, a set of physics benchmark channels has been chosen to allow a
guantitative assessment of the requirements:

— Higgs and multi-Higgs boson: These processes represent high-rate SM benchmarks. They con-
tribute to setting requirements on the angular acceptance of the detectors, particle identi cation
and energy/momentum resolution as well as the particle identi cation and avour tagging ef -
ciencies. In particular, the ability to distinguish hadronically-decaying Higgs bosons from Z and
W bosons in the whole detector acceptance is crucial.

— Vector boson scattering: A comprehensive programme of vector boson scattering measurement
and BSM searches (e.g. extended Higgs sectors) sets the requirements for measuring not only the
presence of the outgoing muons, but also their momenta with good resolution.

— Heavy Vector Triplets (HVT): The identi cation of boosted hadronic resonances is an important
feature. High-mass searches, e.g. searches for HVTs, would bene t from the ability to distinguish
W and Z bosons in centrally-produced resonances. Furthermore, HVTs provide targets for the
performance of all high-energy objects.

— Long-lived particles: 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 the baseline model-independent benchmark.
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 displaced decays using only a subset of the available detector systems.

The requirements on detector acceptance and performance are less stringent when considering an energy
stage atp 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.

Recent achievements

The last few years have marked a steep progress towards understanding and de ning the physics require-
ments of a muon collider detector. This allowed to rst establish the feasibility of experimentation at a
centre-of-mass energy of 3 TeV [1, 5, 259] and recently led to the design of the rst detector concepts
(described in Chapter 4) for the 10 TeV collider.

Phenomenological studies (discussed in Section 2), have been performed at a variety of levels of sophis-
tication, from background free studies on truth level events, to fast detector simulation in DELPHES
with all relevant backgrounds. These studies are able to cover a large array of phenomena and inform
the detector design focusing on the processes produced at the IP. At the same time, studies based on full
simulation were also performed for fewer selected channels to quantify the detector requirements in the
presence of beam-induced and beam-related backgrounds, such as the production of inebkerent
pairs.
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The results obtained with full- and fast-simulation methods have also been validated against each other in
selected scenarios [1, 5] nding good agreement between the predictions. This increased the 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. As described in the previous Section, Higgs measurements [97, 139, 260] 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 back-
grounds. The search for disappearing tracks [82] 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. A more recent study [93] further extended the detector considerations
by focusing on the reconstruction of charged particle trajectories for particles with transverse momenta
below 1 GeV.

Furthermore, fast simulation studies [46, 139] 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, e.g., the search for exotic Higgs boson decay modes.

Full-simulation was employed to characterise the tracking detector occupancy as a function of the in-
tensity of the magnetic eld present in the central region of the detector. The study propagated in the
detector volume the outgoing particle prediction from GUINEA-PIG scanning uniform magnetic eld
values from 0 to 5 T. The results, shown in Figure 3.1.1 illustrate how the highest eld intensity is
necessary to mitigate the impact of incoherent pairs. The effects of this choice on the tracking of low-
momentum particles in the benchmark phenomena (e.g. Higgs boson production) was also tested with
fast simulation and found not to lead to sizeable inef ciencies.

Figure 3.1.1: Average hit density per layer, assuming the 3 TeV detector modeldd.L_v1), as a
function of the solenoid magnetic eld.
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Last, anew DELPHES card was recently released [261] to enable fast simulation phenomenology studies
of one of the 10 TeV detector designs (MUSIC). Figure 3.1.2 shows an example parameterisation from
the released card.

Figure 3.1.2: Track momentum resolution (left) and track reconstruction ef ciency (right) as a function
of the particle transverse momentum. Taken from [261].

3.2 Machine-Detector Interface

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. The incoherent pairs are produced in the collisions of real or virtual photons emitted by muons
of the counter-rotating bunches. The particles from the different processes interact 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
dedicated 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 im-
pact 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 gura-
tion, 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 con-
ceptual MDI layout for dl:5 TeV center-of-mass muon collider has been devised previously within the
MAP collaboration using the MARS Monte Carlo code [262—-264]. Starting from this con guration,
MDI design studies for higher-energy muon collideBsTéV and10 TeV) were carried out within the

IMCC [265-267] using the FLUKA particle transport code [268-270]. The MDI design fot @&V
machine is based on a new interaction region lattice developed by the IMCC [271], wher8a®the
collider studies rely on the MAP optics [264].

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
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focus magnets and detector. As shown in previous studies by the MAP collaboratioh TelV [262—

264], 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 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, support and alignment 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. The technical design of the
nozzle must also take into account the requirements of other systems and related equipment (e.g. beam
instrumentation, vacuum system).

While the characteristics (e.g. spectra) of the decay and halo-induced background are mainly determined
by the nozzle, the total amount of background particles is to some degree also in uenced by the interac-
tion region layout, i.e., by the lattice design and the placement of mask-like absorbers inside IR magnets.
For example, the previous MAP studies foll:® 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 [263].
Designing and optimizing the IR layout and lattice is one of the key challenges for the collider design,
in particular forl0 TeV (a3 TeV and6 TeV IR design was previously devised within MAP [272-274],
although no background simulations were published). Besides the beam-induced background, the IR
lattice design has to cope with other major challenges (see Section 5.4), like a sfuatition at the
interaction point ( = 1:5mm for 10 TeV). The -function is a measure for the transverse beam size
along the accelerator (the-function in the collision point is referred to as). The small needed

for a muon collider gives rise to signi cant chromatic aberrations and very laffienctions in the -

nal focus region. This requires large quadrupole apertures and high eld gradients. In addition, a few
centimeter-thick shielding is required inside the nal focus magnets to reduce the decay-induced heat
load and the cumulative radiation damage in the magnets.

Another important source of background arises from beam-beam interactions, in particular incoherent
electron-positron pairs, which are produced in the vicinity of the IP and are not directly intercepted by
the nozzle. The ux of the pairs into the detector is in uenced by the solenoid eld in the detector region.
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 Chap-
ter 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
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Figure 3.2.1: FLUKA model of the interaction region and detector.

depend on detector R&D efforts to suppress the effect of background particles.

Recent achievements

A full simulation framework based on the FLUKA Monte Carlo code was developed for computing
the beam-induced background entering the detector (see geometry model in Fig. 3.2.1). The simulation
setup can also be used for assessing the radiation damage in detector components. First muon decay
studies forl:5 TeV, replicating the MAP interaction region, exhibited a good agreement with the pre-
vious MAP results derived with MARS15 [275]. The studies were further extend8d@&¥ and, in
particular, to a higher collision energy b0 TeV [265—-267]. At the same time various simulation tech-
niques 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. Using the FLUKA simulation
framework, a comparison of the decay-induced background.fofeV, 3 TeV and10 TeV was per-

formed [265-267, 275]. As one of the key ndings, these studies demonstrated that the spectra and time
distributions of secondary particles entering the detector are not substantially different for the considered
collider energies.

