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Abstract A muon collider would enable the big jump ahead in energy reach that is needed for a fruitful exploration

of fundamental interactions. The challenges of producing muon collisions at high luminosity and 10 TeV centre of

mass energy are being investigated by the recently-formed International Muon Collider Collaboration. This Review

summarises the status and the recent advances on muon colliders design, physics and detector studies. The aim is
to provide a global perspective of the field and to outline directions for future work.

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2 Physics opportunities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1 Why muons? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 Direct reach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 A vector bosons collider . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4 High-energy measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.5 Electroweak radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.6 Muon-specific opportunities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3 Facility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.1 Design overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 Proton driver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.3 Pion production target and active handling region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.4 Muon front end . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.5 Muon cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.6 Acceleration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.7 Collider . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.8 Technical demonstrators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.9 Synergies with other concepts or existing facilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.10 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4 Particle detectors and event reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.1 Collision environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.2 Detector simulation software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3 Detector technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.4 Reconstruction performance studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.5 Forward detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5 Physics studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.1 Electroweak and Higgs physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.2 Dark matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.3 Muon-specific opportunities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107





6

the difficulty of envisaging a radical jump ahead in the

high-energy exploration with ee or pp colliders.

In fact, the required increase of energy and luminos-

ity in future high-energy frontier colliders poses severe

challenges [13]. Without breakthroughs in concept and

in technologies, the cost and use of land as well as the

power consumption are prone to increase to unsustain-

able levels.

The muon collider promises to overcome these lim-

itations and allow to push the energy frontier strongly.

Circular electron-positron colliders are limited in en-

ergy by the emission of synchrotron radiation that in-

creases strongly with energy. Linear colliders overcome

this limitation but require the beam to be accelerated

to full energy in a single pass through the main linac

and allow to use the beams only in a single collision [14].

The high mass of the muon mitigates synchrotron radi-

ation emission, allowing them to be accelerated in many

passes through a ring and to collide repeatedly in an-

other ring. This results in cost effectiveness and com-

pactness combined with a luminosity per beam power

that roughly increases linearly with energy. Protons can

be also accelerated in rings and made to collide with

very high energy. However, protons are composite par-

ticles and therefore only a small fraction of their colli-

sion energy is available to probe short-distance physics

through the collisions of their fundamental constituents.

The effective energy reach of a muon collider thus cor-
responds to the one of a proton collider of much higher
centre of mass energy. This concept is illustrated more

quantitatively in Section 2.1.

Currently, the limit of the energy reach for muon

colliders has not been identified. Ongoing studies focus

on a 10 TeV design with an integrated luminosity goal of

10 ab−1. This goal is expected to provide a good balance

between an excellent physics case and affordable cost,

power consumption and risk. Once a robust design has

been established at 10 TeV—including an estimate of

the cost, power consumption and technical risk—other,
higher energies will be explored.

The 2020 Update of the European Strategy for Par-

ticle Physics (ESPPU) recommended, for the first time
in Europe, an R&D programme on muon colliders de-

sign and technology. This led to the formation of the

International Muon Collider Collaboration (IMCC) [15]

with the goal of initiating this programme and inform-

ing the next ESPPU process on the muon collider fea-

sibility perspectives. This will enable the next ESPPU
and other strategy processes to judge the scientific jus-
tification of a full Conceptual Design Report (CDR)

and demonstration programme.

The European Roadmap for Accelerator R&D [16],

published in 2021, includes the muon collider. The re-

port is based on consultations of the community at

large, combined with the expertise of a dedicated Muon
Beams Panel. It also benefited from significant input
from the MAP design studies and US experts. The re-

port assessed the challenges of the muon collider and

did not identify any insurmountable obstacle. However,

the muon collider technologies and concepts are less ma-

ture than those of electron-positron colliders. Circular

and linear electron-positron colliders already have been

constructed and operated but the muon collider would

be the first of its kind. The limited muon lifetime gives

rise to several specific challenges including the need of

rapid production and acceleration of the beam. These

challenges and the solutions under investigation are de-

tailed in Section 3.

The Roadmap describes the R&D programme re-
quired to develop the maturity of the key technologies

and the concepts in the coming few years. This will
allow the assessment of realistic luminosity targets, de-
tector backgrounds, power consumption and cost scale,

as well as whether one can consider implementing a

MuC at CERN or elsewhere. Mitigation strategies for

the key technical risks and a demonstration programme

for the CDR phase will also be addressed. The use of

existing infrastructure, such as existing proton facilities

and the LHC tunnel, will also be considered. This will

allow the next strategy process to make an informed

choice on the future strategy. Based on the conclusions

of the next strategy processes in the different regions,

a CDR phase could then develop the technologies and

the baseline design to demonstrate that the community
can execute a successful MuC project.

Important progress in the past gives confidence that

this goal can be achieved and that the programme will
be successful. In particular, the developments of su-
perconducting magnet technology has progressed enor-

mously and high-temperature superconductors have be-

come a practical technology used in industry. Similarly,

RF technology has progressed in general and experi-

ments demonstrated the solution of the specific muon

collider challenge—operating RF cavities in very high
magnetic fields—that previously has been considered a
showstopper. Component designs have been developed

that can cool the initially diffuse beam and accelerate

it to multi-TeV energy on a time scale compatible with

the muon lifetime. However, a fully integrated design

has yet to be developed and further development and

demonstration of technology are required.

The technological feasibility of the facility is one vi-

tal component of the muon collider programme, but the

planning of the facility exploitation is equally impor-

tant. This includes the assessment of the muon collider

potential to address physics questions, as well as the
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design of novel detectors and reconstruction techniques

to perform experiments with colliding muons.

The path to a new generation of experiments The main

challenge to operating a detector at a muon collider is

the fact that muons are unstable particles. As such, it

is impossible to study the muon interactions without

being exposed to decays of the muons forming the col-

liding beams. From the moment the collider is turned

on and the muon bunches start to circulate in the ac-

celerator complex, the products of the in-flight decays

of the muon beams and the results of their interactions
with beam line material, or the detectors themselves,
will reach the experiments contributing to polluting the

otherwise clean collision environment. The ensemble of

all these particles is usually known as “Beam Induced

Backgrounds”, or BIB. The composition, flux, and en-

ergy spectra of the BIB entering a detector is closely

intertwined with the design of the experimental appa-
ratus, such as the beam optics that integrate the de-
tectors in the accelerator complex or the presence of

shielding elements, and the collision energy. However,

two general features broadly characterise the BIB: it is

composed of low-energy particles with a broad arrival

time in the detector.

The design of an optimised muon collider detec-

tor is still in its infancy, but the work has initiated

and it is reviewed in Section 4. It is already clear that
the physics goals will require a fully hermetic detector

able to resolve the trajectories of the outgoing parti-

cles and their energies. While the final design might
look similar to those experiments taking data at the
LHC, the technologies at the heart of the detector will

have to be new. The large flux of BIB particles sets

requirements on the need to withstand radiation over

long periods of time, and the need to disentangle the

products of the beam collisions from the particles en-
tering the sensitive regions from uncommon directions
calls for high-granularity measurements in space, time
and energy. The development of these new detectors

will profit from the consolidation of the successful so-

lutions that were pioneered for example in the High

Luminosity LHC upgrades, as well as brand new ideas.

New solutions are being developed for use in the muon

collider environment spanning from tracking detectors,

calorimeters systems to dedicated muon systems. The

whole effort is part of the push for the next generation

of high-energy physics detectors, and new concepts tar-
geted to the muon collider environment might end up
revolutionising other future proposed collider facilities

as well.

Together with a vibrant detector development pro-

gram, new techniques and ideas needs to be developed

in the interpretation of the energy depositions recorded

by the instrumentation. The contributions from the BIB
add an incoherent source of backgrounds that affect dif-
ferent detector systems in different ways and that are

unprecedented at other collider facilities. The extreme

multiplicity of energy depositions in the tracking de-

tectors create a complex combinatorial problem that

challenges the traditional algorithms for reconstruct-

ing the trajectories of the charged particles, as these

were designed for collisions where sprays of particles

propagate outwards from the centre of the detector. At

the same time, the potentially groundbreaking reach

into the high-energy frontier will lead to strongly col-

limated jets of particles that need to be resolved by

the calorimeter systems, while being able to subtract

with precision the background contributions. The chal-

lenging environment of the muon collider offers fertile

ground for the development of new techniques, from

traditional algorithms to applications of artificial intel-

ligence and machine learning, to brand new computing

technologies such as quantum computers.

Muon collider plans The ongoing reassessment of the

muon collider design and the plans for R&D allow us

to envisage a possible path towards the realisation of
the muon collider and a tentative technically-limited
timeline, displayed in Figure 12.

The goal [11,12] is a muon collider with a centre of
mass energy of 10TeV or more (a 10+ TeV MuC). Pass-

ing this energy threshold enables, among other things,

a vast jump ahead in the search for new heavy particles

relative to the LHC. The target integrated luminosity

is obtained by considering the cross-section of a typical

2 → 2 scattering processes mediated by the electroweak

interactions, σ ∼ 1 fb ·(10 TeV)2/E2
cm. In order to mea-

sure such cross-sections with good (percent-level) preci-

sion and to exploit them as powerful probes of short dis-

tance physics, around ten thousand events are needed.

The corresponding integrated luminosity is

Lint = 10 ab−1

(
Ecm

10TeV

)2

. (1)

The luminosity requirement grows quadratically with
the energy in order to compensate for the cross-section
decrease. We will see in Section 3 that achieving this

scaling is indeed possible at muon colliders.

Assuming a muon collider operation time of 107 sec-

onds per year, and one interaction point, eq. (1) corre-

sponds to an instantaneous luminosity

L =
5 years

time

(
Ecm

10TeV

)2

2 · 1035cm−2s−1 . (2)
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The current design target parameters (see Table 1) en-

able to collect the required integrated luminosity in a
5-year run, ensuring an appealingly compact temporal
extension to the muon collider project even in its data

taking phase. Furthermore this ambitious target leaves

space to increase the integrated luminosity by running

longer or by foreseeing a second interaction point. One

could similarly compensate for a possible instantaneous
luminosity reduction in the final design.

Muon collider stages In order to design the path to-
wards a 10+ TeV MuC, one could exploit the possibil-

ity of building it in stages. In fact, the design of many

elements of the facility is simply independent of the col-

lider energy. Once built and exploited for a lower Ecm

MuC, they can thus be reused for a higher energy col-

lider. This applies to the muon source and cooling, and

to the accelerator complex as well because energy stag-

ing is anyway required for fast acceleration. Only the

final collision ring of the lower Ecm collider could not

be reused. However because of its limited size it is a

minor addition to the total cost.

A staged approach has several advantages. First, it
spreads the total cost over a longer time period and re-

duces the initial investment. This could enable a faster

financing for the first energy stage and accelerate the

whole project. Furthermore the reduced energy of the

first stage allows, if needed, to make compromises on

technologies that might not yet be fully developed, avoid-

ing potential delays. In particular completing construc-

tion in 2045 as foreseen in Figure 12 could be opti-

mistic for a 10+ TeV MuC, but realistic for a first lower-

energy collider at few TeV. A centre of mass energy

Ecm = 3 TeV is being tentatively considered for the first

stage. This matches, with a much more compact design,

the maximal e+e− energy that could be achieved by the

last stage of the CLIC linear collider [14].

The 3 TeV stage of the muon collider offers amaz-
ing opportunities for progress with respect to the LHC
and its high-luminosity successor (HL-LHC) [17]. These

opportunities include a determination of the Higgs tri-

linear coupling, extended sensitivity to Higgs and top

quark compositeness and to extended Higgs sectors. A

selected summary of available studies is reported in Sec-

tion 5. On the other hand, the physics potential of the
10+ TeV collider is much superior to the one of the

3 TeV collider. The higher energy stage will radically

advance the knowledge acquired with the first stage op-

eration. Additionally, the energy upgrade would enable

to investigate new physics discoveries or tensions with

the SM that might emerge at the first stage.

The 3 TeV stage, following eq. (2), would collect

0.9 ≃ 1 ab−1 luminosity (with one detector) in five

years of full luminosity, after an initial ramp-up phase

of two to three years. In the most optimistic scenario the
construction of the first stage will proceed rapidly. The
first stage will terminate after seven years to leave space

to the second stage with radically improved physics per-

formances. If the second stage is instead delayed, the

one at 3 TeV could run longer. The optimistic and pes-

simistic scenarios thus foresee 1 and 2 ab−1 at 3 TeV,

respectively.

Other muon colliders The tentative staging scenario
detailed above should serve as the baseline for future

investigations of alternative plans. In particular, one

could consider the possibility of a first stage of much

lower energy than 3 TeV, to be possibly built on an

even shorter time scale. However, it is worth remarking

in this context that the quadratic luminosity scaling

with energy in eqs. (1) and (2) is not only the aspira-

tional target, but it is also the natural scaling of the lu-

minosity at muon colliders. By following the scaling for

low Ecm one immediately realises that the luminosity

of a muon collider at order 100 GeV energy can not be
competitive with the one of an e+e− circular or linear

collider. For instance this implies that while there is ev-
idently a compelling physics case for a leptonic “Higgs
factory” at around 250 GeV energy, a muon collider
would be probably unable to collect the high luminosity

needed for a successful program of Higgs coupling mea-

surements, while this is possible for e+e− colliders. In
general, the luminosity scaling suggests that a physics-

motivated first stage of the muon collider should either

exploit some peculiarity of the muons that make µ+µ−

collisions more useful than e+e− collisions, or target the

TeV energy that is hard to reach with e+e−.

The possibility of operating a first muon collider at

the Higgs pole Ecm = mH = 125 GeV has been dis-
cussed extensively in the literature. The idea here is to

exploit the large Yukawa coupling of the muon, much

larger than the one of the electron, in order to produce

the Higgs boson in the s-channel and study its line-

shape. The physics potential of such Higgs-pole muon

collider will be described in Section 5. The major results

would be a rather precise and direct determination of

the Higgs width and an astonishingly accurate measure-

ment of the Higgs mass. However, the Higgs is a rather

narrow particle, with a width over mass ratio ΓH/mH

as small as 3 · 10−5. The muon beams would thus need

a comparably small energy spread ∆E/E = 3 · 10−5

for the programme to succeed. Engineering such tiny

energy spread might perhaps be possible. However it

poses a challenge for the facility design that is peculiar

to the Higgs-pole collider and of no relevance for higher

energies, where a much higher spread is perfectly ade-
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quate for physics. For this reason, the Higgs-pole muon

collider is not currently considered in the staging plan

and further study is needed.

Further work is also needed to assess the possible

relevance of a muon collider at the tt production thresh-

old Ecm ≃ 343 GeV, aimed at measuring the top quark

mass with precision. The top threshold could be reached

also with e+e− colliders. However the e+e− Higgs fac-

tory at 250 GeV, to be possibly built before the muon

collider, might not be easily and quickly upgradable to

343 GeV. Moreover, the naturally small (permille-level)

beam energy spread and the reduction of initial state

radiation effects give an advantage to muons over elec-

trons for the threshold scan. Such “first muon collider”

was proposed long ago [18, 19]. Its modern relevance

stems from the need of an improved top mass deter-
mination for establishing the possible instability of the
SM Higgs potential [20]. We will not discuss this option

further and we refer the reader to the literature.

This Review A muon collider could be a sustainable in-
novative device for a big ambitious jump ahead in fun-

damental physics exploration. It is a long-term project,

but with a tight schedule and a narrow temporal win-

dow of opportunity. The initiated work must continue

in the next decade, fostered by a positive recommen-

dation of the 2023 US Particle Physics Prioritization

Panel (P5) and the next Update of the European Strat-

egy for Particle Physics foreseen in 2026/2027. Progress

must be made by then on the perspectives for a muon

collider to be built and operated, for the outcome of

its collisions to be recorded, interpreted and exploited

to advance physics knowledge. This offers stimulating

challenges for accelerator, experimental and theoretical

physics.