While thel:5 TeV and3 TeV studies were still based on the interaction region lattice from MAP, signif-
icant advances have been made in developing an interaction region designX0rTe collider. The

10 TeV lattice adopts a triplet con guration as nal focus scheme [271]. Thand dispersion functions

for the present lattice version are shown in Fig. 3.2.2. As one of the design criteria, the maximum mag-
netic eld at the magnet aperture is limited20 T. The rst quadrupole is divided into shorter segments

to maximize achievable gradients while remaining within eld limits. The lattice design allows for
values of a few millimeters and incorporates an adequate chromatic compensation without sacri cing
the physical and dynamic aperture. By using the FLUKA simulation setup, the impact of lattice design
choices on the decay-induced background was assessed while iterating on the nal focus layout. This
made it possible to converge on key design choices.

A key parameter for the interaction region design is the distance between the interaction point and
the rst magnet, commonly referred to &s. A longerL implies larger beta functions in the nal

focus 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. Background studies for th@ TeV collider showed that muon decays between the nal focus
magnetsg < L ) contribute several orders of magnitudes less to the background than those in nal focus
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Figure 3.2.2: Optics functions for presedi0 TeV lattice design (left) and present nozzle adapted from
the original MAP design.

guadrupoles [266] (the-coordinate represents the longitudinal coordinate in the curvilinear coordinate
system of the beam). The solenoid eld 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, where they deposit
their energy in the machine components. A comparative assessment of two different lattides with
and10m showed only a moderate background reduction in the latter case (by a few tens of percent), but
at the expense of a more complex lattice design [266]. Incredsirig hence not considered a viable
option for reducing the background. As a consequelcés assumed to bém for the 10 TeV collider,

as in thel:5 TeV and3 TeV MAP lattices.

As shown in Fig. 3.2.2, along drift section is needed after the nal focus quadrupoles in order to allow for

a smoother reduction of the-functions towards the chromaticity correction section. This long straight
section leads to an accumulation of secondary particles from muon decay, which yield a non-negligible
contribution to the overall detector background. In order to suppress this contribution, a dipolar chicane
is included upstream of the triplet, which enhances the separation of decay products from the beam. The
secondary electrons and positrons are de ected more strongly than the primary beam particles owing
to their lower energy and smaller mass. Even high-energy decay electrons and positrons rapidly lose
energy in the dipolar eld due to synchrotron radiation. As a consequence, these secondaries are swept
across the machine aperture before they can reach the detector region. FLUKA studies con rm that the
chicane is very effective in reducing the contribution of distant decays. On the other hand, introducing a
dipolar component in the triplet itself (through combined-function magnets) suppresses only marginally
the contribution of decays in the nal focus region [265]. Such a 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. Considering the limited bene ts, the
option of using combined-function dipole-quadrupoles for the nal focus has been discarded.

Figure 3.2.3 illustrates the distribution of arrival times and energy spectra of decay-induced background
particles for3 TeV and10 TeV, respectively. The results fdi0 TeV were obtained with latest lattice
described above, while tt8TeV studies were based on the MAP lattice. The differences bet@/&elW

and10 TeV are not only because of the different energies, but also because of the different interaction
region and nozzle design. TH® TeV studies were carried out with a modi ed nozzle compared to
the original MAP design which had been optimized fob TeV. As discussed in Ref. [266] (for a
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Figure 3.2.3: Distribution of the arrival time of decay-induced background particles entering the de-
tector (left). Energy spectra of particles arriving within the time windowt : 15]ns with respect to

the bunch crossing (right). Photons, electrons and positrons below 100 keV were discarded. The gures
correspond to one bunch crossing.

previous optics version), changing the external shape of the nozzle and adapting the placement of the
borated polyethylene layer can reduce the neutron and photon ux into the detector. The presently used
nozzle is shown in Fig. 3.2.2. Compared to the MAP design, the outer radius of the nozzle has been
reduced at the non-IP side, where the shielding capabilities are less needed. The borated polyethylene
layer has been encapsulated inside the W-alloy in order to reduce the photon background after neutron
capture. Furthermore, the nozzle material has been updated using a tungsten heavy alloy with a density
of 18 g=cm? instead of pure tungsten. Optimizing the nozzle further remains one of the tasks for future
studies. For example, the simulations showed that particle ux into the inner tracker depends on the
internal angle of the nozzle tip [266].

In addition to the muon decay studies, a rst assessment of background sources other than decay was
performed forl0 TeV. In particular, a rst comparison of incoherent electron-positron pairs against
decay-induced spectra was carried out [266]. Although some electrons and positrons from pair pro-
duction will be trapped by the solenoid, a hon-negligible fraction of particles with energies up to about
1GeV 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 (within 50cm). On average, the incoherent pairs have a higher energy than the
decay-induced background component since the latter is strongly diluted by the nozzle.

Through the same simulation framework and by using models for the two different detector options
(MAIA and MUSIC, described in Section 4), the cumulative radiation damage in the different detector
sub-systems was calculated. Currently, only the contribution of muon decay was considered in the
radiation load studies. 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, while the
latter is related to the displacement damage. The highest dose values occur around the vertex detector,
reaching about 1 MGy/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 around
10%° n/crr12/year (10 TeV collider). Table 3.2.1 provides a summary of the maximum values in different
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Figure 3.2.4: Total ionizing dose (top) andl MeV neutron-equivalent uence in Silicon (bottom) for
the MUSIC detector (left) and the MAIA detector (right). The main difference in the maps is due the
solenoid (modelled in aluminium). The maps correspond to one year of operafideV), assuming

139 operational days.

parts of the detector.

Most of the quantities are very similar in the two detector options, due to the equivalent layout of the
tracker structure. The main difference in the radiation damage maps is due the position of the solenoid.
In the case of MAIA, the solenoid is placed inside the electromagnetic calorimeter, acting as a shielding
for the outermost detector components. As a secondary effect, having such a heavy structure closer
to the collision point increases the neutron-equivalent uences in the outer tracker volume due to the
backscattered neutrons.
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Table 3.2.1: Maximum values of the ionizing dose and th&leV neutron-equivalent uence (Si) for
the two detector options. All values are per year of operati®iléV) and include only the contribution

of muon decay.

1 MeV neutron-equivalent

Component Dose [kGy] uence (Si) [1014 n/cmz]
MAIA MUSIC MAIA MUSIC
Vertex (barrel) 1000 2:3
Vertex (endcaps) 2000 8
Inner trackers (barrel) 70 4:5 4
Inner trackers (endcaps) 30 115 10
ECAL 0.58 14 0:15 1
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Chapter 4

Detector concepts

4.1 Overview

The design of dedicated experiments to collect data at the collider interaction points has sparked a lively
environment that allowed the community to make fast progress in just a few years.