Muon colliders require innovative research in each

of these three directions. The novelty of the theme and

the lack of established solutions enable a high rate of

progress, but it also requires that the three directions

advance simultaneously because progress in one moti-

vates and supports work in the others. Furthermore,

exploiting synergies between accelerator, experimental

and theoretical physics is of utmost importance at this

initial stage of the muon collider project design.

In this spirit, the present Review summarises the
state of the art and the recent progress in all these three
areas, and outlines directions for future work. The aim

is to provide a global perspective on muon colliders.

This Review is organised as follows. Section 2 sum-

marises the key exploration opportunities offered by

very high energy muon colliders and illustrates the po-

tential for progress on selected physics questions. We

also outline the challenges for the theoretical predic-

tions needed to exploit this potential. These challenges

constitute in fact a tremendous opportunity to advance
knowledge of SM physics in a regime where the elec-
troweak bosons are relatively light particles, entailing

the emergence of the novel phenomenon of electroweak

radiation. Section 3 describes the challenges and the op-
portunities of muon colliders for accelerator physics. It

reviews the basic principles for the design of the muon

production, cooling and fast acceleration systems. The

required R&D, and a tentative staging plan and time-

line, are also outlined. Section 4 describes the experi-

mental conditions that are expected at the muon col-

lider and the ongoing work on the design of the detec-

tor and of the event reconstruction software. We de-

vote Section 5 to selected muon collider sensitivity pro-

jection studies. The 10+ TeV MuC is the main focus,

but some opportunities of the 3 TeV stage are also de-

scribed, as well as those of the Higgs-pole collider. A

summary of the perspectives and opportunities for fu-

ture work on muon colliders is reported in Section 6.
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2 Physics opportunities

2.1 Why muons?

Muons, like protons, can be made to collide with a cen-

tre of mass energy of 10 TeV or more in a relatively com-

pact ring, without fundamental limitations from syn-

chrotron radiation. However, being point-like particles,

unlike protons, their nominal centre of mass collision

energy Ecm is entirely available to produce high-energy

reactions that probe length scales as short as 1/Ecm.

The relevant energy for proton colliders is instead the

centre of mass energy of the collisions between the par-

tons that constitute the protons. The partonic collision

energy is distributed statistically, and approaches a sig-

nificant fraction of the proton collider nominal energy

with very low probability. A muon collider with a given

nominal energy and luminosity is thus evidently way

more effective than a proton collider with comparable

energy and luminosity.

This concept is made quantitative in Figure 2. The
figure displays the center of mass energy

√
sp that a

proton collider must possess to be “equivalent” to a

muon collider of a given energy Ecm =
√
sµ . Equiv-

alence is defined [11,21,22] in terms of the pair produc-

tion cross-section for heavy particles, with mass close

to the muon collider kinematical threshold of
√
sµ/2 .

The equivalent
√
sp is the proton collider centre of mass

energy for which the cross-sections at the two colliders

are equal.

The estimate of the equivalent
√
sp depends on the

relative strength β of the heavy particle interaction with
the partons and with the muons. If the heavy particle

only possesses electroweak quantum numbers, β = 1
is a reasonable estimate because the particles are pro-

duced by the same interaction at the two colliders. If

instead it also carries QCD colour, the proton collider

can exploit the QCD interaction to produce the parti-

cle, and a ratio of β = 10 should be considered owing to
the large QCD coupling and colour factors. The orange

line on the left panel of Figure 2, obtained with β = 1,
is thus representative of purely electroweak particles.
The blue line, with β = 10, is instead a valid estimate

for particles that also possess QCD interactions, as it
can be verified in concrete examples.

The general lesson we learn from the left panel of
Figure 2 (orange line) is that at a proton collider with

around 100 TeV energy the cross-section for processes

with an energy threshold of around 10 TeV is quite

smaller than the one of a muon collider (MuC) oper-

ating at Ecm =
√
sµ ∼ 10 TeV. The gap can be com-

pensated only if the process dynamics is different and

more favourable at the proton collider, like in the case

of QCD production. The general lesson has been illus-

trated for new heavy particles production, where the

threshold is provided by the particle mass. But it also

holds for the production of light SM particles with en-

ergies as high as Ecm, which are very sensitive indirect

probes of new physics. This makes exploration by high
energy measurements more effective at muon than at

proton colliders, as we will see in Section 2.4. Moreover
the large luminosity for high energy muon collisions pro-

duces the copious emission of effective vector bosons. In

turn, they are responsible at once for the tremendous

direct sensitivity of muon colliders to “Higgs portal”

type new physics and for their excellent perspectives to

measure single and double Higgs couplings precisely as

we will see in Section 2.2 and 2.3, respectively.
On the other hand, no quantitative conclusion can

be drawn from Figure 2 on the comparison between

the muon and proton colliders discovery reach for the

heavy particles. That assessment will be performed in

the following section based on available proton colliders

projections.

2.2 Direct reach

The left panel of Figure 3 displays the number of ex-

pected events, at a 10 TeV MuC with 10 ab−1 integrated
luminosity, for the pair production due to electroweak

interactions of Beyond the Standard Model (BSM) par-

ticles with variable mass M. The particles are named

with a standard BSM terminology, however the results

do not depend on the detailed BSM model (such as Su-

persymmetry or Composite Higgs) in which these parti-

cles emerge, but only on their Lorentz and gauge quan-

tum numbers. The dominant production mechanism at

high mass is the direct µ+µ− annihilation, whose cross-

section flattens out below the kinematical threshold at

M = 5 TeV. The cross-section increase at low mass is
due to the production from effective vector boson anni-

hilation.
The figure shows that with the target luminosity of

10 ab−1 a 10 TeV MuC can produce the BSM particles

abundantly. If they decay to energetic and detectable

SM final states, the new particles can be definitely dis-

covered up to the kinematical threshold. Taking into

account that the entire target integrated luminosity will

be collected in 5 years, a few month run could be suffi-
cient for a discovery. Afterwards, the large production

rate will allow us to observe the new particles decay-

ing in multiple final states and to measure kinematical

distributions. We will thus be in the position of char-

acterising the properties of the newly discovered states

precisely. Similar considerations hold for muon collid-

ers with higher Ecm, up to the fact that the kinemat-
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Fig. 4 Left panel: exclusion and discovery mass reach on Higgsino and Wino dark matter candidates at muon colliders from
disappearing tracks, and at other facilities. The plot is adapted from Ref. [45]. Right: exclusion contour [22] for a scalar singlet
of mass mφ mixed with the Higgs boson with strength sin γ. More details in Section 5.1.3.

ment, without large physics backgrounds from QCD, a

10 TeV muon collider (over-)qualifies as a Higgs fac-
tory [22, 54–57]. Unlike e+e− Higgs factories, a muon

collider also produces Higgs pairs copiously, enabling

accurate and direct measurements of the Higgs trilinear
coupling [21,23,54] and possibly also of the quadrilinear
coupling [58].

The opportunities for Higgs physics at a muon col-

lider are summarised extensively in Section 5.1.1. In
Figure 6 we report for illustration the results of a 10-

parameter fit to the Higgs couplings in the κ-framework

at a 10 TeV MuC, and the sensitivity projections on

the anomalous Higgs trilinear coupling δκλ. The table

shows that a 10 TeV MuC will improve significantly and
broadly our knowledge of the properties of the Higgs

boson. The combination with the measurements per-
formed at an e+e− Higgs factory, reported on the third

column, does not affect the sensitivity to several cou-

plings appreciably, showing the good precision that a

muon collider alone can attain. However, it also shows

complementarity with an e+e− Higgs factory program.

On the right panel of the figure we see that the per-

formances of muon colliders in the measurement of δκλ
are similar or much superior to the one of the other

future colliders where this measurement could be per-

formed. In particular, CLIC measures δκλ at the 10%

level [59], and the FCC-hh sensitivity ranges from 3.5

to 8% depending on detector assumptions [60]. A de-

termination of δκλ that is way more accurate than the

HL-LHC projections is possible already at a low energy

stage of a muon collider with Ecm = 3 TeV as discussed
in Section 5.1.1.

The potential of a muon collider as a vector bo-

son collider has not been explored fully. In particular a
systematic investigation of vector boson scattering pro-

cesses, such as WW→WW , has not been performed.

The key role played by the Higgs boson to eliminate
the energy growth of the corresponding Feynman am-
plitudes could be directly verified at a muon collider
by means of differential measurements that extend well

above one TeV for the invariant mass of the scattered

vector bosons. Along similar lines, differential measure-

ments of the WW → HH process has been studied

in [23, 54] (see also [21]) as an effective probe of the

composite nature of the Higgs boson, with a reach that
is comparable or superior to the one of Higgs coupling

measurements. A similar investigation was performed
in [21,22] (see also [21]) for WW→tt, aimed at probing

Higgs-top interactions.

2.4 High-energy measurements

Direct µ+µ− annihilation, such as HZ and tt produc-

tion, displays a number of expected events of the order

of several thousands, reported in Figure 5. These are

much less than the events where a Higgs or a tt pair

are produced from VBF, but they are sharply differ-
ent and easily distinguishable. The invariant mass of

the particles produced by direct annihilation is indeed
sharply peaked at the collider energy Ecm, while the

invariant mass rarely exceeds one tenth of Ecm in the

VBF production mode.

The good statistics and the limited or absent back-
ground thus enables few-percent level measurements of
SM cross sections for hard scattering processes of en-

ergy Ecm = 10 TeV at the 10 TeV MuC. An incomplete

list of the many possible measurements is provided in

Ref. [61], including the resummed effects of EW radia-

tion on the cross section predictions. It is worth empha-
sising that also charged final states such as WH or ℓν
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muon versus proton colliders are model-dependent and

of course strongly dependent on the energy of the muon

and of the proton collider.

Recently experimental anomalies in g-2 and in B-

meson physics measurements triggered numerous stud-

ies of muon-philic new physics. These results provide in-

teresting quantitative illustrations of the generic added

value for exploration of a collider that employs second-
generation particles. They show the muon collider po-
tential to probe new physics that is presently untested

because it couples mostly to muons. These models, and

others with the same property, will still exist—though

in a slightly different region of their parameter space—

even if the anomalies will be explained by SM physics as

the most recent LHCb results suggest for the B-meson
anomalies [111,112].

Illustrative results are reported in Figure 8, display-

ing the minimal muon collider energy that is needed

to probe different types of new physics potentially re-

sponsible for the g-2 anomaly. The solid lines corre-
spond to limits on contact interaction operators due

to unspecified new physics, that contribute at the same

time to the muon g-2 and to high-energy scattering pro-

cesses. Semi-leptonic muon-charm (muon-top) interac-

tions that can account for the g-2 discrepancy can be

probed by di-jets at a 3 TeV (10 TeV) MuC, whereas
a 30 TeV collider could even probe a tree-level con-

tribution to the muon electromagnetic dipole operator
directly through µµ → hγ. These sensitivity estimates

are agnostic on the specific new physics model respon-
sible for the anomaly. Explicit models typically predict

light particles that can be directly discovered at the

muon collider, and correlated deviations in additional

observables. We will see in Section 5.3 that a complete

coverage of several models that accommodate the cur-
rent discrepancy is possible already at a 3 TeV MuC,

and a collider of tens of TeV could provide a full-fledged
no-lose theorem.
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3 Facility

The Muon Accelerator Programme (MAP) has devel-
oped a concept for the muon collider, shown in Figure 9.

This concept serves as the starting point for the base-

line concept and a seed for the tentative parameters in

the design studies initiated by the International Muon

Collider Collaboration (IMCC) [15]. The tentative tar-

get parameters are reported in Table 1.
This section describes the physical principles that

motivate the present baseline design and outlines promis-

ing avenues that may yield improved performances or

efficiency. Technical issues are also highlighted. Sec-

tion 3.1 provides an overview of the overall design con-

cept. An approximate expression for luminosity is de-

rived in some detail, as this motivates many of the de-

sign choices. Consideration of attainable energy, facil-

ity scale and power requirements are described. Possi-

ble upgrade schemes and timescales are outlined. The

detailed description of design concepts and technical

issues surrounding each subsystem are reported in Sec-

tions 3.2 – 3.7, describing the proton source, target,
front end, muon cooling system, acceleration and col-

lider in turn. The concepts and technologies developed

for the muon collider will require technical demonstra-

tion, to be achieved by a number of demonstrator fa-

cilities described in Section 3.8. Section 3.9 is devoted

to the synergies between the R&D programme for the

muon collider and the one of other muon-beam facili-
ties. We summarise our conclusions in Section 3.10.

3.1 Design overview

Most muon collider designs foresee that muons are cre-

ated as a product of a high power proton beam incident

on a target. Most muons are produced by decay of pions

created in the target. In order to capture a large number

of negatively and positively charged secondary parti-

cles over a broad range of momenta, a solenoid focusing
system is used rather than the more conventional horn-
type focusing. Following the target the beam is cleaned

and most pions decay leaving a beam composed mostly

of muons. The muons are captured longitudinally in a

sequence of RF cavities arranged to manipulate the sin-

gle short bunch with large energy spread into a series

of bunches each with a much smaller energy spread.
Following creation of a bunch train, the beam is

split into the different charge species and each charge

species is cooled separately by a 6D ionisation cooling
system. Ionisation cooling increases the beam bright-
ness and hence luminosity. An initial cooling line re-
duces the muon phase space volume sufficiently that

each bunch train can be remerged into a single bunch.

Further cooling then reduces the longitudinal and trans-

verse beam size. Final cooling systems for each charge
species results in a beam suitable for acceleration and
collision.

Ionisation cooling is chosen as it operates on a time

scale that is competitive with the muon lifetime. De-
spite the short time scale, a significant number of muons
are lost due to muon decay as well as transmission

losses. Nonetheless the increased beam brightness pro-

vided by the cooling system yields a significant increase

in luminosity.

The beam is then accelerated. Rapid acceleration

is required in order to maintain an acceleration time

that is much shorter than the muon lifetime in the lab-

oratory frame. Satisfactory yields may be achieved by

leveraging the muon lifetime increase during accelera-

tion due to Lorentz time dilation to maximise the accel-

eration efficiency ητ . The number of muons N changes

with time t according to

dN

dt
= −mµNc

2

Eτµ
, (3)

wheremµ, E and τµ are the muon mass, energy and life-
time respectively. Assuming the muons are travelling,

near to the speed of light c, through a mean field gra-
dient V̄ , their energy changes as dE/dt = eV̄ c, where e

is the muon charge. We thus find

dN

dE
= − N

δτE
, (4)

where δτ = eV̄ τµ/mµc is the mean change in energy in
one muon lifetime, normalised to the muon rest energy.

Integrating yields the acceleration efficiency

ητ =
N±

N0±

=
∏

i

(
Ei+1

Ei

)−1/δτ,i

, (5)

where the product is taken over all accelerator subsys-
tems. Mean gradients V̄ ∼ O(1− 10) MV/m are possi-

ble, with higher gradients available in the early parts of
the accelerator chain, yielding δτ ∼ O(10) ≫ 1. Muons

can thus be accelerated faster than they decay, entailing

a limited loss of muons during the acceleration process.

At low energy rapid acceleration is achieved using

a linear accelerator, in order to maximise the average

accelerating gradient in this relatively short section. At

higher energies recirculation may be used to improve

the system efficiency, for example in a dogbone recircu-

lator. Finally, a sequence of pulsed synchrotrons bring

the beam up to final energy. Synchrotrons that em-

ploy a combination of fixed high-field, superconducting

dipoles and lower field pulsed dipoles are under study.

The muons are eventually transferred into a low cir-

cumference collider ring where collisions occur.
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Table 1: Tentative target parameters for MuCs of different energies based on the MAP design with modifications.