The detector design is still in its preliminary phase, but it is already possible to make solid statements
about the technological requirements, expected performance, and opportunities for further improvement.

The primary challenge for detector designs at muon colliders is the mitigation of the abundant beam-
induced backgrounds (BIB) arising from the in- ight decays of the circulating beams. These back-
grounds are typically reduced by introducing absorbing elements, which, however, limit detector accep-
tance, creating a tension that requires careful optimisation.

An initial detector design, referred to as MuColl, based on the CLICdet concept [276-279] and opti-
mised to be operated atpa§ = 3 TeV muon collider was studied extensively [1] and demonstrated the
feasibility of the physics programme.

While further work is needed to optimise this design and enhance the performance of the reconstruction
algorithms to achieve the ultimate expected precision, recent efforts have focused on delivering the rst
detector designs for%g = 10 TeV machine. The design work follows the concept already developed
for P s = 3 TeV with modi cations to account for the higher energy. Two distinct detector concepts
are presented, MUSIC (MUon System for Interesting Collisions) and MAIA [280] (Muon Accelerator
Instrumented Apparatus), to fully exploit the two interaction points of the collider. Both designs share
a similar structure, a cylindrical shafé:4 m in length with a diameter af28 m. The main detector
components are: a tracking system, an electromagnetic calorimeter (ECAL), a hadronic calorimeter
(HCAL) and a muon system. A superconducting solenoid is also envisioned to provide bending power
for the measurement of charged particle momenta within the tracking system.

Table 4.1.1 summarises the detector parameters sub-system by sub-system for the two 10 TeV detector
concepts, alongside the 3 TeV design. While the tracking system has a similar structure, the MAIA
detector has the solenoid just outside the tracking system and before the ECAL, while MUSIC places
the solenoid magnet between ECAL and HCAL.

4.2 MUSIC
The con guration of the MUSIC detector is shown in Figure 4.2.1. In the following sections, the main
features of the MUSIC sub-systems are brie y described.

The tracking system of the MUSIC detector consists of three sub-detectors, which cover the polar angle
range between 10and 170: a Vertex Detector (VXD), an Inner Tracker (IT), and an Outer Tracker
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Detector Concept MuColl MUSIC MAIA
Ps=3Tev Ps=10Tev Ps=10Tev

Inner Trackers

Rimin — Rmax [Mm] 30— 1486 29 — 1486 30— 1486
Zmin — Zmax [MM] 0-2190 0-2190 0-2190
Angular Acceptance | 10-170 10-170 10-170
X=Xy 0.3 0.1 0.1
L=L, 0.1 0.04 0.04
EM Calorimeters

Riin — Rmax [MmM] 1500-1702 1690-1960 1857 —2125
Zmin — Zmax [MmM] 2307 — 2210 2307 -2577 2307 — 2575
Angular Acceptance | 10-170 10-170 10-170
X=X¢ 26 — 32 33-38 40 -42
L=L, 1.2-15 14-1.7 1.8-19
Hadron Calorimeters

Riin — Rmax [Mm] 1740-3330 2902 -4756  2125-4113
Zmin — Zmax [MmM] 2539 -4129 2579-4434  2575-4562
Angular Acceptance | 10-170 10-170 10-170
X=X¢ 82 -87 89-116 100-114
L=L, 8.8-9.3 95-125 10.9-12.3
Muon Systems

Riin — Rmax [Mm] 4461 — 6450 4806-6800 4150 - 7150
Zmin — Zmax [MmM] 4179 -5638 4444 -5903 4565 -6025
Angular Acceptance | 10-170 10-170 10-170
Solenoid

Riin — Rmax [Mm] 3483 -4290 2055-2862  1500-1857
Zmin — Zmax [MmM] 0-4129 0-2509 0-2307
X=Xy - 18 6
L=L, - 2.7 14
Nozzles

Rimin — Rmax [MmM] 10-600 10-550 10-550
Zmin — Zmax [MmM] 60 — 6000 60 — 6000 60 — 6000

Table 4.1.1: Detector parameters for the MuColl (v1), MUSIC (v2) and MAIA (v0) concepts. Values
that are left empty ("-") are not relevant for the speci c detectérX ; andL=L, are for a particle
travelling from the nominal beam interaction point (IP). The origin of the space coordinates is the IP.
The z-axis has direction parallel to the beam pipe, the y-axis is parallel to gravity acceleration and the
x-axis is de ned as perpendicular to the y and z axes.

(OT), all structured in concentric cylindrical layers (barrels) in the central region and in a series of disks,
perpendicular to the detector axis, in the forward and backward regions (end-caps).

The VXD is composed of silicon-pixel planar modules, arranged in ve 26-cm long barrel layers with
radii between 2.9 cm and 10.1 cm and four disks on each side at distances bgtwed8 and 36.6

cm from the nominal interaction point (IP). Both the barrel and end-caps fe2fure25 mm? silicon

pixels with hit spatial and time resolutions oftn 5 nm and 30 ps, respectively. The IT comprises
three barrel layers with radii ranging from 16.4 to 55.4 cm and seven disks on each jgidgositions
between 60.4 and 219 cm. The rst layer is 96.3 cm long, while the second and third layers are 138.5
cm long. The OT consists of three barrel layers, each 252.8 cm long, with radii between 81.9 and 148.6
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Figure 4.2.1: Layout of the MUSIC detector concept: from the center to the outermost region, it in-
cludes a Vertex Detector and an Inner Tracker (yellow), an Outer Tracker (orange), an electromagnetic
calorimeter (green), a superconducting magnet (gray), a hadronic calorimeter (purple), and muon detec-
tors (red). The shielding nozzles, installed along the axis of the detector, are shown in dark gray.

cm, and four disks per side positioned at distances from 141.0 to 219.0 cm. Both sub-detectors feature
50mm 1 mm macropixels, with a hit spatial resolution oiih 90 nm and a hit time resolution of
60 ps.

The MUSIC calorimeter system includes an ECAL, installed inside the magnet bore to provide high en-
ergy resolution for electrons and photons, and an HCAL positioned outside the solenoid. The calorime-
ters hermetically cover the polar angle range from approximatety 173 .

The ECAL features a central barrel section that is 4.4 m long with an inner radius of 1.69 m, closed at
both ends by two end-caps locatedzt= 2:3 m from the IP. Both the barrel and the end-caps are 27
cm thick. It is a semi-homogeneous electromagnetic crystal calorimeter with longitudinal segmentation
(CRILIN), consisting ofL0 10 45-mm° lead- uorite crystals arranged in six layers for a total of 26.5
radiation lengths.