Parameter Symbol Unit Target value

Centre-of-mass energy Ecm TeV 3 10 14
Luminosity L 1034 cm−2 s−1 2 20 40

Collider circumference Ccoll km 4.5 10 14

Muons/bunch N± 1012 2.2 1.8 1.8
Repetition rate fr Hz 5 5 5

Total beam power P
−
+ P

+
MW 5.3 14 20

Longitudinal emittance εl MeVm 7.5 7.5 7.5
Transverse emittance ε⊥ µm 25 25 25

IP bunch length σz mm 5 1.5 1.1
IP beta-function β∗

⊥ mm 5 1.5 1.1
IP beam size σ⊥ µm 3 0.9 0.6

by particles that are not at the focus [114]. For example,

when the RMS bunch length is not zero, but σz = β∗
⊥,

eq. (11) is replaced by

σ⊥ =

√
mµcσzε⊥
pfhg

, (12)

with a hourglass factor fhg ≈ 0.76. The RMS longi-

tudinal emittance is εl = γmµc
2σδσz where σδ is the

fractional RMS energy spread, so the luminosity may

be expressed as

L ≈ eτµ
(4πmµc)2

fhgσδB̄

ε⊥εL
Eµ

2N+N−nbfr , (13)

where Eµ = γmµc
2 is the energy of the collding muons.

Naively, the number of muons reaching the accel-

erator may be obtained from the number and energy
of protons, i.e. from the proton beam power. This as-
sumes proton energy is fully converted to pions and
the capture and beam cooling systems have no losses.

In reality pion production is more complicated; practi-
cal constraints such as pion reabsorption, other particle
production processes and geometrical constraints in the

target have a significant effect. Decay and transmission

losses occur in the ionisation cooling system that sig-

nificantly degrades the efficiency.

The final number of muons per bunch in the collider,

N±, can be related to the proton beam power on target

Pp and the conversion efficiency per proton per unit

energy η± by

N± =
ητη±Pp

nbfr
. (14)

Overall the luminosity may be expressed as

L ≈ eτµ
(4πmµc)2
︸ ︷︷ ︸

KL

fhgσδB̄

ε⊥εLnbfr
η+η−(ητPpEµ)

2

︸ ︷︷ ︸

P+P−

, (15)

where KL = 4.38 × 1036 MeVMW−2 T−1 s−2 and P±

is the muon beam power per species.

This luminosity dependence yields a number of con-

sequences. The luminosity improves approximately with

the square of energy at fixed average bending field. We

thus find the desired scaling in eq. (1) that entails,

as discussed in the previous section, a constant rate

for very massive particles pair-production, as well as

a growing VBF rate for precision measurements. The

quadratic scaling of the luminosity with energy is pecu-

liar of muon colliders and it is not present, for example,
in a linear collider. This is because the beam can be
recirculated many times through the interaction point
and beamstrahlung has a negligible affect on the fo-

cusing that may be achieved at the interaction point of

the muon collider. This yields an improvement in power

efficiency with energy.

The luminosity is highest for collider rings having

strong dipole fields (large B̄), so that the circumference

is smaller and muons can pass through the interaction

region many times before decaying. For this reason a

separate collider ring with the highest available dipole

fields is proposed after the final acceleration stage, as

in Figure 9.

The luminosity is highest for a small number of very

high intensity bunches. The MAP design demanded a

single muon bunch of each charge, which yields the

highest luminosity per detector. Such a design would

enable detectors to be installed at two interaction points.

The luminosity decreases linearly with the facility

repetition rate, assuming a fixed proton beam power.

For the baseline design, a low repetition rate has been

chosen relative to equivalent pulsed proton sources.

The luminosity decreases with the product of the

transverse and longitudinal emittance. It is important

to achieve a low beam emittance in order to deliver

satisfactory luminosity, while maintaining the highest

possible efficiency η± of converting protons to muons.
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Fig. 10 MuC luminosity normalised to the muon beam
power and compared to CLIC, for different beam energies.

Based on these considerations, an approximate guide

to the luminosity normalised to beam power is shown

in Figure 10 and compared with the one of CLIC.

3.1.2 Facility size

The geometric dimensions of the MuC depend on fu-

ture technology and design choices. Some indication of

the dimensions can be estimated. The facility scale is

expected to be driven by the pulsed synchrotrons in the
acceleration system.

The rapid pulsing required in the synchrotrons pre-

cludes the use of high-field ramped superconducting

magnets such as those used in the LHC. Static high-

field superconducting dipoles are proposed combined

with rapidly pulsed low-field dipoles. As the beam ac-

celerates the pulsed dipoles are ramped, enabling varia-
tion of the mean dipole field. The static dipoles provide
a relatively compact and efficient bend.

Preliminary estimates indicate that acceleration up

to 3 TeV centre-of-mass energy, assuming 10 T static
dipoles and pulsed dipoles with a field swing ±1.8 T,
would require a ring of circumference around 10 km.

Around 60 % of the ring is estimated to be required
for pulsed and static bending dipoles. Acceleration up
to 10 TeV centre-of-mass energy would require 16 T

static dipoles, which are only expected to become avail-

able later in the century, and an approximately 70 %

dipole packing fraction. A 10 TeV facility could be im-

plemented as an upgrade to the 3 TeV facility, as dis-

cussed below. Estimates indicate that a ring circumfer-
ence of up to 35 km may be required. Tuning to accom-
modate the beam into existing infrastructure such as

the 26.7 km circumference LHC tunnel is possible, for

example by changing the energy swing in each ring so

that more or less space is required for pulsed dipoles.

Options that have a fixed dipole field that varies ra-
dially in the same superconducting magnet are under

study, which may enable an increased average dipole

field to be considered.

3.1.3 Wall-plug power requirements

The power usage of future accelerator facilities, often
referred to as the ‘wall-plug power’, is of great concern
and in future may be a stronger practical constraint
than the financial cost. The goal is to remain at a wall-

plug power consumption for the 10 TeV MuC well be-

low the level estimated for CLIC at 3 TeV (550 MW) or

FCC-hh (560 MW). This seems readily achievable; the

facility length is considerably shorter than other pro-
posed colliders. Reuse of magnets and RF should make
the facility more efficient than linear colliders while the

lower energy requirement should result in lower power

requirements than hh colliders. The design has to ad-

vance more to assess the power consumption scale in a

robust fashion.

Muon beam production imposes a fixed power con-

sumption requirement. In particular, the muon cooling

system requires several GeV of acceleration in normal

conducting cavities at high gradient. Additional power

consumption arises from the proton source and cooling

plant for the target and other cryogenic systems.

A number of key components drive the power con-

sumption as one extends to high energy:

– The power loss in the fast-ramping magnets of the

pulsed synchrotron and their power converter.

– The cryogenics system that cools the superconduct-

ing magnets in the collider ring. This depends on the

efficiency of shielding the magnets from the muon

decay-induced heating.

– The cryogenics power to cool the superconducting
magnets and RF cavities in the pulsed synchrotrons.

– The power to provide the RF for accelerating cavi-
ties in the pulsed synchrotrons.

The first contribution requires particular study as it
depends on unprecedented large-scale fast ramping sys-
tems. The second and third contributions require opti-

misation of the volume reserved for shielding as com-

pared to magnetised volume. The contributions can be

estimated reliably following a suitable design and opti-

misation of the relevant equipment.

In summary power consumption follows a relation

P = Psrc + Plinac + Prf + Prcs + Pcoll , (16)

where Psrc is the power needed for the muon source,

which is constant with energy, Plinac is the power re-

quirement for the linac, which is fixed by the transi-
tion energy between the linacs and RCS (Rapid Cy-

cling Synchrotron). Prf is the power requirement for
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Fig. 11 A schematic of a possible staged approach to a muon collider. The first stage, shown on the left, would produce
collisions at 3 TeV center-of-mass energy while the second would produce collisions at 10 TeV centre-of-mass energy. Sections
of the facility that are not required are shown in grey.

RCS and collider RF cavities, which is approximately

proportional to the beam energy, Prcs is the power re-

quirement for the RCS magnets which is likely to rise

slowly with energy due to the lower losses associated

with slower ramping at high energy and Pcoll is the

power requirement for the collider ring, which is ap-

proximately proportional to the collider length i.e. pro-

portional to the beam energy. Overall, the power re-

quirement is expected to rise slightly less than linearly

with energy and hence the wall-plug power is expected

to be approximately proportional to the beam power.

3.1.4 Upgrade scheme

The muon collider can be implemented as a staged con-

cept providing a road toward higher energies. One such

staging scenario is shown in Figure 11. The accelerator

chain can be expanded by an additional accelerator ring

for each energy stage. A new collider ring is required for

each energy stage. It may be possible to reuse the mag-

nets and other equipment of the previous collider ring,

for example in the new accelerator ring.

Currently, the focus of studies is on 10 TeV. This en-
ergy is well beyond the 3 TeV of the third and highest

energy stage of CLIC, the highest energy e+e− collider
proposal to reach a mature design. A potential interme-

diate energy of 3 TeV is envisaged at this moment. Its

physics case is similar to the final stage of CLIC and it

is expected that this stage would roughly cost half as

much as the 10 TeV stage [115].

A 3 TeV stage is less demanding in several techno-

logical areas. It may not be necessary to implement a

mechanical neutrino flux mitigation system in the col-

lider ring arcs; moving the beam inside of the magnet

apertures may be sufficient. The final focus magnets

require an aperture and a gradient comparable to the

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

margins at 10 TeV.

The strength of the collider ring dipoles is crucial for

determining the ring size and luminosity. The cost opti-

mum is given by the magnet and tunnel cost; it is possi-

ble that cheaper, well established magnet technology—
such as NbTi at this moment— would result in a lower
cost even if the tunnel has to be longer. For fixed beam

current, the luminosity is proportional to the magnet
field and is one aspect of the optimisation.

Once the cost scale of the muon collider concept

is more precisely known and once the mitigation of the
technical challenges are well defined, the energy staging
may be reviewed taking into account the physics case
and additional considerations from the site and reuse of

existing equipment and infrastructure, such as the LHC
tunnel, making possible a high-impact and sustainable
physics programme with each upgrade manageable in

terms of cost and technical feasibility.

3.1.5 Timeline

A muon collider with a centre-of-mass energy around

3 TeV could be delivered on a time scale compatible

with the end of operation of the HL-LHC. A technically

limited timeline is shown in Figure 12 and discussed in
greater detail in [116]. The muon collider R&D pro-

gramme will consist of the initial phase followed by the
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Table 2: Typical proton source parameters. The pa-

rameters are indicative.

Parameter Unit Target value

Beam power MW 2-4
Energy GeV 5-30

Repetition Rate Hz 5-10
RMS bunch length ns 1-3

in Table 2. The technology choices for the MuC, in par-

ticular for acceleration and bunch compression, have

not yet been determined.

The main part of the proton source follows exist-
ing pulsed proton driver designs, for example similar to

JPARC, Fermilab or ISIS. H− ions are created in an ion

source, accelerated through a radiofrequency quadrupole

followed by a series of drift-tube linacs. Acceleration

proceeds through a linear accelerator using conventional

RF cavities before the ions are injected into a ring using
charge-exchange injection and phase space painting. In
some designs, the protons are further accelerated using
a Rapid Cycling Synchrotron or Fixed Field Altenating

Gradient accelerator while in others protons are accel-

erated to the top energy in the linac and the final ring

is used only for accumulation of the protons. Uniquely

for the muon collider, it is desirable to compress the
protons into a very short bunch with RMS length 1-
3 ns, which may require an additional ring. However,

bunches with lengths of the order of 30 ns would reduce

the produced muon yield only by up to 50% [117,118].

The bunch is then extracted and transferred onto the
pion production target where the short proton bunch

in turn creates a short pion bunch, which is important
for capture of the resultant beam.

3.2.1 Technical issues and required R&D

The technology choice for the MuC proton driver re-
lies on successfully managing the heat deposition in the

injection foil in the accumulator ring, limits on beam
intensity due to space charge and the successful com-
pression of the proton bunch. The MuC uses a beam

that has a higher intensity at lower repetition rate than

comparable machines, resulting in a space-charge domi-

nated facility. At higher energy space charge limitations

may be relaxed, but care must be taken to avoid un-

controlled stripping of the H− beam and excessive heat
deposition that can damage the foil.

In order to achieve the high current and short bunches

in the presence of space charge, the MAP scheme used a

high harmonic lattice with a series of extraction lines to

bring multiple proton bunches onto the target, each ex-

traction line having a different time-of-flight, enabling

the required proton beam current to be brought onto

the target within a short time.

The possibility to stack bunches in longitudinal space,

for example using an FFA ring that has a naturally
large momentum acceptance [119], may enable repeti-

tion rates lower than the baseline 5 Hz. Time-compression

of a beam having larger momentum spread would be

more challenging.

Bunch compression has been performed, for exam-

ple at ISIS and the SPS, yielding short bunches, but

not as short as those required for the muon collider.

Simulations indicate that such a compression is possi-

ble [120–122].

In order to deliver a self-consistent design, simula-

tions must be performed for each parameter set. Many
potential host sites have existing facilities which could

be reused, given appropriate consideration of the muon
collider requirements.

3.3 Pion production target and active handling region

The MuC design calls for a target immersed in a mag-

netic field of 15 – 20 T where muons, pions, kaons
and other secondary particles are produced [118]. Un-

like more conventional horn focusing arrangements the

solenoid field captures secondary particles of both signs

over a wide range of momenta. The pions and kaons de-

cay to produce muons. In order to create a beam having

the smallest emittance, a very short proton bunch is re-

quired having a small spot size. Typical proton bunch

sizes considered are a few mm across with lengths 1

– 3 ns RMS. The resultant secondary particles have

a large transverse and longitudinal momentum spread,

but initially the position spread is the same as the pro-

ton beam. The time spread of the beam is approxi-

mately given by the proton bunch length. Some non-
relativistic secondary particles are produced which will
pass through the target region more slowly than the
protons, resulting in a slight bunch lengthening.

Following the target the magnetic field is tapered

to values sustainable over long distances. If the field
strength is tapered adiabatically along the beam line,
the relativistic magnetic moment

I0 =
p2⊥

mµqB
, (17)

is an invariant. As the field B is reduced, the transverse

momentum also reduces so that I0 does not change.

Magnetic fields conserve total momentum, so reduction

in transverse momentum p⊥ must lead to an appro-

priate increase in longitudinal momentum. For parti-

cles that initially have small transverse momentum, the
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longitudinal momentum growth will be small, while for

those with large transverse momentum, the growth will

be large. Overall, the longitudinal momentum spread

increases while the transverse momentum spread de-

creases. This is equivalent to an exchange from trans-

verse emittance to longitudinal emittance. The longitu-

dinal emittance is already large, so the relative increase

is small, while the decrease in transverse emittance is
beneficial and results in a large flux of muons compared
to horn geometries.

The beam leaving the target area has a large lon-

gitudinal and transverse emittance. A number of unde-
sirable particles are captured in the beam that could be

lost in an uncontrolled manner further downstream. In
order to handle these unwanted particles, a beam clean-
ing system is foreseen. A solenoid-style double chicane
is used to remove particles having too high momentum.

The chicane has a toroidal solenoid field which induces a

vertical dispersion in the beam. The vertical dispersion

is exactly cancelled by a reverse bend yielding, for par-

ticles lower than the maximum momentum, a virtually
unperturbed beam. High momentum particles strike the
walls of the chicane where they are collected on a ded-

icated collimator system.

A number of low momentum beam impurities re-

main in the beamline. Protons arising from spallation of

the target would create an unacceptable radiation haz-

ard if they were lost in subsequent systems. A Beryllium

plug is placed immediately after the chicane to remove

these low momentum protons. The mean energy loss is

given by [123]

dE

dx
=
Z

A

Kq2

β2ρ

[

0.5 ln

(

2meβ
2γ2

Tmax

I2

)

− β2

]

. (18)

Due to their larger mass, protons have much lower β

and less kinetic energy compared to muons following

the chicane and so stop in a shorter distance. By choos-

ing an appropriate thickness, protons are stopped while
most muons are able to pass through. A low Z material
such as beryllium is considered as it causes less scat-
tering in the muon beam for a given proton stopping

power.

3.3.1 Alternative schemes

In addition to a long graphite target of the type used

in pion production targets for neutrino beams, moving

targets have been considered. The required dimensions

of the target make a rotating wheel such as the one in

use at PSI challenging to implement. Liquid eutectic

targets or fluidised powder jets have been considered,

travelling coaxially with the proton beam.

Focusing using a horn may also be considered, as

used in other pion production targets. A horn target is

a well-known technology but it is only capable of cap-

turing a single sign of pion. Two targets would likely be

required, leading to an increased demand on the proton

driver.

3.3.2 Technical issues and required R&D

The target region is technically challenging. The high

beam power and short proton pulse length will create

a significant instantaneous shock in the target, which

may lead to mechanical damage. The target will be-

come heated by the proton beam and active cooling is

expected to be required. Long term radiation damage

will degrade the mechanical qualities of the target ne-

cessitating regular replacement. Calculations indicate

that a graphite target, similar to the targets used at ex-

isting neutrino sources, should survive for an adequate

period in the adverse conditions.

The high field in the target region, in the presence

of a radiation source, is challenging to achieve. Thick

shielding will be required to prevent damage to the

superconductor and excessive heating of the cryogenic

materials. A large aperture is required to accommodate

the shielding placing demands in turn on the magnet.

A magnet bore diameter of around 2 m is foreseen. This
magnet would be in a similar class to those proposed
for fusion facilities.

The high field in the target region, in the presence

of a radiation source, is challenging to achieve. Thick
shielding will be required to prevent damage to the in-
sulation and superconductor in the coil and excessive

heating of the cryogenic materials. A large aperture is

required to accommodate the shielding, and this in turn

poses challenges for the magnet. A magnet bore diam-

eter in the range of 2 m would be required in case of

coils built with low-temperature superconductor, and
operated with liquid helium. Alternative conductor con-
figurations, based on high-temperature superconductor

with large operating margin may be operated at higher
temperature with improved efficiency. This may pro-
vide means to significantly decrease the size and cost
of the system. The target magnet would be in a similar

class to those proposed for fusion facilities.

Handling of the spent proton beam requires signifi-

cant care. The remnant beam power is expected to be

beyond the capabilities of a collimation scheme to man-

age. A system for removing these primary protons to a

beam dump must be considered. Such a system has to

extract the protons without adversely affecting the pion

and muon transport in the line.
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Even following the removal of primary protons, sig-

nificant radiation will impinge on the chicane aperture.
In this region only modest fields are required but nonethe-
less an appropriate shielding and collimation scheme

must be designed.

The Low EMittance Muon Accelerator (LEMMA)
is an alternative scheme to produce a muon beam with

a very small emittance [124, 125]. An injector complex
produces a high-current positron beam [126]. The positrons

impact a target with an energy of 45 GeV, sufficient to

produce muon pairs by annihilating with the electrons

of the target. This scheme can produce small emittance

muon beams. However, it is difficult to achieve a high

muon beam current and hence competitive luminosity.

Novel ideas are required to overcome this limitation.

3.4 Muon front end

Following the target, the muon front end system cap-

tures the beam into a train of bunches suitable for ioni-

sation cooling. This is achieved in three stages. First the

beam is allowed to drift longitudinally. Faster particles

reach the subsequent RF system first. Once a suitable
time-energy correlation has developed, RF cavities are
placed sequentially with adiabatically increasing volt-
age as the beam passes along the line. Because the beam

is not captured longitudinally, the RF frequency of sub-

sequent cavities is lower so that the evolving buckets

are correctly phased. This adiabatic capture results in

microbunches forming in the bunch train. Once suit-
able microbunches have been formed, the cavities are
dephased so that higher energy, early bunches, are at a

decelerating phase. Lower energy, later bunches are at

an accelerating phase. At the end of the capture system

the resulting microbunches have the same energy, with

spacings appropriate for 325 MHz RF cavities.

Following the capture system a charge selection sys-

tem is required to split the beam into a positive and

negative muon line. A second solenoid chicane system

is envisaged. Unlike in the beam cleaning system, the

bunch structure in the beam would be maintained by

this system, requiring appropriate RF cavity placement.

3.4.1 Alternative schemes

Direct capture into 44 MHz RF buckets has been con-
sidered. These lower frequency RF systems may have a
larger muon energy and time acceptance than those at

few 100 MHz, despite the lower voltages which may be

achieved before breakdown occurs. Use of a single RF

frequency would be simpler to construct and operate

than the system described above, requiring only a sin-

gle RF frequency. However, such a system would yield

bunches having a larger longitudinal emittance, which

would need to be cooled. The efficacy of the cooling sys-
tem is directly related to the voltage available, which
would be lower for 44 MHz than 200-300 MHz proposed

in the design described above.

3.4.2 Technical issues and required R&D

The front end system design itself is mature, although
re-optimisation is likely to be required as the other fa-
cility parameters are developed. The charge selection

system has received only preliminary conceptual work
and a full design is required. Use of many RF frequen-
cies would require a dedicated power source for each

frequency, which may be costly to implement.

3.5 Muon cooling

The beam arising from the muon front end occupies a
large volume in position-momentum phase space. Ac-

cording to Liouville’s theorem, in a non-dissipative sys-

tem, phase space volume is conserved. In order to achieve

a satisfactory luminosity it is necessary to reduce the

phase space volume of the muon beam, a process known

as beam cooling. Typical cooling techniques require time
scales that are not competitive with the muon life time.
Ionisation cooling, a relatively novel technique, is pro-

posed to reduce the phase space volume of the muon

beam.

3.5.1 Transverse cooling

In muon ionisation cooling, muons are passed through

an energy-absorbing material. The transverse and lon-

gitudinal momentum of the muon beam is reduced, re-

ducing the phase space volume occupied by the beam in

the direction transverse to the beam motion. The muon

beam is subsequently re-accelerated in RF cavities. The

cooling effect is reduced by multiple Coulomb scatter-

ing of the muons off nuclei in the absorber, which tends

to increase the transverse momentum of the beam. By

using a material having low atomic number and focus-

ing the beam tightly, the effect of scattering can be

minimised.

The Muon Ionisation Cooling Experiment (MICE)
demonstrated the principle of transverse ionisation cool-

ing [127]. In MICE, the particles were passed through

a solenoid focusing system. The particles were incident

on various configurations of absorbers and focusing ar-

rangements. Configurations with a lithium hydride cylin-

der and a liquid hydrogen-filled thin-walled vessel were

compared with configurations having an empty vessel
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and no absorber at all. The particle position and mo-

menta were measured upstream and downstream of the

focus and the distance from the beam cores were cal-

culated in normalised phase space coordinates. By ex-

amining the behaviour of the ensemble of particles, an

increase in phase space density in the beam core could

be identified when an absorber was installed, indicating

ionisation cooling had taken place. No such increase was
measured when no absorber was installed, as expected.
The results were consistent with simulation.

Phase space volume is conveniently quantified by

the beam RMS emittance, given by

ε = n
√

|V|/mµ , (19)

where V is the matrix of covariances of the phase space
vector, having elements vij = Cov(ui, uj). ~u is the n-

dimensional phase space vector under consideration.

Typically either the four-dimensional transverse vector,

(x, px, y, py) or the two-dimensional longitudinal vector,

(c(t− t0), δ), is considered, where x and y are the hori-

zontal and vertical positions relative to the beam axis,

px and py are the corresponding momenta, t− t0 is the
time relative to some reference trajectory’s time t0 and

δ = E−E0 is the energy relative to the reference trajec-

tory’s energy E0. This quantity is proportional to the
content of an elliptical contour in phase space that is

one standard deviation from the reference trajectory.

In the limit that the beam is paraxial, it is a conserved

quantity in the absence of dissipative forces.
Skrinsky et al [5] first introduced the concept of ion-

isation cooling. Neuffer [6] derived equations that char-
acterise the emittance change on passing through an

absorber in terms of the beam energy, the normalised

beam size and the properties of the energy absorbing

material. The change in transverse emittance on passing
through an axially symmetric absorber with radiation
length LR is

dεn
dz

≈ 1

β2E

〈
dE

dz

〉

(1− gL
2
)εn +

(13.6MeV)2

2mµLR

β⊥
β3E

.

(20)

Longitudinal cooling, discussed below, may be achieved

by arranging for a correlation between energy and en-

ergy loss and is parameterised by gL, the longitudinal

partition function. In the absence of longitudinal cool-

ing gL may be assumed to be 0. Assuming that beam
energy is continuously replaced by RF cavities the emit-

tance change is 0 at the equilibrium emittance

εn,eqm ≈ 1

2mµ

(13.6MeV)2

LR

β⊥

β
〈
dE
dz

〉
(1− gL

2
)
, (21)

where emittance growth due to scattering and emit-

tance reduction due to ionisation are equal.

Two principal cooling stages are proposed for the

MuC. In the first stage, known as rectilinear cooling,

muons are cooled both transversely and longitudinally.

In the second stage, known as final cooling, muons are

cooled transversely and heated longitudinally.

Both cooling systems use solenoids with approxi-

mately cylindrically symmetric beams in order to pro-

vide the tight focus required for satisfactory cooling

performance. The focusing is characterised by the beam

transverse β⊥ function. This is the variance of the beam
size, normalised to the beam emittance

β⊥ =
pzVar(x)

mµc εn
=
pzVar(y)

mµc εn
. (22)

In a solenoid, β⊥ evolves according to

2β⊥β
′′
⊥ − β′2

⊥ + 4β2
⊥κ

2 − 4(1 + L2) = 0 . (23)

Here L is the normalised canonical angular momentum.

κ2 is the solenoid focusing strength, where

κ =
qcBz(r = 0, z)

2pz
. (24)

Particles in the solenoid may be considered as oscilla-

tors with angular phase advance of the oscillator over

a distance z0

φ =

∫ z0

0

1

β⊥
dz . (25)

Oscillations are known as betatron oscillations.

Wang and Kim [128] showed that for periodic sys-

tems, solutions to eq. (23) can be related to the Fourier

coefficients ϑn of κ

β⊥(z = 0) ≈ z0
π

sin(
√
ϑ0π)√

ϑ0 sinµ

[

1 +
∞∑

n=1

Re[ϑn]

n2 − ϑ0

]

. (26)

Explicitly ϑn are defined by

(
L

π

)2

κ2(z) =
∞∑

−∞

ϑne
i2nπs/L . (27)

There are values of κ where the solenoid focusing is

unstable known as stop-bands. In these regions, particle
motion follows hyperbolae in phase space and the phase
advance is complex. These regions can be expressed in

terms of the Fourier coefficients
∣
∣
∣
∣
∣

√

ϑ0 − n+
5

16

∣
∣
∣
∣

ϑn
ϑ0

∣
∣
∣
∣

2
∣
∣
∣
∣
∣
<

1

2

∣
∣
∣
∣

ϑn
ϑ0

∣
∣
∣
∣
. (28)

Ionisation cooling systems are often characterised in

terms of the phase advance and the nearby stop bands.

The pass band in which the cooling cell operates can

be selected for properties of acceptance and achievable
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β⊥. The pass band is determined in practice by scaling

the average B2
z and cell length in relation to the beam

central pz. The properties can be tuned by adjusting

the harmonic content of B2
z (z). The rectilinear cooling

system has been developed with particular attention to

the resonance structure in order to minimise β⊥.

3.5.2 Longitudinal cooling

The process described above only reduces transverse

emittance. In order to reach suitable luminosity, both

transverse and longitudinal beam emittance must be

reduced. This may be achieved by exchanging emittance

from longitudinal to transverse phase space.

Emittance exchange is achieved in two steps. First a

position-energy correlation is introduced into the muon
beam using a dipole. Higher energy particles have a

larger bending radius, so that a correlation is intro-
duced between transverse position and energy. An ap-
propriately arranged wedge-shaped absorber is used so

that the higher energy particles pass through a thicker

part of the wedge, losing more energy. In this way the

energy spread is reduced and the position spread is in-

creased; the emittance is moved from longitudinal space

to transverse space.

The horizontal dispersion can be related to the beam

by defining

Dx =
1

p
Var(x,E) , (29)

with a similar relationship for vertical dispersion. The

change in longitudinal emittance is

dεL
dz

= − gL
β2E

dE

dz
εL +

βφ
2

dV ar(E)

dz
, (30)

with βφ the longitudinal Twiss parameter,

gL =
Dx

ρ(x = 0)

dρ

dx
, (31)

and ρ the effective line density of the absorber at dif-
ferent transverse positions. ρ may be adjusted by using

variable density materials but more commonly wedge-

shaped absorbers are assumed.

3.5.3 Rectilinear cooling

The rectilinear cooling channel employs solenoids with

weak dipoles that yield the tight focusing and disper-

sion required to provide a satisfactory cooling perfor-

mance. In this lattice the focusing effect of the solenoids

is dominant compared to weak dipole focusing and the

transverse optics approach discussed above is appropri-

ate.

In order to create a cooling channel having a suit-

able performance, it is necessary to maintain a sufficient

dynamic aperture (DA), so that the beam is not lost,

while decreasing the emittance as quickly as possible us-

ing low β⊥ in order to prevent significant losses through

muon decay. Typically, the requirement for large DA
and small β⊥ are in tension. The process of tapering the

cooling channel is employed where the DA and absorber
β⊥ is successively reduced as the emittance decreases in

order to provide a satisfactory cooling performance.

Two working points have been chosen, known as A–

type and B–type lattices. A–type lattices operate in the

first stability region, with phase advance below the π

stop-band. These regions typically are characterised by
larger dynamic aperture and larger β⊥ at the absorber,

which is suitable for the initial part of the cooling chan-

nel.

B–type lattices operate in the second stability re-
gion. In order to increase the phase advance, stronger

solenoids are required. The harmonic content of the

lattice is chosen to optimise the positioning of π and

2π stop bands; initially the stop bands are placed far

apart, in order to maximise the momentum acceptance

and transverse DA. As the transverse and longitudi-

nal beam emittance is reduced the harmonic content of

the lattice is adjusted to move the stop bands closer to-

gether in order to optimise the focusing strength. It will

be further noted that β⊥ scales with BL. By reducing

the cell length and employing stronger magnets a lower

equilibrium emittance may be achieved.

In [129] a dipole field is introduced by small tilts to
the focusing solenoids. [130] proposed using solenoids

with additional dipole coils to achieve the same effect.
The dipole field introduces a weak dispersion which,
when combined with wedge-shaped absorbers, leads to
longitudinal emittance reduction.

3.5.4 Bunch merge

Between the A–type and B–type lattices, a bunch merge

system is employed. The beam emittance is sufficiently

small that the train of 21 bunches created in the front

end can be compressed into one single bunch which can
then be further cooled. This improves the luminosity,
which as shown in Section 3.1.1 is inversely proportional

to the number of bunches.

Bunch merge is achieved by first rotating the bunch

in time-energy space using a sequence of RF cavities

having different voltage and frequency. As in the phase

rotation scheme described above, the early bunch is

slowed while the late bunch is accelerated. The bunches

then naturally merge, yielding seven bunches.
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Each of the bunches is kicked into one of seven

separate beamlines using a kicker that has a rotating
transverse field. Each beamline has a different length
so that the bunches, when they reach the end, are co-

incident. The beamlines are terminated by a funnel so

that each individual bunch is arranged adjacent to the

other six bunches in phase space, yielding a single com-

bined bunch having large longitudinal and transverse
emittance.

3.5.5 Final cooling

Final cooling is achieved by means of a series of high
field solenoids, in which very tight focusing may be
achieved. Liquid hydrogen absorbers in the solenoids

provide cooling. Particles experience many betatron os-

cillations in each solenoid. Deviations in momentum

and transverse parameters can change the number of

betatron oscillations, which causes emittance growth.

To minimise this emittance growth the beam within

the uniform solenoid field is matched so that β′
⊥, and

hence β′′
⊥, is close to 0. By reference to eq. (23)

β⊥ =

√
1 + L2

κ
, (32)

so the equilibrium transverse emittance that may be
reached is inversely proportional toBz and proportional

to pz.