The HCAL consists of a 5-m long barrel with an inner radius of 2.9 meters and two end-caps located
atjzj = 2:58 meters from the IP, each with a thickness of 1.86 m. It is an iron-scintillator sampling
calorimeter comprising 70 layers of 20-mm iron absorberahd 30 mn? scintillator pads, for a total

of approximately seven nuclear interaction lengths. Additionally, the iron absorber serves as a return
yoke to close the magnetic eld ux.

Outside the HCAL, there are seven layers of muon detectors in the barrel and six layers in the end-caps,
covering polar angles between aboutand 173. A speci c technology for the muon detectors has not

yet been chosen. Since there is no magnetic eld outside the HCAL, the muon detectors are primarily
used to identify particles as muons.
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The MUSIC detector will feature a superconducting solenoid, capable of a 4-5 T magnetic eld at the
interaction point. The magnet vacuum tank is 5 m long, with an inner radius of 2 meters and a total
thickness of 80.7 cm.

Designs placing the hadronic calorimeter either inside or outside the solenoid have been considered and
are currently under investigation. Based on the experience with previous magnets, especially the CMS
solenoid, no technical showstopper is foreseen. The CMS solenoid is longer than the MUSIC magnet
in both con gurations, and has a comparable diameter with the inner HCAL design. The CMS solenoid
cable, if used for the MUSIC solenoid, could relatively easily allow for a 4 T central eld, with forces
and stresses of the same magnitude.

4.3 MAIA

The MAIA detector concept [280] is a hew detector concept based on a re-optimisation of the MuColl
design to collect data gt§ =10 TeV. A visualisation of its geometry can be found in Figure 4.3.1.

The fully-silicon tracking detector comprises a Vertex Detector (VXD), Inner Tracker (IT), and Outer
Tracker (OT), whose attributes can be found in Table 4.3.1. The VXD features 4 barrel and 4 endcap
layers with pixel sensors with5 25 nm? pixel size. It has a time resolution of 30 ps and a spatial
resolution of 5vrm  5nm. The IT, with 3 barrel and 7 endcap layers, uses macro-pixelsb60 1 mm)

and has a time resolution of 60 ps and spatial resolutiomai 7 90mm. The OT shares the same sensor
thickness as the Inner Tracker, with 3 barrel layers and 4 endcap layers per side, however, a cell size of
50mm 10 mm is chosen. Advancements in track reconstruction software showed that fewer double
Iayers1 than were used in the MuColl detector are suf cient to achieve similar track reconstruction
performance, even for the challenging detector occupancies shown in Figure 4.3.2 (left).

To account for the larger centre-of-mass energy and maintain the resolution opfrackasurements

for the highest momentum particles, the magnetic eld was increased from 3.6 T to 5 T. This change
also prevents incohererf e pairs from saturating the innermost layers of the tracker, and reduces
the number of hits produced by low momentum background particles. The size of the calorimeters
was also increased to fully contain electromagnetic and hadronic showers. To minimize the cost and
challenges associated with the higher- eld magnet, the solenoid was reduced in diameter by moving it
inside the electromagnetic calorimeter. The placement of the solenoid (along with its shielding) provides
a signi cant reduction of BIB in the calorimeters, shown in Figure 4.3.2 (right).

Like its predecessors, the MAIA detector concept makes use of a silicon-tungsten electromagnetic
calorimeter (ECAL) and an iron-scintillator hadronic calorimeter (HCAL), both based on the CLIC
calorimeter. Compared to the calorimeters optimised for lower energy, this detector concept features
more layers, each with a slightly thicker absorber. The cells have also been scaled up in size. Speci -
cally, the ECAL has a cell size of 5.1 mm5.1 mm, with a sensor thickness of 0.5 mm and an absorber
thickness of 2.2 mm, distributed over 50 layers. The HCAL, on the other hand, has larger cells (30 mm

30 mm), a sensor thickness of 3.0 mm, and an absorber thickness of 20.0 mm, spread over 75 layers.
The details are summarised in Table 4.3.2.

'Double layers are closely spaced layers ( 2mm) whose signal coincidence can provide directional information of the incoming
particle.
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Figure 4.3.1: The layout of the MAIA detector concept is shown with a closeup of the silicon tracker
around the interaction point. The detector is shown with 2 cutaway in for illustration [280].

Figure 4.3.2: Right: Average hit density (de ned here as energy deposits above 3.5 keV) in the MAIA
tracking detector, shown separately for each detector layer,dor 10 TeV BIB. Left: Average energy
density of simulated BIB hits for each ECAL barrel layer. The layer index increases with radius. The
same BIB patrticles, from a previous lattice design (v0.4), are propagated through the 3 TeV detector
(MuCaoll, v1) and the MAIA concept to illustrate the effects of the solenoid placement [280].

The Muon System is least affected by BIB, and has thus been a lower priority for optimisation. The
current system is identical to the 3 TeV detector concept, with the only difference being an expansion
in size to accommodate the changes made to the rest of the detector. In the current MAIA design, there
is no dedicated magnetic eld for the muon system, so a standalone measurerpgnsafot possi-

ble. Further work is required to re-optimise this detector and integrate its measurements into combined
tracks.
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\ Vertex Detector\ Inner Tracker \ Outer Tracker

Sensor type pixels macro-pixels macro-pixels
Barrel Layers 4 3 3
Endcap Layers (per side) 4 7 4

Cell Size 25um  25pm | 50pm  1mm | 50pm 10 mm
Sensor Thickness 50um 100um 100um

Time Resolution 30ps 60 ps 60 ps
Spatial Resolution 5um  5um 7um  90um | 7pm  90um

Table 4.3.1: Assumed spatial and time resolution for MAIA Tracking Detector sub-systems. There is
no resolution difference between the barrel and end-cap regions. The rst layer of the Vertex barrel and
all Vertex endcap layers are implemented as double layers.

\ Electromagnetic Calorimeter \ Hadron Calorimeter

Cell type Silicon - Tungsten Iron - Scintillator
Cell Size 51mm 51mm 300mm 30:0mm
Sensor Thickness 0:5mm 3:0mm
Absorber Thicknes 2:2mm 200 mm
Number of layers 50 75

Table 4.3.2: Cell and absorber sizes in the MAIA calorimeter systems, describing both the barrel and
end-cap regions.

4.4 Performance

High levels of beam-induced background in the detector pose unprecedented challenges for the recon-
struction and identi cation of particles produced in muon collisions. Studies based on detailed simula-
tions of the MAIA and MUSIC detector concepts were carried out to assess the effects of this background
on the detector response and develop appropriate mitigation measures. In both cases, results indicate that
the background effects on the detector response can be minimized to a level that does not compromise
overall performance of the detector.

For the MAIA concept, tracker, ECAL, and HCAL performance were evaluated in terms of the recon-
struction ef ciencies and resolution of tracks, photons, and neutral hadrons, respectively. This strategy
minimises the dependency on high-level reconstruction algorithms, which remain to be optimised. Per-
formance was evaluated in scenarios with and without BIB overlay.

For the MUSIC concept, track reconstruction performance was evaluated by examining the ef ciency
and the track parameter resolution. The ECAL performance is determined by evaluating photon and
electron reconstruction ef ciencies, energy resolution and fake rate. Muons are identi ed by matching
tracks with hits in the outer muon detectors. Jet reconstruction ef ciency and resolution re ect the
performance of the combined sub-detectors: tracker, ECAL, and HCAL along with the capabilities of
the software algorithms.

Beam-induced background causes very high hit multiplicities in the detector's tracking system, increas-
ing the complexity of the track nding process, since the number of hit combinations to be considered
increases exponentially. To mitigate the impact of BIB, tracker hit timestamps, corrected by the time-
of- ight, are required to be within a window of [3 , 5 {] from the beam crossing, wherg refers

to the detector time resolution. Track reconstruction is performed using a combinatorial Kalman Filter
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implemented in the ACTS [281] library and tA&€TSTrackingrrocessor in the MONCOLLIDERSOFT
framework. This algorithm was developed for the high-occupancy environment of hadron colliders and
re-optimised for the environment expected in a muon collider. Thus, it is better suited to the large BIB
present at a muon collider than algorithms designe@fer colliders.

Figure 4.4.1 shows the track reconstruction performance for the MAIA detector concept. Excellent track
reconstruction ef ciency and momentum resolution are obtained, even in the presence of BIB. Further
optimisation of the detector layout and track reconstruction algorithms in the endcap could improve
ef ciency, especially for transverse momenta below 1 GeV, as well as reduce the CPU resources required
to reconstruct an event.

Figure 4.4.1: Track reconstruction ef ciency (left) and transverse momentum resolut(orpT):pZT
(right) for the MAIA detector concept. To minimize the rate of tracks reconstructed from random com-
binations of hits, cleaning requirementspgf > 0:5 GeV and 2=nd0f < 3are applied [280].

Similarly, the track reconstruction performance is also evaluated for the MUSIC detector concept, with
the same tools used for the MAIA detector concept. Performance is shown in Figure 4.4.2 for both
the track reconstruction ef ciency and the transverse momentum resolution. The presence of BIB and
incoherent pair production (which highly affects the occupancy of the rst layers of the VXD) does not
compromise the performance of the tracker. In particular, the regions close to the nozzles show very
good ef ciencies, similar to those in the central region, while two small dips can be seen in the transition
region between barrel layers and endcap disks.

Diffused BIB energy depositions in the calorimeters make it dif cult to identify and accurately mea-
sure the energy of particles from collisions. Standard Pandora algorithms [282] are used to reconstruct
photons and neutrons, which could be further optimised to account for BIB contamination. Currently,
no timing information beyond a simple selection (-0.5 to 15 ns for the two calorimeters) is used in the
reconstruction process.

The MAIA concept, with its solenoid before the ECAL, reduces the amount of BIB that reaches the
calorimeters. This extra material was found not to signi cantly affect the resolution for low-energy sig-
nal photons. Figure 4.4.3 shows the energy resolution of reconstructed photon and neutron candidates.
The intrinsic detector resolution effects at low photon energies are much smaller than those introduced by
BIB. The presence of BIB severely limits the performance of the clustering algorithms employed, result-
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Figure 4.4.2: Track reconstruction ef ciency as a function of particl@left) and transverse momentum
resolution ( pT=p2T) as a function of track for differentpy ranges (right) for the MUSIC detector
concept obtained with prompt muons. To minimize the rate of tracks reconstructed from random com-
binations of hits, cleaning requirementspgf > 1 GeV andjdyj < 0:1 mm are applied.

ing in a signi cantly degraded response. Region-based thresholding is applied to individual calorimeter
cells to limit the impact of BIB, but dedicated clustering and BIB-substraction algorithms are likely fur-
ther improve this performance. To visualise the resolution degradation due to the suboptimal clustering
algorithms, a set of data points labelled "truth assisted" shows the resolution of photon objects recon-
structed by summing the energy of all calorimeter cells within a cone of radius 0.05 around the true
photon direction. The improved performance suggests that an optimised clustering algorithm should be
able to almost fully recover the energy resolution expected in the absence of BIB.

The photon and electron reconstruction performance of the MUSIC detector is determined after an
ECAL-dedicated hit digitisation and Iter procedure to minimise the effect of the photon background
from BIB. The ECAL is divided in regions and layers to take into account the different BIB spatial
distribution. A time window and an energy threshold is de ned for each region by studying the BIB
and a sample of photons generated with a distribution at in energy and angle. The gure-of-merit in
the optimisation is to keep 95% of the signal while reducing the BIB contribution as much as possible.
Performance plots of the energy resolution for photons and electrons with the MUSIC detector concept
are shown in Figures 4.4.4 and 4.4.5.

Muons are identi ed by extrapolating and matching tracks to hits in the outer muon detectors. Fig-
ure 4.4.6 shows the MUSIC detector reconstruction ef ciency, which takes into account both the track-
ing ef ciency (that dominates the ef ciency Iosfe)and the hit-matching ef ciency, for prompt muons

with jdoj < 0:1 mm andjzpj < 0:1 mm.

Jet reconstruction performance was assessed with the MUSIC detector concept. Jets are clustered using
theks algorithm with a distance parameter= 0:5 from the particle- ow objects reconstructed with

the PandoraPFA algorithm, which uses calorimeter hits and reconstructed tracks as inputs. Jet energy
correction functions are also determined with a calibration procedure, and they are applied to the recon-
structed jets in order to obtain the measured 4-momentum. Fake jets originated by BIB and incoherent
pair-production (IPP) are removed by applying quality requirements to the jets: jets are required to have

“Further optimisation of reconstruction algorithms are expected to fully recover this loss of ef ciency.
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Figure 4.4.3: Top: energy resolution of reconstructed photons, assessed after 2D energy calibration de-
rived from a no-BIB simulation in the barrel (left) and endcap (right) regions. Bottom: Energy resolution
of reconstructed neutrons, assessed after 2D energy calibration derived from a no-BIB simulation [280].

at least one track with py larger than 2 GeV. Following this procedure, an average number of 1.96
fake jets per bunch crossing are kept. These fake jets have mostjy Igelow 80 GeV) and are con-
centrated in the transition region between barrel and endcap detectors. Further identi cation, kinematic
and analysis requirements can be applied to reduce the contribution from fake jets to a negligible level,
depending on the signal channel studied.