The transverse emittance that is reached in the fi-

nal cooling system determines the overall luminosity of

the complex. The smallest β⊥, and hence highest fields,

must be used. In order to provide the tightest focus
possible the beam momentum is decreased to approxi-

mately 70 MeV/c. As the beam momentum decreases,
longitudinal emittance growth due to the natural curva-
ture of the Bethe-Bloch relationship becomes stronger.
This effect would be further enhanced by a large energy

spread in the incident beam. Maintaining a large mo-

mentum acceptance is very challenging in lattices with

such a large phase advance per cell. For these reasons

the energy spread must be minimised.

In order to minimise the longitudinal emittance growth

and maintain satisfactory transmission, the beam is

lengthened and energy spread is reduced using a phase

rotation system between each solenoid. A relatively weaker,

higher aperture solenoid field maintains transverse con-

tainment. The beam is allowed to drift longitudinally

so that faster particles move ahead of the beam and

slower particles lag behind. The beam passes through

accelerating electric fields where slower, later particles

undergo an accelerating field and faster, earlier parti-

cles undergo a decelerating field. The phase rotation

enables the energy spread to stay roughly constant and

a time spread increase.

Some longitudinal emittance growth inevitably oc-

curs in the final cooling system. Later cooling cells re-

quire low frequency RF or induction-based acceleration

in order to contain the full beam.

3.5.6 Alternative concepts

Several alternatives to the scheme outlined above have
been proposed. The rectilinear cooling scheme is itself

an enhanced version of earlier ring cooler concepts. Ring

coolers were rejected owing to issues surrounding injec-

tion and extraction of large emittance beams. Rings

cannot take advantage of the β⊥ tapering. Small cir-

cumference rings require tight bending fields that sig-

nificantly perturb the transverse optics and are chal-

lenging to extract and inject from. Higher circumfer-

ences are possible, but only a small number of turns

may be achieved before the beam approaches equilib-

rium emittance, making the additional challenge of a

ring geometry less appealing. Higher bending radius

‘Guggenheim’ [131] and ‘helical’ cooling schemes [132]
have been considered, with concomitantly higher dis-

persion. The scheme presented here achieved the best

performance.

A dual-sign precooler, known as an ‘HFoFo’ lattice,
has also been considered. In the HFoFo lattice, positive

and negative muons have dispersion that is partially

aligned even in the same magnetic lattice. A wedge

shaped absorber may be placed in such a lattice that

cools both positively- and negatively- charged muons
at the same time. Such a scheme is attractive to con-
sider as it can cool the beam before charge separation.
Charge separation is likely to be easier for lower beam

emittances. Collective effects such as beam loading will

be more severe in such a lattice due to the higher num-

ber of particles passing through the system and must

be carefully considered.

In Parametric Resonance Ionisation Cooling (PIC),

very low β⊥ is achieved by driving the beam near to

resonances rather than using high-field solenoids. The

DA would normally be poor in such a lattice, but higher

order corrections may enable an enhanced DA.

Frictional cooling is of interest both for a muon col-

lider and also for existing muon facilities. At low ener-

gies, below βγ ≈ 0.1, the energy loss becomes greater

for higher energy particles. This leads directly to longi-

tudinal cooling in addition to transverse cooling. Addi-
tional consideration must be made to account for losses
that may occur due to µ+ and µ− capture on electrons
and nuclei respectively. A muon cooling scheme oper-

ating at these energies has been demonstrated [133].
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3.5.7 Technical issues and R&D

Rectilinear cooling In order to maintain the tight fo-
cusing required to yield good cooling performance in

the rectilinear cooling system, a compact lattice is re-

quired with large real-estate RF gradient. This results

in a short lattice with large forces between adjacent

solenoids and RF operating near to the break down

limit while immersed in a strong solenoid field. Integra-
tion of the various components of a cooling cell, consid-
ering the necessary mechanical support and the many

vacuum and cryogenic interfaces, will pose significant

engineering challenges.

The operation of RF cavities in a solenoid field poses

specific challenges. The solenoid field guides electrons

that are emitted at one location of the cavity surface

to another location on the opposing wall and leads to

localised heating that can result in breakdown and cav-

ity damage. Operation of copper cavities in 3 T field

showed a maximum useable gradient of only 10 MV/m.
Three approaches to overcome this obstacle are known:

– Use of lower-Z materials such as beryllium to limit

the energy loss density.

– The use of high-pressure hydrogen gas inside the

cavity. In this case the mean free path of the elec-

trons is limited and does not allow them to gain

enough energy to ionise the gas or to produce a

breakdown.

– The use of very short RF pulses to limit the duration

of the heat load in the cavity.

The first two techniques have been experimentally ver-
ified in MUCOOL with a field of about 3 T (limited

by the solenoid). They yielded a gradient of 50 MV/m
in a beryllium cavity under vacuum and 65 MV/m in
a molybdenum cavity with hydrogen [134,135], demon-

strating no degradation in achievable field in the pres-

ence of an applied magnetic field.

Systematic studies in a new test stand are required
to further develop the technologies. It will also be im-

portant to test the cavities in the actual field configu-

ration of the cooling cell, which differs from a homo-

geneous longitudinal field. Finally, given the number

of components required, the system optimisation will

require designs that require minimal amount of mate-
rial and suitable for medium scale production. Compact
solenoid coil windings are hence of specific interest for

this part of the complex.

Final cooling In the final muon cooling system, solenoids

with the highest practical field are needed. A design

based on 30 T solenoids — a value that has already been

exceeded in a user facility using high-temperature su-

perconductor — demonstrated that an emittance about

a factor two above the target can be achieved [136]; it

should be noted that the study aimed at this larger
target. Several options to improve the emittance will
be studied. Solenoids with field of 30 T are close to

become commercially available, and fields above 40T

are planned at several high magnetic field user facili-

ties. This development would benefit the muon collider,

and activities are directed towards conceptual design of

cooling solenoids in this range of field and higher, ex-

ploring the performance limits in the operating condi-

tions of an accelerator. Operating the cooling at lower

beam energy may also make cooling to lower emittance

possible; preliminary studies indicate that 30 T may be

sufficient to reach the emittance target.

The use of liquid hydrogen absorbers is technically
challenging in the presence of high beam currents. The

instantaneous beam power is large enough to cause sig-

nificant heating. The associated pressure increase may

damage the absorber windows. The use of solid ab-

sorbers or hybrid absorbers may mitigate this issue.

3.6 Acceleration

The baseline design for acceleration is to use a series of

linacs and recirculating linacs at sub-100 GeV energies

followed by a series of pulsed synchrotrons.

3.6.1 Linacs and recirculating linacs

Initial acceleration is performed using a sequence of lin-

ear accelerators. The beam at the end of the final cool-

ing system has low energy and large time spread owing

to the phase rotation system discussed previously. This
makes rapid acceleration challenging. A design for this
acceleration region does not exist and is being pursued.

As the beam becomes relativistic a conventional linac

may be used. A linac can give very high real-estate gra-
dients enabling rapid acceleration, which is crucial in
the initial stages where the muon beam is not suffi-

ciently time–dilated.

Above a few GeV, such a linac would become very

costly. Efficient use of the RF system may be made

by recirculating the beam through the linac using re-

circulating arcs, yielding a “dogbone” shaped acceler-

ator (Figure 9). The arcs have fixed magnetic fields.

A conventional focusing solution requires a different
arc for each beam momentum. FFA-type focusing may
be employed so that beams having different focusing
strengths are directed along the same arc. Muons of

different momenta pass through quadrupole magnets,

offset from the quadrupole centre so that the magnets

deliver a bending field that is stronger for higher mo-

menta particles.
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Care must be taken to ensure that the muon beam

remains synchronised with RF cavities, which places
constraints on the length of the arcs. Negatively and
positively charged beams must be injected with a half-

wave phase delay relative to each other so that they

are correctly phased for acceleration, and the arcs must

return the bunch with a half-wave phase delay so that,

when travelling in the opposite direction the beam is
still accelerated. The transverse focusing must also have
appropriate symmetries so that both positively and neg-

atively charge muons are contained.

A similar system has been demonstrated in practice

at CBETA [137] using an electron beam. CBETA used

a racetrack-style layout, and only electrons were accel-

erated. In CBETA the beam was brought into a linear

accelerator. A spreader magnet diverted beams of dif-

ferent momenta into short delay lines on each turn. The

beams were subsequently recombined and recirculated

through an FFA magnet system. A further spreader, de-

lay line and recombiner was placed prior to entry back

into the RF linac. The beam recirculated in this way

for four turns during which the beam was accelerated

and four further turns during which the beam was de-

celerated.

3.6.2 Rapid cycling synchrotrons

At higher energy a RCS becomes possible and, owing to

the larger number of recirculations through each cavity,

is cost effective compared to recirculating linacs. Four
RCS are envisaged, accelerating to around 300, 750,
1500 and 5000 GeV respectively. Even at these energies,
the muon lifetime constrains the ramp times to be a few

ms or less.

In order to maintain a large average dipole field, the

higher energy rings are designed with a combination of

pulsed dipoles and superconducting fixed field dipoles.

In this arrangement, care must be taken to ensure that

the beam excursion in the fixed dipoles maintains the

beam within the aperture and the path length deviation

is not large enough to cause the beam to lose phase with

the RF cavities.

3.6.3 Alternative concepts

Acceleration using Fixed Field Alternating Gradient ac-
celerators (FFAs) is an interesting alternative to RCS.
FFAs have a dipole field that increases with position, ei-

ther vertically or radially, rather than with time and so

do not require fast ramping, reducing the overall power

consumption. As the field increases spatially, FFA mag-

nets are naturally focusing (bending) or defocusing (re-

verse bending) in the horizontal plane with the opposite

focusing properties in the vertical plane. In order to pro-

vide alternating gradient, a mix of bending and reverse
bending magnets are required. FFAs can be designed
that move the beam horizontally or vertically; a vertical

orbit excursion FFA would have a path length that does

not vary with energy and so is isochronous in the rela-

tivistic limit. In addition, non-linear FFA lattices that

employ gradient, edge and weak focusing to achieve si-

multaneous control of betatron tunes and time of flight

have also been studied recently. So far, however, these

have not been applied to muon acceleration for a muon

collider. Acceleration of electrons was demonstrated in

the EMMA FFA as a scaled representation of muon

acceleration [138].

FFAs often use reverse bending to enable vertical

focusing, which can decrease the efficiency in their use

of dipoles. Horizontal orbit excursion FFAs must have

a limited orbit excursion so that the time-of-flight does

not vary significantly during the acceleration cycle in

order that the beam remains phased with the RF.

The beam moves across the RF cavity during accel-
eration, which limits the size, frequency and efficiency
of the cavities. Fixed field or pulsed dispersion suppres-

sors have been proposed to reduce the impact, but no
design yet exists.

3.6.4 Technical issues and required R&D

The RCS must be able to ramp extremely quickly while

maintaining synchronisation with the RF system. Ac-

celeration cycles as short as a few 100 µs and ramp rates

O(kT/s) are envisaged, around 100 times faster than

existing RCS. The design of the resistive pulsed mag-

nets is optimized to obtain a minimum stored energy,

thus reducing the power required for ramping. This still

reaches values of the order of several tens of GW. Fast

pulsed power supplies may be considered that can ramp

on this time scale, but in order to maintain power and

cost efficiency resonant circuits are required. The total

large power of a single accelerator stage is expected to

be divided into several independent sectors. Since res-

onant circuits discharges can have large uncertainties,

additional active power converters may be required to

guarantee the controllability of the field ramps among

sectors and follow the approximately constant energy
change produced by the acceleration system. Efficient
energy recovery is a must, implying that magnet losses
should be kept to small fraction of the stored energy.

This can be achieved using thin laminations of low-

hysteresis and high-resistivity magnetic alloys, whereby

material characterization in the representative range of

frequencies and field swings will still be needed.
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Heating of the magnets arising from muon decay

products must be successfully managed. This may re-
quire a modest amount of shielding in the bore of the
superconducting dipoles, in turn increasing the magnet

bore requirement.

3.7 Collider

The collider ring itself must be as low circumference

as possible in order to maintain the highest possible

luminosity. High field bending magnets are desirable.

In order to deliver a collider in a timely manner, 10 T

dipoles are assumed for a 3 TeV collider. 11 T dipoles

are planned for the HL LHC upgrade. 16 T dipoles,

under study for FCC-hh, are assumed for a 10 TeV col-

lider. At present the strongest accelerator-style dipoles

have a field of 14.5 T.

The collider ring requires a small beta-function at
the collision point, resulting in significant chromatic-

ity that needs to be compensated. A short bunch is

required to reduce the “hour-glass-’ effect, discussed in

Section 3.1.1, whereby the β∗ of the bunch is degraded

to be the average β∗ along the bunch at collision.

The bunch length may be exchanged with energy

spread using RF cavities, respecting longitudinal emit-

tance conservation. Additional energy spread makes fo-

cusing at the interaction point more challenging; in gen-

eral higher energy particles have a longer focal length
than lower energy particles in a quadrupole focusing
system, a feature known as chromatic aberration. This

limitation may be mitigated by using sextupole mag-

nets that have stronger focusing on one side of the mag-

net than the other. By arranging dipoles near the sex-

tupoles, such that higher energy particles are aligned

with the stronger focusing region, correction of these
chromatic aberrations is possible.

The minimum bunch length is limited by momen-

tum compaction. Particles having a larger momentum
may have a different path length l than particles hav-

ing a lower momentum. Hence the higher energy par-

ticles have a longer time-of-flight around the ring, and

this practically limits the minimum bunch length. In

order to deliver sufficiently short bunches, the momen-

tum compaction factor, dl/dp, must be almost 0. This

can be achieved by careful consideration of dispersion

and focusing around the collider.

Overall, a solution for 3 TeV has been developed and

successfully addressed these challenges. A design of 10

TeV is one of the key ongoing efforts.

3.7.1 Alternative concepts

Use of combined function skew quadrupole magnets for

bending has been proposed to reduce the momentum

compaction factor in the ring. Such an arrangement

would introduce dispersion in the vertical plane by ap-
propriate matching of the dipole and skew-quadrupole
fields, enabling significant reduction in the momentum

compaction factor. Further reduction may be achieved

by including higher order multipoles.

3.7.2 Technical issues and required R&D

Neutrino flux The decay of muons in the collider ring
produces neutrinos that will exit from the ground hun-

dreds of kilometers away from the collider. Since they
are very energetic, these neutrinos have a non-negligible
probability to interact in material near to the Earth’s
surface producing secondary particle showers. A study

is underway to ensure that this effect does not entail any

noticeable addition to natural radioactivity and that

the environmental impact of the muon collider is negli-

gible, similar, for instance, to the impact from the LHC.

The flux density arising from the collider ring arcs
will be reduced to a negligible level by deforming the

muons trajectory, achieving a wide enough angular spread
of the neutrinos. Wobbling of the muon beam within
the beam pipe would be enough for 1.5 TeVmuon beam
energy. At 5 TeVmuon beam energy, the beam line com-

ponents in the arcs may have to be placed on movers to

deform the ring periodically in small steps such that the

muon beam direction would change over time. Studies

must be performed to address the mechanical aspects of

the solution and its impact on the beam operation. Sim-

ilarly the flux densities arising from the straight sections

at the interaction points are addressed in the study by

optimising the location and orientation of the collider.

In order to predict the environmental impact and to
design suitable methods for demonstrating compliance,

detailed studies of the expected neutrino and secondary-

particle fluxes are being performed with the FLUKA

Monte Carlo particle transport code [139,140]. The pre-

liminary results confirm that the effective doses gener-

ated by the neutrinos are dominated by neutrons and

electromagnetic showers produced in the material lo-

cated close to the ground level. By contrast, the radio-

logical impact due to activation of materials in the area

of concern, such as soil, water, or air, has been found

to be negligible.