The jet performance is determined from a sample of simulbbedi-jet events for various invariant
masses of the jet pairs. THhiget selection ef ciency is shown in Figure 4.4.7 as a function of the jet

pr and jet . The selection ef ciency reaches about 85% for agetbetween 20 and 40 GeV, and it

is above 95% for jets witlpr higher than 60 GeV. The ef ciency in the forward region is similarly
high, above 90%. The jet ef ciency does not appear to be signi cantly impacted by BIBbJétep
resolution is shown in Figure 4.4.8 as a function of thepjetin two different detector regions, central

(60 < < 120)andforward {0 < < 30 and150 < < 170). In the central region the jet

pr resolution ranges from 31% pt = 20 GeV to 14% afpr > 160GeV. In the forward region the

pr resolution is higher, from 44% @ = 20 GeV to 22% ajp; > 140GeV. The jetpr resolution is
clearly affected by the presence of the BIB in the tracker and in the calorimeters, a further optimisation
is needed. A gqualitative comparison with previous studies with the 3 TeV detector concept shows that
performance is comparable.
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Figure 4.4.4: Energy resolution for photons in the ECAL barrel (left) and in the ECAL endcap (right).
Photons are de ned as neutral clusters in the ECAL reconstructed by the PandoraPFA algorithm.

Figure 4.4.5: Energy resolution for electrons in the ECAL barrel. Electrons are de ned as charged
clusters in the ECAL reconstructed by the PandoraPFA algorithm.

Figure 4.4.6: Muon reconstruction ef ciency as a function of the transverse momentum (left) and the
polar angle (right) for samples of single muons without background (red dots) and with beam-induced
background and incoherest e pairs overlaid (blue dots). Only tracks wifthj < 0:1 mm and

jZoj < 0:1 mm are used.
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Figure 4.4.7: Selection ef ciency foib-jets as a function of the jgi (left) and jet (right).

Figure 4.4.8: The b-jet py resolution as a function of the jgt for the central regio®0 < < 120
(left) and forward regiori0 < < 30 and150 < < 170 (right).
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4.5 Technologies

The tracking detector is the most technologically challenging component due to the highest total ionising
dose (1 Mrad/year), which drives its radiation hardness requirements, as well as the highest density of
BIB particles per collision event, signi cantly impacting track reconstruction performance. Extensive
full-simulation studies have demonstrated the vital importance of timing resolution down to 30 ps to ef-
fectively reject BIB contributions, which is the driving force behind the choice of the ultra-fast all-silicon
tracker technology shared by both MAIA and MUSIC detector concepts. Currently, both concepts only
include the generic performance parameters that are relevant for full-simulation studies, without explicit
technology assumptions. These relevant parameters include time resolution of 30 ps (60 ps) in the VXD
(IT/OT), in line with the current state-of-the-art technologies based on LGAD sensors [283], and to-
tal silicon thickness of 190m to account for the material budget. No dedicated cooling material is
introduced at this stage, assuming the feasibility of low-enough thermal power that can be dissipated
using air or gaseous-Helium cooling alone. In terms of granularity we assume pixel pitch ranging from
25 m 25 m pixels in the high-occupancy regions of the VXD30m  Imm (or up to 10 mm)
macro-pixels in the lower-occupancy IT and OT. Additional rejection power from on- and off-detector
shape analysis of the deposited energy has been found to further increase separation of signal from BIB,
and reduce to some extent timing requirements.

Instead, the MUSIC concept adopts a novel semi-homogeneous CRILIN design, which is based on high-
density Cherenkov-emitting crystals with silicon photo-multiplier (SiPM) readout. This technology can
deliver superior time resolution (down to 45 ps) and similar energy resolution with a much smaller
number of channels and about factor 10 lower cost. Prototypes of this technology are being developed
and tested under the dedicated CRILIN R&D project [284], described in more details in Section 9.3.

Both experiment concepts assume a HCAL made of plastic scintillator 30 mnf tiles and iron
absorbers, whose thickness is 3 mm and 20 mm respectively. The choice of iron absorbers is mainly due
to the need of closing the magnetic eld lines, while the use of plastic scintillators is a well-consolidated
choice for the active layers as demonstrated by ATLAS and CMS [285, 286]. For example, the ATLAS
HCAL, made of plastic scintillators and steel as absorbers, shows an energy resolution for isolated pions
of =E = 56:4%:IO E(GeV)  5:5%][285], which is close to th65%= E needed to guarantee a jet
energy resolution good enough to sepaé&at@ndW bosons in the hadronic channel [287]. In addition,
such a hadronic calorimeter shows a time resolution of a few ns, for an energy cell deposit below 5 GeV,
or even lower for higher energies [288], which helps in distinguishing BIB from hadrons coming from
the interaction point. Another possible solution for the HCAL, now under investigation, is the possibility
of using Micro-Pattern Gaseous Detectors (MPGD) as an active layer; preliminary results have shown
an energy resolution for impinging pions of46%= E, well-below the tile case [289].

As already mentioned in sections 4.2 and 4.3, both MUSIC and MAIA do not have a dedicated magnetic
eld for the muon system and the muon momentum information will be provided only by the inner track-
ing detectors. Nevertheless, the muon detectors play a crucial role in providing additional information
for muon identi cation. To cope with the high rate in the high-eta region and to match the track from
the inner tracker, good spatial (100 m) and time (below 1 ns) resolution are required for the muon
system. Dedicated R&D is therefore needed and preliminary studies on the use of MPGD (GEM and
PICOSEC) are ongoing.
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4.6 Software & Computing

The muon collider software framework [290] is based on the Key4hep framework [291]. Releases are
created using the Spack package manager [292] and distributed as Docker images. A copy of the image
is readily available for Apptainer via the CernVM le system [293] unpacked service [294].

The releases include as core components the DD4hep toolkit [295] to model the detector geometry,
the Gaudi framework [296] for event processing, and the LCIO [297] and EDM4hep [298] event data
models for data representation. The detector response simulation via Geant4 [299, 300] is driven by
DD4hep, while event digitisation and reconstruction useMiaglinWrapper[301] to provide a Python
interface to con gure, execute, and enable EDM4hep output from pre-existing reconstruction algorithms
developed outside of Gaudi for earlier studies [302]. Third party libraries are leveraged for advanced
reconstruction algorithms, including the ACTS [281] library for charged patrticle track reconstruction
and the PandoraPFO [282, 287] library for physics object reconstruction using particle ow. The legacy
algorithms in Marlin are gradually being migrated to Gaudi to improve compatibility with the newer
key4hep software stack and corresponding support. The rst migration, for the ACTS algorithm [303],
is nearing completion. Subsequent migrations, beginning in 2025, will initially target digitisation and
BIB overlay algorithms, and then other reconstruction algorithms.

Stable particles are generated by external packages and given as input to the aforementioned soft-
ware. Signal and physics background events are produced by users with common packages like
WHIZARD [304] and MADGRAPH [305]. The beam-induced background bunch-crossings are pro-
duced by using the FLUKA [268, 269] and FlukaLineBuilder [306] programs, as described in Sec-
tion 3.2.