Accidental beam loss will have a significant impact

on the surrounding equipment but also may create a

particle shower. The impact of accidental beam loss can

be mitigated by placing the tunnel sufficiently deep. In
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this case a lost muon beam would not be able to pene-

trate the Earth sufficiently to escape from the surface.

Beam induced background Muon beam decay produces

a significant flux of secondary and tertiary particles in

the detector. The current solution to mitigate such a

background flux, initially proposed by MAP, consists

of two tungsten cone-shaped shields (nozzles) around

the beampipe, with the origin in proximity of the inter-

action point. A study of the impact of the background

on the detector performance has been performed and is

discussed in more detail in Section 4.1.2.

Further optimisation is foreseen of the Interaction

Region (IR) together with the shielding elements to re-

duce their dimensions, therefore increasing the detector

acceptance in the forward region. A proper combined

optimisation of the system of detector, shielding and

IR will enable reduction of peak background increasing
the detector performance in the forward region. The
lessons learned in design of the 3 TeVsystem will serve

as a starting point for the 10 TeVcase.

Magnets and shielding The high-energy electrons and

positrons arising from muon decay and striking the col-

lider ring magnets can cause radiation damage and un-

wanted heat load. The decay electrons and positrons

mostly strike the inner wall of the chamber due to their

lower magnetic rigidity. Synchrotron radiation is emit-

ted by the electrons and positrons and the resultant

photons strike both sides of the aperture. The heating

can be mitigated with sufficient tungsten shielding; a

successful design has been developed at 3 TeV. First

studies at 10 TeVindicate that the effect is comparable

to 3 TeV, since the power per unit length of the particle

loss remains similar.

The shielding requires a substantial aperture in the
superconducting magnets. The limit for the dipole field

is thus given by the maximum stress that the con-
ductor can withstand (mechanics), and by the stored
magnetic energy (quench protection), rather than by

the maximum field that it can support. Novel concepts

such as stress-managed coils will allow mechanical chal-

lenges to be addressed. Demonstration of such con-

cepts is hence crucial to the feasibility of the collider

magnets. Alternative schemes are considered, based on
high-temperature superconductors, exploiting the same
compact winding features planned to be developed for

the high- and ultra-high-field cooling solenoids. Such

development would benefit from similar activities in the

field of superconducting motors and generators, whose

pole windings have similar geometry, albeit at reduced

dimension.

3.8 Technical demonstrators

Demonstrations are required both for the muon source
and the high energy complex.

– The compact nature of the muon cooling system,
high gradients and solenoids of relatively high field
poses some unique challenges that require demon-
stration.

– The high-power target presents a number of chal-
lenges that should be evaluated using irradiation
facilities or single impact beam tests.

– The issues in the high energy complex arise from the
muon lifetime. Fast acceleration systems and appro-
priate handling of decay products result in unique
challenges for the equipment.

The following new facilities are foreseen.

Ionisation cooling demonstrator MICE has delivered
the seminal demonstration of transverse ionisation cool-

ing. In order to prove the concept for a muon collider
further tests must be performed to demonstrate the
6D cooling principle at low emittance and including re-
acceleration through several cooling cells.

A schematic of a Muon Cooling Demonstrator is

shown in Figure 13. A proton beam strikes a target cre-

ating pions. Pions with momenta 100-300 MeV/c are

brought into a beam preparation line where RF cav-

ities are used to develop a pulsed beam and muons

having large transverse emittance are scraped from the

beam using collimators. The resultant high emittance

beam is brought back onto the beamline and trans-

ported through a high-fidelity instrumentation system

before passing through a number of cooling cells. Fi-

nally the beam is delivered onto a downstream instru-

mentation system.

Many of the challenges in delivering such a facil-
ity are associated with integration issues of the mag-

nets, absorbers and RF cavities. For example, operation

of normal conducting cavities near to superconducting

magnets may compromise the cryogenic performance of

the magnet. Installation of absorbers, particularly using

liquid hydrogen, may be challenging in such compact

assemblies. In order to understand and mitigate the as-
sociated risks, an offline prototype cooling system will
be required. Such a system will require an assembly and

testing area, with access to RF power and support ser-

vices. This could be integrated with the demonstrator

facility, which will need an area for staging and offline

testing of equipment prior to installation on the beam-

line.

The possibility to perform intensity studies with a

muon beam are limited. In the first instance such effects
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Fig. 15 Schematic showing nuSTORM including the muon cooling demonstrator for the muon collider.

nologies required for the muon collider proton beam

and for rapid acceleration are in use or under develop-

ment at these facilities. For example FFAs have been

proposed as a route to attain high proton beam power

for secondary particle sources such as neutron spalla-

tion sources, owing to the potential for high repetition

rate and lower wall plug power compared to other ac-

celerator schemes.

The underlying technologies required for the muon

collider are also of interest in many scientific fields. The
delivery of high field solenoid magnets is of great inter-
est to fields as wide ranging as particle physics, acceler-

ator science and imaging technology. Operation of RF

cavities with high gradient is of interest to the acceler-

ator community.

3.10 Outlook

The muon collider presents enormous potential for fun-
damental physics at the energy frontier. Previous stud-

ies have demonstrated feasibility of many critical com-
ponents of the facility. Several proof-of-principle ex-
periments and component tests like MICE, CBETA,
EMMA and the MUCOOL programme, have been car-

ried out to practically demonstrate the underlying tech-

nologies. Bright muon beams are also the basis of the

nuSTORM facility. This experiment could share a large

part of the complex with a cooling demonstrator.

The muon collider is a novel concept and is not as

mature as the other high-energy lepton collider options.

However, it promises a unique opportunity to deliver

physics reach at the energy frontier on a cost, power

consumption and time scale that might improve signif-

icantly on other energy-frontier colliders. At this stage,

building upon significant prior work, no insurmountable

technological issues were identified. Therefore a devel-

opment path can address the major challenges and de-
liver a 3 TeVmuon collider by 2045.

A global assessment has identified the R&D effort

that is essential to address these challenges before the
next regional strategy processes to a level that allows es-
timation of the performance, cost and power consump-

tion with adequate certainty. Execution of this R&D is
required in order to maintain the timescale described
in this document. Ongoing developments in underly-

ing technologies will be exploited as they arise in order

to ensure the best possible performance. This R&D ef-

fort will allow future strategy processes to make fully

informed recommendations. Based on the subsequent

decisions, a significant ramp-up of resources could be

made to accomplish construction by 2045 and exploit

the enormous potential of the muon collider.



38

4 Particle detectors and event reconstruction

The unstable nature of muons makes the beam-induced
background (BIB) a much more challenging issue at a

muon collider than it is at facilities that use stable-

particle beams. For instance, with 2.2 · 1012 muons per

bunch a 1.5TeV muon beam leads to about 2·105 muon

decays per meter in a 3 TeV MuC with parameters as

in Table 1. The interactions of the decay products with
the accelerator lattice produce even larger amounts of

particles that eventually reach the detector, making the

reconstruction of clean µ+µ− collision events nearly im-

possible without a dedicated BIB mitigation.

Muon collider detectors and event reconstruction

techniques therefore need to be designed specifically to

cope with the presence of the continuous flux of sec-

ondary and tertiary particles from the BIB. This section

reviews the state-of-the-art design studies, and it is or-

ganised as follows. In Section 4.1 we describe the muon

collision environment based on simulations of the BIB

fluxes and composition reaching the detector. A ten-

tative detector model is employed. The software setup
used for the detector response simulation is described
in Section 4.2. Section 4.3 presents promising technolo-

gies that could be employed in the tracking detector,

the calorimeter systems, and dedicated muon spectrom-

eters. General considerations regarding trigger systems

and data acquisition are also discussed. Section 4.4 de-

scribes the status of development of the reconstruction
algorithms and their expected performance for the ba-
sic objects needed to carry out a comprehensive physics

programme. The reconstruction of other objects, as τ

leptons or missing momentum, is still in progress, but

it is expected to pose challenges similar to the ones

that have been already solved. A discussion of the spe-

cial challenges and opportunities for progress that are
posed by the forward region of the detector is reported
in Section 4.5. The summary and conclusions are pre-

sented in Section 4.6.

4.1 Collision environment

The BIB creates a large particle flux that interacts with

the detector elements. On top of a detector model, its

detailed simulation would require the design of the ma-

chine interaction region and of the Machine–Detector
Interface (MDI). In fact, the BIB emerges from a chain
of interactions with the material that composes these

elements, entailing a strong dependence on their config-

uration of the BIB composition, flux, and energy spec-

tra [56, 145–147]. The interaction region and MDI de-
sign also offers opportunities for the mitigation of the

level of BIB that reaches the detector.

Fig. 16 Illustration of the full detector, from the Geant4

model. Different colours represent different sub-detector sys-
tems: the innermost region, highlighted in the yellow shade,
represents the tracking detectors. The green and red elements
represent the calorimeter system, while the blue outermost
shell represents the magnet return yoke instrumented with
muon chambers. The space between the calorimeters and the
return yoke is occupied by a 3.57 T solenoid magnet.

Since no final design of these elements nor of the
detector is available, and even the conceptual design of

the collider facility is ongoing, current studies are based

on tentative configurations, described below.

4.1.1 Detector model

The design of a dedicated experiment is still in its pre-

liminary phase, but some general conclusions can be al-

ready drawn. Given the breadth of the expected physics

programme, a hermetic detector with angular coverage

as close as possible to 4π is required. The detector will

feature a cylindrical layout and will include: an inner

tracking detector immersed in a magnetic field; a set of

calorimeter systems designed to fully contain the prod-

ucts of the muon collisions; and an external muon spec-

trometer.

The tentative detector model we consider, referred

to as Muon Collider Detector (MCD), is based on the

CLICdet concept [148–151]. The innermost system con-

sists of a full-silicon tracking detector divided in three

sub-detectors: the Vertex Detector, the Inner and the

Outer Tracker. The tracking detector is surrounded by

a calorimeter system that consists of an electromag-

netic calorimeter (ECAL) and a hadronic calorimeter

(HCAL), and is immersed in a magnetic field of 3.57 T
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Table 3: Multiplicities of different types of particles after the shielding structure, therefore arriving on the detector

surface. A single bunch crossing with 2 · 1012 muons is considered. In all cases, the MAP 1.5 TeV collider design

and optimised MDI is assumed.

Monte Carlo simulator MARS15 MARS15 FLUKA FLUKA FLUKA

Beam energy [GeV] 62.5 750 750 1500 5000
µ decay length [m] 3.9 · 105 46.7 · 105 46.7 · 105 93.5 · 105 311.7 · 105
µ decay/m/bunch 51.3 · 105 4.3 · 105 4.3 · 105 2.1 · 105 0.64 · 105
Photons (Eγ > 0.1 MeV) 170 · 106 86 · 106 51 · 106 70 · 106 107 · 106
Neutrons (En > 1 MeV) 65 · 106 76 · 106 110 · 106 91 · 106 101 · 106
Electrons & positrons (Ee± > 0.1 MeV) 1.3 · 106 0.75 · 106 0.86 · 106 1.1 · 106 0.92 · 106
Charged hadrons (Eh± > 0.1 MeV) 0.011 · 106 0.032 · 106 0.017 · 106 0.020 · 106 0.044 · 106
Muons (Eµ± > 0.1 MeV) 0.0012 · 106 0.0015 · 106 0.0031 · 106 0.0033 · 106 0.0048 · 106

MAP for a 1.5TeV MuC. The previously-mentioned op-

timised MDI design was based on these simulations. A
Higgs-pole muon collider with 62.5GeV energy beams

was also considered by MAP.

The BIB simulation for the 1.5TeV collider have

been repeated in [153], using the Monte Carlo multi-

particle transport code FLUKA [139, 140]. The com-

plex FLUKA geometry was assembled by means of the

LineBuilder program [154] using the optics file provided

by the MAP collaboration. The accelerator elements
have been defined in the FLUKA Elements Database
following the information contained in this file and in

MAP publications [155, 156]. The particles induced by

the muon decays are collected at the outer surface of the

MDI and before entering the detector volume, which is

represented by a black box on Figure 17. This will al-

low to later simulate their interaction with the detector
together with particles from the µ+µ− collision. The

“BIB sample” that we describe here thus refers to the

collection of particles originating from the muon decays

before any interaction with the detector material.

The results obtained by FLUKA are in good agree-
ment with the ones from MAP as shown in Table 3

and discussed in Ref. [153] in more detail. The FLUKA

simulation is then repeated with the same setup for the
higher energy beams of the 3 and 10 TeV MuC [157].

This corresponds to assuming that the interaction re-

gion and the MDI are the same at all energies, which is

not fully realistic but sufficient for a first assessment of

the BIB levels dependence on the collider energy. Fur-

thermore, the findings of [153] confirm the major role

that is played by the nozzles in determining the parti-
cles fluxes that arrive on the detector surface. Their
optimisation for the 3 and 10 TeV MuC could thus

reduce the estimated BIB levels strongly. Studies for

the 10 TeV collider option showed that lattice design

choices such as combined function magnets in the fi-

nal focus region or a larger L∗ provide instead only a

limited potential for reducing the BIB [157].

Table 3 (see also [153]) displays a moderate depen-

dence of the BIB multiplicities on the collider energy.
In what follows we will thus employ 1.5TeV BIB simu-

lation results, being confident that no dramatic changes

are expected at higher energies. The results below are

obtained for a single beam travelling counterclockwise

starting 200m away from the IP. The other beam will

have the mirrored effect owing to the symmetric nature

of the BIB due to µ+ and µ− decays.

The most important BIB property is that it is com-

posed of a large number of particles with low energy,

thanks to the MDI mitigation action, and it is charac-

terised by a broad arrival time in the detector. More

specifically, around 4 ·108 low-momentum particles exit

the MDI in a single bunch crossing depositing energy

to the detector in a diffused manner. There is a sub-

stantial spread in the arrival time of the BIB particles
with respect to the bunch crossing, ranging from a few
nanoseconds for electrons and photons to microseconds
for neutrons, due to their smaller velocity.

Each of these aspects has different implications for

the BIB signatures in different parts of the detector,
which depend on the position, spatial granularity and

timing capabilities of the corresponding sensitive ele-
ments. Thus, a careful choice of detector technologies
and reconstruction techniques allows to mitigate the

negative BIB effects, as demonstrated in later sections.

The time at which the BIB particles exit the ma-

chine in the interaction region is spread over several

tens of ns, but the major concentration is around the

beam crossing time (t = 0), as shown by the left panel
of Figure 18. This distribution suggests that the use

of time-sensitive detectors would allow to suppress a
large fraction of the background. The right panel of Fig-
ure 18 reports the longitudinal distribution of primary

µ− decays generating the most relevant BIB compo-

nents: neutrons, photons and electrons/positrons. Sim-

ulations show that to correctly account for the sec-

ondary µ±, it is necessary to consider primary decays

up ∼ 100m from the IP.
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Fig. 18 Time distribution of BIB particles exiting the machine (left) and longitudinal distribution of primary µ− decay
generating BIB particles exiting the machine (right). The results are based on the FLUKA simulation, considering the primary
µ− decays within 100m from the IP.

The kinetic energy distribution of most relevant BIB

particle types is reported in Figure 19. Energy cutoffs

have been applied in the simulation at 100 keV for γ,
e±, µ±, charged hadrons and at 10−14 GeV for neu-

trons. The shielding nozzles strongly suppress the high
energy BIB component, making the fraction of parti-
cles entering the detector volume with kinetic energy

above few GeVs negligible. Only charged hadrons and

secondary muons can reach higher energies, but their

rate is of the order of 104 and 103, with respect to 107

photons, neutrons and 105 electrons, positrons. The lon-

gitudinal exit coordinate distribution displayed in the

figure shows that most BIB particles enter the detector

with a large longitudinal displacement from the colli-

sion region. This suggest that detectors with excellent

pointing capabilities would allow to strongly suppress

these background contributions.

4.1.3 Radiation levels

The BIB distributions and rates are crucial to quan-

tify the radiation levels and in turn the requirements

on the detector components. The FLUKA BIB sam-

ple previously described is employed, assuming the de-

tector model described in Section 4.1.1. The simula-

tion [153] used in fact a simplified detector geometry.

The calorimeters, magnetic coils, and the return yoke

were approximated with cylindrical elements with den-

sities and material composition based on the averages

from the full geometry. The magnetic field was assumed

to be uniform. The silicon layers composing the inner

tracker were instead included with exact dimensions.

Figures 20 and 21 display respectively the expected

1 MeV neutron equivalent fluence (1-MeV-neq) and the
total ionising dose (TID) in the detector region, shown
as a function of the beam axis z and the radial dis-

tance r from the beam axis. The normalisation for the

dose maps is computed considering that the muon col-

lisions are expected to happen at the maximum rate of

100 kHz, corresponding to the minimum time between

crossings of 10 µs. With a single bunch collider oper-
ation scheme, this in turn corresponds to a minimal

collider ring length of 2.5 km. Assuming 200 days of

operation during a year, the 1-MeV-neq fluence is ex-

pected to be ∼ 1014−15 cm−2y−1 in the region of the

tracking detector and of ∼ 1014 cm−2y−1 in the elec-

tromagnetic calorimeter, with a steeply decreasing ra-

dial dependence beyond it. The total ionising dose is ∼
10−3 Grad/y on the tracking system and ∼ 10−4 Grad/y

on the electromagnetic calorimeter.

4.2 Detector simulation software

The full simulation of a µ+µ− collision event involves

several stages going from the generation of input par-

ticles, the simulation of their interactions with the de-

tector material and of the detector response.
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Fig. 19 Lethargy plot (left) and longitudinal exit coordinate distribution (right) of BIB particles, by particle type. No time
cut is applied to distributions represented in dotted lines while in solid lines only particles exiting the machine between -1 and
15 ns are considered. The results are based on the FLUKA simulation, considering primary µ− within 100m from the IP.

The first stage corresponds to the generation of all

particles entering the detector. This stage is handled

by standalone software, such as FLUKA or MARS15

for the BIB particles as previously described and Monte

Carlo event generators for the µ+µ− scattering process.

The input particles are then propagated through the
detector material and their interactions with the pas-

sive and sensitive material of the detector are simulated
with the Geant4 [158] software. The iLCSoft frame-

work [159], previously used by CLIC [160] and now

forked for developments of muon collider studies [161],

is used for this and all further processing stages.

The detector response and event reconstruction are

handled inside the modular Marlin framework [162].

The detector geometry is defined using the DD4hep de-

tector description toolkit [163], which provides a con-
sistent interface with both the Geant4 and Marlin en-

vironments. The response of each sensitive detector ele-
ment to the corresponding energy deposits returned by
Geant4 is simulated by dedicated digitisation modules

implemented as individual Marlin processors.

The tracking detectors use Gaussian smearing func-

tions to account for the spatial and time resolutions

of the hits registered on the sensor surface. Acceptance

time intervals, individually configured for each detector,

are used for replicating the finite readout time windows

in the electronics of a real detector and to reject hits

from from out-of-time BIB particles.

The result of this simplified approach is a one-to-

one correspondence between the Geant4 hits and digi-

tised hits, which ignores the effect of charge distribution

across larger area due to the Lorentz drift and shal-

low crossing angles with respect to the sensor surface.
These effects are taken into account in the more realis-
tic tracker digitisation software that is currently under
development and will allow stronger BIB suppression

based on cluster-shape analysis.

The ECAL and HCAL detectors are digitised using
realistic segmentation of sensitive layers into cells by

summing all energy deposits in a single cell over the

configured integration time of ±250 ps. The time of the

earliest energy deposit is consequently assigned to the

whole digitised hit. The same digitisation approach is

used also for the Muon Detector.

More details about the software structure and com-

putational optimisation methods used for simulating

the very large number of BIB particles are given in

Ref. [164]. For the interested user, pointers to the doc-
umentation of the software stack, tutorials and other

tools are available at the MuC software project page [161].

4.3 Detector technologies

The simulation workflow described in the previous sec-

tions enables a first assessment of the challenges for the
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assumed either macropixels or microstrips with the size

of 50 µm×10 mm and a 60 ps time resolution. It is thus
evident that R&D efforts towards 4D tracking are nec-

essary to achieve the required spacial granularity and

timing resolution.

Silicon-based sensors have come to dominate the
technology for collider detector tracking systems. This

is likely to continue into the muon collider era. In the
past decade there have been a number of technological
developments that promise to achieve many of the capa-

bilities discussed in the previous section. They address

different aspects of the needs for space and time resolu-

tion, pattern recognition, electronics integration, radia-

tion hardness, and low cost. A description of promising

technologies for achieving such goals is provided below.

Monolithic Devices (CMOS MAPS)

CMOS Monolithic Active Pixel Sensors (MAPS) are
based on standard CMOS process flows with thick (20–
50 µm) epitaxial layers. Charge is collected from electron-

hole pairs generated in the epitaxy. There is a small
area n-type collection electrode with the CMOS cir-
cuitry embedded in a deep p-well to avoid parasitic

charge collection by the CMOS transistors. The geom-

etry of the electrodes and associated circuitry means

that the epitaxy is difficult to deplete evenly. The first

such devices used diffusion rather than drift to col-

lect charge. Recent prototypes, shown in Figure 23a,

have added a deep, lightly doped, n-layer below the
p-well to provide a more uniform drift field in the epi-

taxy [167]. The proximity of the CMOS transistors to
the epitaxy means these devices have significant sensi-

tivity to analog-digital cross-talk. It is likely that the

CMOS analog section would have to be 3D stacked with

digital TDC, ADC and I/O tiers to achieve adequate

isolation and overall functionality. Radiation hardness

needs to be studied and improved. In particular the ef-

fects of doping evolution in the epitaxy will affect fields

and operation as the device ages. This is a particular

problem with the large ratio of collection node to col-

lection area which forces a difficult geometry for the

collection field. The size of CMOS sensors is limited by
the typically 2x3 cm CMOS reticule. To achieve a large
area device the reticules must be “stitched” using an

additional metal layer or tiled while minimising dead

area at the edges.

Devices with Intrinsic Gain

In sensors based on the Low Gain Avalanche Diode

(LGAD) design, the initial charge created by an im-

pinging particle is amplified in a “gain layer” by a fac-

tor of about 10–30. The resulting current signal is large

and fast, enabling a 20–30 ps time resolution. An in-

teresting feature of LGAD-based sensors is that the as-
sociated front-end requires less power since the sensor
provides the first amplification stage. The LGAD de-

sign is relatively new and is undergoing rapid develop-

ment. The design of the current generation of LGADs

being used for endcap timing layers in the CMS and

ATLAS HL-LHC upgrades has now been superseded.

This first generation of devices suffers from limited fill-

factor due to edge field limiting structures and mod-

erate radiation hardness. Recent works have combined

internal gain with the novel resistive read-out design,

reaching a design (the so-called RSD, Resistive Silicon

Detectors) with a 100% fill factor and excellent spatial

precision even with pixels with a large pitch (a precision
of less than 5% of the pitch) [169]. Parallel to this devel-

opment, new studies suggest possible improvements in

the radiation resistance of the LGAD design. The two

most promising are: (i) the insertion of an additional

layer of carbon to reduce acceptor removal in the gain

implant and (ii) the design of the gain implant using

both acceptor and donor dopings so that acceptor re-

moval is compensated by donor removal, extending the

radiation hardness of the gain implant. The resistive

charge-sharing design also allows for sparser read-out

geometries, limiting the density of analog channels.
For the muon collider, being a high-rate environ-

ment, the novel DC-coupled design of the resistive read-

out technique might be very beneficial, as it allows for

a faster recovery time. Detailed studies of AC-RSD and

DC-RSD will be needed, optimising the electrode den-

sity and geometry in conjunction with charge deposi-
tion characteristics of the photon, electron/positron,
and neutron backgrounds. Dopant removal is the pri-
mary limitation to radiation hardness, and continued

study is needed to understand the practical restrictions

imposed by this effect. The total current going into de-

tector bias will be larger in devices with gain and may

represent a significant fraction of the total power.

Hybrid Small Pixel devices

These are standard “hybrid” pixel diode sensors without

gain. However fast timing and good position resolution

can be achieved with fine pixel pitch and low input

capacitance. Bump bonding using solder, indium, or

copper, is limited to ≈15-50 micron interconnect pitch.
Three-dimensional hybrid bonding 3, illustrated in Fig-

ure 24, can achieve both < 5 µm pitch and low enough

3The electronics industry has adopted “hybrid bonding” as
the generic term for oxide bonded stacks of wafers or chips
with embedded metal to achieve top to bottom electrical con-
nection. This technology is commonly used in cell phone im-
age sensors.
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Fig. 23 a) Cross section of the MALTA [167] CMOS sensor showing the implant structure. The low dose n-implant provides
an electrode that improves the uniformity of the p-epitaxial drift field. b) Cross section of an AC coupled LGAD [168]. The
Junction Termination Edge (JTE in the figure), which would normally separate each pixel, is only needed at the edge of the
device, providing near 100% fill factor.

interconnect capacitance to meet noise and power limi-

tations. The sensors have the advantage of being intrin-

sically radiation hard with signal/noise large enough to

provide 20–30 ps time resolution. It will likely be nec-

essary a design where ADCs and TDC service multiple

small pixels to reduce the density of ADCs and TDCs,
thus reducing both the in-pixel density and power.

Intelligent Sensors

The different characteristic signals generated by elec-

tromagnetic, neutron, and charged hadron backgrounds

and signal MIPs prompts consideration of more “in-

telligent” sensors that can separate the BIB from the
signal. An example is the current 2-layer track trig-
ger design for CMS at the LHC where low pT tracks

are filtered out by comparing hits on separated sen-
sor layers. Such multi-layer designs are limited by the
complex interconnection and data transmission paths
needed to communicate between sensor layers. How-

ever, for a device where the thickness/pixel pitch ra-
tio is large enough, the pixel pulse shapes and cluster
patterns will be very different for MIPs and BIB hits.

This information can be used for a prompt local filter

to reject BIB. Radiation-induced traps will cause the

pulse shapes and induced current patterns to change

during the lifetime of the detector, possibly necessitat-

ing changes in algorithms.

Appropriate information density can be achieved in

small pixel devices or double-sided LGADs [165]. In the
double sided LGAD fast timing signals are read on a
top, larger pitch layer coupled to the gain layer. Charge

deposition patterns and timing are reconstructed on a

bottom, pixelated layer. Other concepts can be explored

where the very different pulse shapes and patterns can

be used to separate signal from BIB, perhaps incorpo-

rating on-chip machine-learning techniques.

Power Considerations

This section describes a tentative estimate of the power

constraints on the tracker based on extrapolations of

the existing technologies. The study focuses on the ver-

tex detector and assumes a design with 25 × 25 µm2

pixels with four barrel layers and four endcap disks on

each side, as previously described. Conventional scaled

CMOS electronics [171] and possible extrapolations of

optical-based data transmission are also assumed. New

technologies might change the picture completely.

For conventional CMOS-based amplifiers and a con-

ventional silicon detector operating with no internal

gain the front-end power will be determined by the

capacitive load on the front-end and the desired sig-

nal/noise and rise time. For example, a simple SPICE

model of a preamplifier loaded with 100 fF capacitance
provides 4 ps time jitter for 1 µA bias current and 45 ps

for a bias current of 100 nA. A time jitter of < 30 ps can

be achieved in a conventional sensor with 50 µm thick-

ness and front-end current of less than 250 pA if the
detector capacitance is carefully controlled using 3D in-

terconnections. If the sensor is based on LGAD-like in-
ternal gain the signal presented to the preamplifier can
be 10− 20 times larger. For the same signal over noise,

this could reduce the front-end transductance and as-

sociated drain current by roughly the square root of

the gain. A conventional CMOS amplifier is expected

to draw about 450 W of power into the vertex detector

for the analog bias.

In addition to front-end power there is the power

necessary to bias the detector. This can become sig-

nificant for heavily irradiated detectors. If a HL-LHC-

like operating scenario is considered, the final deple-

tion voltage can be as high as 500 V (depending on the

technology chosen). Under these conditions the vertex

sensor bias power is about 100 W.
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Dual-readout calorimetry

The energy resolution of a calorimeter system is affected

by fluctuations in the energy deposited in its active el-

ements. When measuring hadronic showers, the fluctu-

ations in the electromagnetic component of a shower

represent the dominant contribution to the total reso-

lution. To minimise these fluctuations, Dual-Readout
calorimetry aims at measuring both the scintillation
light component (sensitive to both hadrons and e.m.

particles) and the Cherenkov light component (sensitive

only to relativistic e.m. particles). Notable examples of

implementations of this concept can be found in the

work of the DREAM/RD52 collaboration [178] and the

proposed IDEA [179,180] detector for FCCee/CepC. In

these calorimeters, signals are generated in scintillat-

ing fibers, which measure the deposited energy, and in

clear plastic PMMA or quartz fibers, which are sensitive

to the Cherenkov light. A large number of such fibers

are embedded in a fully projective lead or copper ab-

sorber structure. This detector is not longitudinally seg-
mented: e.m. and hadronic showers can be distinguished
using short and long fibers in the calorimeter, and lon-
gitudinal information could be extracted by reading out

the fibers on both ends. Past results [174, 181] have

demonstrated to reach an energy resolution for charged
pions of 34%/

√
GeV and the final goal of 30%/

√
GeV

seems well within reach. The main challenges appear in
the handling of the high number of fibers and SiPMs
which are of the order of few 108 and constitute an

important fraction of the technology cost. The imple-
mentation of a third fiber material, or alternatively the
time readout of the scintillation fibers, can be used to
measure the MeV-scale neutrons produced in a hadronic

shower and suppress the fluctuations arising from bind-
ing energy loss [182]. This latter method is referred to

as triple readout. The absence of longitudinal segmen-

tation is likely the limiting factor for deploying such

design in a muon collider detector. However, hybrid

designs composed of an ECAL made of crystals (such

as LYSO or PbWO4) and the hadronic section based
on the DREAM fiber prototype have been also pro-

posed [183,184]. These designs need to demonstrate the

feasibility of dual readout concepts in the crystal ma-

trix.

Particle flow calorimetry

In recent years the concept of high granularity parti-

cle flow calorimetry [185] has been developed in the

context of the proposed International Linear Collider

(ILC). The CALICE collaboration is the major devel-

oper of calorimeter concepts and technologies for highly

granular detectors for particle flow. The goal of particle

flow calorimeters is to build an image of the showers in-
duced by the various jet-fragments to allow the correct
matching of these showers with the charged particles

measured in the tracker. This in turn enables to cor-

rectly identify and measure the energy of the showers

induced by neutral hadrons.

Silicon-based sampling

With a radiation length (X0) of 0.35 cm and an in-
teraction length (λI) of 9.95 cm, tungsten is an ideal

absorber for an electromagnetic sampling calorimeter.

Silicon sensors can be used as active elements to achieve

a high channel granularity and longitudinal segmenta-

tion. Moreover, state-of-the-art silicon sensors can sus-

tain the high radiation dose of the expected BIB. Analo-

gous technologies are adopted by LHC experiments up-
grades [186], and considered by the CLIC collaboration.

The CLIC ECAL barrel, on which the current muon

collider detector design is based, is composed of 64M

sensors sampling 40 layers. Future developments should

implement a precise timing measurement in these sen-

sors (<100 ps) in order to make them usable at a muon
collider. Although the high granularity is a clear ad-

vantage, the associated number of electronic read-out

channels is a non-trivial technological problem. More-

over the cost for such a system exceeds the cost of other

solutions.