Figure 4.6.1: The steps of the muon collider simulation work ow.

The simulation work ow proceeds as outlined in Figure 4.6.1. Intermediary data, with the exception of
the generator output, is stored using the SLCIO format. The reconstructed physics objects are used for
analysis measurements. Their performance is summarized in Section 4.4.

The requirements on processing and disk space are driven by the presence of the beam-induced back-
ground, which are responsible for largest contribution of SimHits. A study of the walltime per event

of the different Gaudi processors in the recommended work ow with and without a BIB overlay was
performed. Consistently with expectations, the walltime of each algorithm is completely dominated by
the presence of BIB, with a steep dependency on the collider lattice version taken into account.

Algorithms that have to deal with combinatorial challenges dominate the walltime: tracking and, to
a minor extent, calorimeter clustering. Depending on the collider lattice, reconstructing all the tracks
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in one event using the standard tracking con guration can take from 5 min/event to multiple hours.
Similarly, the clustering of calorimeter hits was observed to range between 1 min/event to approximately
an hour/event. The overlay of the simulated hits from BIB before digitisation is another notable walltime
user with an average of 5 mins/event. A maximum memory usage of 32 GB was observed throughout
the data processing chain.

The performance strongly depends on the available processing power and the algorithms utilised. Both
are expected to evolve signi cantly in the next decade. In particular, the introduction of multithreaded
algorithms and heterogeneous computing resources is expected to drastically reduce the processing time
per event.

Similarly to CPU resources, storage is also dominated by the amount of BIB-related information that will
need to be stored on disk. The current average event size for atypi¢al h event atp s=10 TeV
throughout the simulation, digitisation and reconstruction chain is of about 1 MB/event in the absence
of BIB. When considering the EU24 lattice and the MAIA detector, an average of approximately 20 GB
of simulated BIB hits is overlaid before digitisation to each event. The size of the reconstructed data
depends strongly on the amount of information that is needed to carry forward in subsequent processing
steps.
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Chapter 5

Accelerator complex concepts

The baseline nal muon collider design isl@ TeV centre-of-mass collider providing a design luminos-
ity of 21 10**cm 2s 1. The following chapter produces the concept for a green eld site, assuming a
10 km circumference collider ring with straight sections suf cient for two detector caverns.

The muons will be produced from a proton driver, detailed in Section 5.1, which delivers eliss\4

beam with2 MW power, or al0 GeV with 4 MW power, both withl-2 nsbunch length ab Hz repeti-

tion rate. This beam will intersect with a graphite target and produce approxinﬁmelylo12 " and

45 10 . The front-end, discussed in Section 5.2, after the target consists of a capture system of
superconducting solenoids, a chicane to separate from the proton beam, and charge separator. The large
transverse emittance of the initially generated beam will be cooled #p600um to 22:5um through

a combination of the 6D rectilinear cooling and nal cooling systems. A pre-accelerator will restore
energy ta250 MeV.

The low-energy acceleration will bring the beams fraB0 MeV to 63 GeV through a combination of
LINACS and Recirculating Linear Accelerators (RLAs) and in discussed in Section 5.3. Each beam
will be made of one bunch, and will be counter-rotating after the LINAC. The high-energy acceleration
is performed by a series of four Rapid Cycling Synchrotrons (RCS), described in Section 5.3, which
accelerate the beams%deV. Then nally the positive and negative beams o2 10" muons each,

will be focused at the two interaction regions within the collider, as detailed in Section 5.4. All of these
systems feature high-intensity beams, so will have different collective effects throughout the complex.
These effects are discussed in Section 5.5.

The current status and key challenges of each of these stages of the accelerator complex have been
evaluated in this chapter.

5.1 Proton driver

Overview

The proton complex is the rst piece in the muon collider complex. It includes a high-power acceleration
section, an Accumulator and Compressor, and a target delivery section. A schematic overview can be
seen in Figure 5.1.1.

In our baseline design, we will study a nal energy linac of 5 GeV and 10 GeV. This section is responsi-
ble 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 between 1 or 2 bunches
with a small energy spread in an Accumulator ring. In order to achieve the high proton intensities in a
short pulse, a Compressor ring will be used to compress the protons into very short bunches, with a rms
length of the order of 2ns.

The rst storage ring in the complex, the Accumulator, accumulates the protons via charge stripping
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Figure 5.1.1: Schematic layout for the proton complex section. The closer to the target the higher the
bunch charge density. Reaching these high densities is one the main challenges in the design of the
proton complex.

of the incoming H beam 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 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 bunch rotation.

The Target Delivery Transport Line is used to transport the nal intense short bunches from the Com-
pressor ring 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 [307]. Considering a conversion ef ciency of about 0.013 muons per proton-
GeV [308], a proton beam in the 1-2 MW power range at an energy between 5GeV and 10 GeV will
provide the suf cient number of muons required.

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 sec-
tion, and the choice of compression setup. Two nal proton beam energies, 5 GeV and 10 GeV, are now
under investigation.

The nal energy and repetition rate needed from the linac will drive studies for beam generation and
transport (H- sources, RFQ design, H- stripping mitigation issues). Accumulation requirements, such
as number of turns and ring circumference will drive the acceleration chain linac repetitii')ramalte
chopping scheme. 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 proton com-
plex design.

"Notice that the linac repetition rate does not need to be the same as the Muon Collider repetition rate. The proton complex, in
the end, will deliver proton to the target with a repetition rate that is dictated by the Physics needs and by what the technology
on the front-end is able to deliver.
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A comprehensive study is under way to identify key parameters determining the choice of compression
scheme and nal number of bunches, thus in uencing the layout of the Compressor ring lattice and the

required number of turns for full compression. The minimum number of bunches needed will affect the

layout of the Target Delivery Transport Line The beam parameters on the target surface will impact the
design of the beam dump, which can be challenging due to target geometry and constraints.

Other important challenges include the design of the Accumulator lattice, 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, including potential upgrades.

Recent achievements
The most important recent achievements are listed here and discussed in more detail in the rest of this
Section:

— De nition of the set of preliminary parameters for the study [309] was completed;

— A preliminary lattice design for the linac was created and estimations on on H- stripping loss
tolerances was done;

— A tentative chopping scheme for the linac was de ned;

— Simulations for Accumulator show no instabilities up to 6000 turns, which is the total number of
turns needed for full accumulation of the linac pulse;

— Design of a preliminary lattice for the compressor ring and simulations of the compression pro-
cesses is shows that achieving a 2 ns rms nal bunch is possible, and

— A preliminary design of a Target Delivery Transport Line was done and simulations of the com-
pressed beam show no loss of beam quality.

A preliminary set of parameters for the proton complex was completed and published in [309] and the
main parameters are summarized in Table 5.1.1. The choice of the 5 GeV baseline energy comes from
the SPL design [310], used as baseline for the linac. Simulations indicate that space charge effects
preclude operation at 4 MW and 5 GeV. If this power is required, a proton energy of 10 GeV will be
needed and thus was included in the study as a second option.

Parameters Unit Option1l Option 2
Final Beam Power MW 2 4
Linac Final energy GeV 5 10
Repetition raté Hz 5

Protons on target 10" 5.0

Initial bunch length ns 120

Initial rms energy spread % 0.025

Final rms bunch length ns 2.0

Final rms energy spread % 15 0.6

Table 5.1.1: Summary of main parameters for the proton complex for two power options [309].

A preliminary design, based on the ESS and SPL lattices, for a full energy linac reaching both energies
was presented [311] and a study of the effect of H- stripping on the loss budget of such a machine was
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investigated [312]. For both power options (see 5.1.1), the main component for the H- stripping losses
comes from blackbody radiation stripping, which could be circumvented by cooling the vacuum chamber
in warm areas and transfer lines below 200 K. Alternatively, the use of a coating that reduces secondary
emission can be investigated. The strippinéi=N as well as the power loss per lengt M ']

as a function of the temperature of the vacuum chamber can be seen in Figure 5.1.2. The intra-beam
scattering component is well under control even at higher energies. Lorentz stripping represents a very
small effect on the total loss budget as long as the beam sizes throughout the linac are kept below 3 mm
rms for both nal energies.

Figure 5.1.2: H stripping loss power compo-

nents for a full energy linac from blackbody ra-

diation as a function of the temperature of thieigure 5.1.3:IBS (Intra Beam Scatterind)
vacuum pipe. The dashed line represents the 8tEpping for a linac with a nal energy of 10
wm *threshold. GeV.

Baseline lattices for the Accumulator and Compressor for the 5 GeV and 10 GeV cases were revised
and ported to XSuite [313] (Figure 5.1.4). For the 5 GeV case the lattices are from the studies for the
neutrino factory at CERN [314, 315], while the 10 GeV lattices are scaled lattices for the Accumulator
and a brand new lattice for the Compressor. For both energies the Compressor lattice was designed to
maximize the slippage factor, thus reducing the time (or number of turns) needed for a full rotation. The
ring aperture is mainly determined by the dispersion component in horizontal and since the momentum
spread is greatly increased after phase rotation 5.1.1, keeping dispersion as small as possible is also a
requirement. However, a small dispersion function and a large slippage factor are con icting given how
they are connected through the momentum compaction:

Z
_17°D(s) 1
) ds (5.1.1)

where is the slippage factor, the Lorentz factor of the circulating bea, the ring circumference,

D (s) the dispersion function and(s) the dipole bending radius. By introducing negative bending
magnets in the lattice, where the dispersion function is negative, the dispersion function could be kept
small without reducing the target slippage factor (see Figure 5.1.7). This type of rotation setup requires
high voltages from the cavities and most of the ring straight sections will be lled with RF stations in
order to be able to reach the 4 MV voltage needed to perform it.

An example of accumulation for the 5 GeV case can be seen in Figure 5.1.5. A series of simulations
to verify the lattice behaviour over many turns was launched and indicated no major show stoppers for
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Figure 5.1.4: The 5 GeV Accumulator lattice is shown. Dipoles are represented by blue blocks, while
guadrupoles are represented by red blocks. Focusing quadrupoles are placed above the reference line,
and defocusing quadrupoles are placed below the reference line.

Figure 5.1.5: Simulation of the accumulation of 5 GeV. Some numerical features in the tunes calculation
are still not understood in XSuite (vertical and horizontal at lines in the tune plot). No instabilities were
observed so far on the trasnverse planes.

either option when the beam is accumulated for over about 6000 turns, which corresponds to a linac
working at a 5 Hz repetition rate. In the Accumulator ring, so far, there is no RF, however, there will be

a need for RF barrier buckets to avoid smearing on the bunches over the many turns of accumulation.
Currently, the Accumulator lengths and number of bunches envisioned for each energy dictate a possible
chopping scheme needed for the linac, which is shown in Figure 5.1.6. For the lower energy case, the
parameters needed from the source are not too far from what can be achieved today however for the 4
MW case either some R&D is needed 11.

The Compressor accepts bunches from the Accumulator and performs a 90 °-bunch rotation in longitudi-
nal phase space. A detailed study of the rotation for both power options was launched and optimization
of the bunch length in order to achieve the 2 ns nal bunch length, assuming an initial rms momentum
spread of25 10 4 was established. For the 5 GeV, a lattice (Figure 5.1.7) a space charge driven
lattice resonance still present at the end of rotation, when the tune shift reaches its maximum, causing
emittance blow. Figure 5.1.8 shows the initial and nal 6D phase space of the bunches before and after
compression for the 5 GeV case, further study and lattice work is needed in this case still. For the 10
GeV case the rotation of the bunches is clean and no issues were encountered to reach the 2 ns bunch
length so far.

A rst look at the Target Delivery Transport Line of a 2 ns high-current bunch has started. The bunches
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Figure 5.1.6: Possible chopping scheme for the two options power options 2 MW and 5 GeV (in blue)
and 4 MW and 10 GeV in red assuming that the repetition rate o f the linac is 5 Hz. The accumulator
lattice for 5 and 10 GeV have different circumferences of 180 and 300 m respectively. Considering
that the maximum length before rotation for the bunches in the accumulator is 120 ns, together with the
revolution period for each energy, it it is possible to de ne the spacing of bunches coming from the linac
and show in the picture.

Figure 5.1.7: Twiss parameters and lattice of the proposed 5 GeV Compressor lattice design. The color
code for accelerator elements is the same as in Figure 5.1.4, with the addition of sextupoles represented
in green and a cavity represented by a grey line.

from the Compressor for both energies (and powers) could be transported through a FODO lattice and
focused to the speci ed beam sizes on the target surface without loss of quality. Extra work on the
extraction from the Compressor and a design and study of the bunch recombination in the Target Delivery
Transport Line is still to be done.

For the remaining years of the study our efforts will be very concentrated on the Compressor lattice
design re nement and Target Delivery Transport Line parameters for both power options listed in Ta-
ble 5.1.1. Other planned work regarding the proton complex includes exploring the possibility of using a
RCS to bring the linac beam to 5 or 10 GeV, instead a full energy linac and also a increase the repetition
rate in the linac. The latter implies longer accumulation times that will need to be studied. Study on
H injection into the Accumulator ring and alternative chopping schemes to relax the requirements on
the source and front-end, should be carried out in more detail. In parallel, an initial investigation of the
main instabilities in the Accumulator and Compressor rings will be initiated 5.5. On the experimental
side, we are in close contact with SNS and preparing to attempt to perforfhcai86h rotation in their
accumulator ring. Although their energy is much lower that what is envisioned for the proton driver the
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