Scintillator-based sampling

Plastic scintillators can be used for a high-granularity

detector. Small tiles or strips of scintillating material
can be produced with a typical size of 1-5 cm2 for

e.m. applications and about 10 cm2 for hadronic ap-

plications. The typical thickness of the active layer is
0.3-0.5 cm, which makes it possible to design detectors
with a longitudinal segmentation of several tens of lay-

ers. Each calorimeter cell can be read out via a silicon-

based photo-detector mounted directly on the scintil-

lating element [187]. Passive absorbers, such as steel,

can be intertwined with the sensitive layers. The high

granularity that can be achieved allows to implement

compensation in hadronic showers in the reconstruction

software using energy density techniques.

Micro-pattern gaseous detector-based sampling

Calorimeters with gaseous detectors as active element

can reach a higher granularity with respect to more tra-

ditional scintillator-based calorimeters. Furthermore, a

1x1 cm2 pad is economically affordable with respect to
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created using photo-lithographic techniques, which al-

lows the reduction of the electrode spacing of at least

one order of magnitude, resulting in fast ion evacuation

combined with high spatial resolution.

A Gas Electron Multiplier (GEM) consists of a thin
polymer foil (often 50 µm polyimide), cladded on both

sides with a thin layer of copper (5 µm), chemically

perforated with a high density of holes, typically of

100/mm2 [196]. Applying a potential difference between
the top and bottom electrodes, a high electric field is

formed in the holes where electron multiplication can

take place. Several GEM-foils can be stacked on top of

each other leading to detectors with high gain (> 105)

and low discharge probability (< 10−10). GEM detec-

tors are used in different collider experiments [197],

mainly for tracking and triggering purposes. Spatial res-
olution down to 50 µm is possible, with a time resolu-

tion that depends on the gas mixture used: 7–10 ns in
Ar:CO2 [198] down to 3.5 ns when CF4 is used in the

gas mixture [199]. Rate capabilities up to 100 kHz/cm2

have been assessed.

Micromegas are parallel-plate chambers where the

amplification takes place in a thin gap, separated from

the conversion region by a fine metallic mesh [200]. Mi-

cromegas are used in collider experiments [201] and a

spark-protected evolution with resistive strips will be
used mainly for tracking in the upgraded forward muon
system of the ATLAS experiment [202]. A spatial reso-

lution of 80 µm, a time resolution of 7-10 ns, and a rate

capability up to 100 kHz/cm2 have been achieved.

The Micro-resistive Well (µ-RWELL) is a single am-

plification stage resistive MPGD [192]. Such technology

is reliable, since the presence of the resistive layer as-

sures a very low discharge rate quenching the spark am-

plitude. It can achieve a rate capability up to 10 MHz/cm2

with a detection efficiency of the order of 97-98% [203].
Typical spatial resolution is <60 µm, time resolution

measured with CF4 gas mixture was measured to be

below 6 ns, time resolution in Ar:CO2 mixtures is ex-

pected to be similar to the triple-GEM detectors (7-

10 ns).

Detectors with sub-ns timing resolution

MRPC [204] have acquired solidity and importance in

the High Energy Physics domain where both high ef-
ficiency and good time resolution are demanding. A
time resolution of about 60 ps and 95% efficiency has

been obtained [205, 206] for a detector composed of 10

gas gaps 250 µm size arranged in a double stack de-

sign using floating soda-lime glass (bulk resistivity 5×
1012Ω cm). A recirculating gas mixture (C2H2F4:SF6

97:3) allows operation in avalanche mode with elec-

tric field of approximately 100 kV/cm. The technology

was operated [207] in high particle fluxes (though for
small-size detector units) in a series of tests for the

endcap upgrade of the STAR ToF and for the mini-

CBM experiment at the GSI/SIS8 Synchrotron. Data

with thinner standard float glass show rate capability

of some kHz/cm2 at time resolutions of 70–80 ps.

The rate capability is limited by the current flow-
ing through the resistive plates and hence a step for-

ward to increase this value, at a constant front end

electronics threshold, would be to use low resistivity

glass or to decrease their thickness. Lower resistivity

glass (1010Ω cm) have been used in tests beam [208]
and showed rate capability of 35 kHz/cm2 with effi-

ciency above 90% and time resolutions below 80 ps. A
still better behaviour can be seen by lowering the glass

resistivity by one order of magnitude, currently R&D

is concentrated on establishing 20 ps time resolution at

rates of 100 kHz/cm2.

Although the MRPC have shown excellent timing

resolution over large area and R&D for larger rate ca-
pability and even better timing is underway, this de-
tector technology can not be considered for future col-

lider experiments with the current gas mixture which
has a high Global Warming Potential (GWP). The use
of freons will be gradually phased out by 2030. While

for standard (High Pressure Laminate, HPL) RPCs en-

couraging results have been obtained to replace the fre-

ons with alternative gases as Hydrofluoroolefine (HFO-

1234ze), MRPC performances have yet to be proven

with those new gas mixtures. Moreover MRPC perfor-

mance relies on a non-negligible fraction of SF6 which

has even higher GWP with respect to the freons. R&D

should start urgently in order to propose these detec-

tors for future use.

The time resolution of a classical MPGD is domi-

nated by the fluctuations on the position on the first

ionisation cluster in the drift gap. The contribution to

the time resolution of the drift velocity (vd) is then

given by σt = (λvd)
−1 where λ is the average number

of primary clusters generated by an ionising particle

inside the gas per unit length [209]. Therefore a bet-
ter time resolution is expected with a faster mixture.

However, even with a fast gas mixture, as for exam-
ple Ar:CO2:CF4, classical MPGDs usually cannot reach
time resolution better than few ns.

A possible approach aimed at improving the time

resolution is the one followed by the PicoSec Collabo-
ration [210]: the proposed detector is a standard Mi-

cromegas (MM) with a drift gap reduced to 200 µm

in order to minimise the possibility of primary ioni-
sation. Particles pass instead through a Cherenkov ra-

diator placed on top of the MM, where they produce
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Cherenkov photons, which are then converted by a pho-

tocathode and enter in the drift region, removing the

fluctuations on the position of the first ionisation clus-

ter. Preliminary results of the first prototypes of few cm2

proved the reliability of the principle with a time res-

olution of 25 ps measured with a Ne/C2H6/CF4 gas
mixture. Further studies of this new technology will be

focused on: proper stability of the detectors, choice of
the materials and geometry, radiation hardness and gas
mixture (avoid use of CF4 and flammable gases).

An alternative approach is represented by the Fast

Timing Micropattern (FTM) gas detector [209]. Here

the drift gap is segmented in N thinner fully resistive
drift and amplification stages, which are in competition

between each other when the detector is fully efficient
(sum of drift gaps ≥ 1.5mm). The fastest stage is the

one that determines the timing of the signal, thus re-

ducing the time resolution of the detector of a factor N

with respect to a standard MPGD. The first prototype,

made of just two stages, obtained a time resolution of

2 ns with pion beam [211]. The current R&D is focused

on improving the quality of the resistive layers used for
the amplification stage and establishing the detection
principle with multiple layers on a small scale proto-

type [212], and assessing the technology on larger scale

prototypes. The main limitations come from the quality

of the detector elements with resistive layers, which is

a technology currently developed, and the single-stage
reachable gain; interesting results have been recently
obtained with a Ne/iC4H10 95/5 gas mixture [213].

Technology comparison

In order to understand the response of the muon detec-

tors to the BIB particles, the detector sensitivities have

been studied with a standalone Geant4 simulation.

The sensitivity is defined as the probability for a
BIB particle to generate a visible signal in the detector.

It is computed as the ratio s = N/M , where N is the
number of events in which at least one charged particle

reaches a sensitive gas gap, while M is the number of

incident particles.

The hit rate (R) is then obtained from the flux (Φ)

as R = s × Φ for each energy value and particle type.
The estimated rate is shown in Figure 33 for neutron

and in Figure 34 photons as a function of the angu-
lar coordinate θ for the different detector technologies

considered.

The difference between the technologies is mainly

due to a different material composition of the detectors:

in general Micro-Pattern Gaseous Detectors, i.e. Triple-

GEM and PicoSec, result in having a lower hit rates

when compared to RPC.

Fig. 33 Estimated hit rate from neutrons at a 3TeV muon
collider. Different colours represent different gaseous detec-
tor technologies considered: triple GEM, standard HPL RPC,
glass RPCs (GRPC) and PicoSec. The shaded bands repre-
sent the statistical uncertainty from the simulated events.

Fig. 34 Estimated hit rate from photons at a 3TeV muon
collider. Different colours represent different gaseous detec-
tor technologies considered: triple GEM, standard HPL RPC,
glass RPCs (GRPC) and PicoSec. The shaded bands repre-
sent the statistical uncertainty from the simulated events.

4.3.4 Trigger and data acquisition

Experiments at a high energy muon collider are ex-

pected to operate at instantaneous luminosity levels of

1034 − 1035 cm−2 s−1.

The Trigger and Data Acquisition (TDAQ) systems

of the future muon collider experiments will be required

to perform partial or full reconstruction of every colli-

sion event in order to identify and store events of in-

terest to the physics programme. Given that realising
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the muon collider will take time, it is way too early to

define the TDAQ strategy. Future advancements in the

data transmission and processing technologies can sub-

stantially alter the vision of what a TDAQ system at

the muon collider would look like. However, an initial

estimate of the data rates and processing needs helps

to outline possible options and strategies, in particular

when put in the context of today’s technologies.

Trigger and DAQ strategy taken by different col-

lider experiments varies a lot and depends on the lumi-
nosity and complexity of their collision events. Experi-
ments such as ATLAS and CMS, utilise hardware trig-

gers [214,215] that rely on a subset of the detector sub-

systems for initial filtering of the events. This is followed

by a High Level Trigger (HLT) farm where further pro-

cessing and filtering takes place using more complete

event information. The LHCb experiment, operating
at lower luminosity and with smaller event size, re-
cently opted for a so-called “triggerless” or “streaming”

approach [216, 217], which eliminates need for a hard-

ware trigger and where all collision data is streamed

at 40 MHz directly to a HLT farm for event recon-

struction. Similarly, electron-positron collider experi-

ments [149, 218] typically adopt a triggerless readout
scheme due to the relative cleanliness of events when

compared to hadron colliders. A streaming approach

offers a number of advantages: the availability of the

full event data typically translates into a better trigger

decision, it is easier to support and upgrade software

triggers, simplified design of the detector front-end, etc.
However, the presence of large BIB at the muon collider
may be prohibitive for a full triggerless TDAQ scheme.
In the following, an initial estimate of the data rates

is provided to show that from the data rates/volumes

consideration a streaming DAQ implementation is fea-

sible. Early estimates of the event processing time are

also provided and compared to those anticipated at the
HL-LHC experiments.

The amount of data acquired by the muon collider
experiments is expected to be dominated by the tracker
and calorimeter systems. For the silicon tracker, the

event size and data rates are estimated by acquiring an

average number of hits per event from simulation and

multiplying it by the 100 kHz event rate. The average

hit multiplicity as a function of the tracker layer can

be found in Figure 22. In this estimation, it is assumed
that each hit consists of 32 bits to encode charge, po-
sition, and time information and that zero-suppression

is applied in the detector front-end. The hits are inte-

grated in the time period of 1 ns following the bunch

crossing, which allows to preserve good efficiency for

hits from particles originating in the hard scattering

but rejects a significant fraction of the BIB. No filter-

ing based on the hit direction information is applied to

avoid possible biases in the online selection. An addi-
tional safety factor of 2 is embedded in the calculation.
With these assumptions, the tracker event size is es-

timated to be 40 Megabytes (MB) and the data rate

from the tracker to be 30 Terabits per second (Tb/s).

It should be noted that the numbers are dominated by

the BIB hits. A similar approach is applied for calcu-

lating event data rates originating in the calorimeter.

Here, the ECAL dominates with approximately 90 mil-

lion channels and average occupancy of about 10−3 hits

per mm2. A minimum energy threshold of 0.2 MeV is

required in order for the hit to be read out and hits are

assumed to be 20 bits wide. The HCAL contribution

is small, less than 10% of the ECAL. After applying

a safety factor of 2, calorimeter event size is estimated

to be 40 MB and similar to that for the tracker. The

full data rate corresponding to the sum of the tracker

and calorimeter rates is therefore about 60 Tb/s, which

is a factor of few larger than HLT input of LHCb ex-

periment in Run-3 [216] and comparable to the HLT

input of CMS experiment in HL-LHC [219]. Therefore,

from the data volumes point of view, a streaming op-

eration at 100 kHz appears to be feasible. It should be

emphasised that the rates are directly proportional to

the bunch crossing frequency and can be much larger
with a smaller collider ring or a multi-bunch operation
scheme, in which case the strategy may have to be re-

evaluated.

Another important parameter to consider is the HLT

output rate to offline storage. Here again different ap-
proaches can be taken. One approach is to eliminate

most of the events using filtering done in the HLT, but
preserve full raw event information for the ones that
pass the filter. HL-LHC experiments assume HLT out-

put bandwidth of approximately 60 GB/s. This would

translate into 750 Hz of full event content sent to the

storage. For comparison, single Higgs production at
√
s =

10 TeV is expected to have a much lower rate of less
than 0.1 Hz, and WW production via vector boson fu-

sion will be at 1 Hz level. Storing full event content

allows for later reprocessing of the data in order to

improve the performance or reconstruct novel signa-

tures. However, this approach would require about 4 PB

of storage per day of running. It will produce a total

dataset similar in size to that of ATLAS and CMS in

HL-LHC, but dominated by BIB hits that are not in-

teresting from the physics point of view. An alternative

approach based on reducing event content by filtering

out hits and clusters clearly unassociated with the hard

scattering may be more prudent. Here one may choose

to preserve the output rate of 750 kHz and reduce the

total dataset size. Alternatively, one can aim for the
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ture advancements (e.g. higher speed optical links, fast

processors, etc) are likely to result in a smaller and/or

more performing DAQ system. Work should be invested

in improving HLT reconstruction algorithms and ex-

ploiting GPU/FPGA/ASIC acceleration schemes with

the aim to bring per-event processing time down to a

few second level.

4.4 Reconstruction performance studies

This section describes the current status of the event

reconstruction performance of a multi-purpose MCD

with the layout described in Section 4.1.1. The study fo-

cuses on the reconstruction algorithms and performance

of high-pT objects that will be needed for a successful
physics programme. The results are built upon and sig-

nificantly extend the ones reported in Ref. [57]. The
current work aims at showing that satisfactory perfor-

mance can be achieved in a muon collider environment.

Further optimisation of the detector design and recon-

struction algorithms are expected to significantly im-

prove the presented performance and will be subject of

future work.
The results are obtained using detailed simulations

of the MCD, using the software framework described

in Section 4.2. All simulations, unless otherwise stated,

include overlaying on top of the desired µ+µ− collision

the model of BIB described in Section 4.1.2. The BIB
sample used for detector-performance studies is the one

of the
√
s = 1.5TeV muon collider produced with the

MARS15 software, because the FLUKA-based workflow
was not fully validated when most of the results were

obtained.

4.4.1 Charged particle reconstruction

In the magnetic field of the MCD, a charged particle
will follow a helix trajectory aligned with the z axis.

The radius of curvature in the transverse plane is pro-
portional to the transverse momentum of the particle
and inversely proportional to the magnetic field. Devi-

ations from a perfect helix can occur due to multiple-

scattering, ionising energy losses and bremsstrahlung.

The first two are a direct function of the detector ma-

terial. The amount of radiation lengths and hadronic

interaction lengths that a particle traverses through the

tracking detector when starting from the nominal colli-

sion point are shown respectively in Figures 36 and 37.

The charged particle trajectory is reconstructed from

the spacepoints corresponding to the hit positions in the

silicon tracking detectors. The reconstructed object is

called a track. A track consists of a set of hits (one per

layer) and five fitted parameters describing the helix. A
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Fig. 36 Radiation length of the tracking detectors, as seen
along a line defined by the nominal interaction point and the
polar angle θ.
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Fig. 37 Hadronic interaction length of the tracking detec-
tors, as seen along a line defined by the nominal interaction
point and the polar angle θ.

track reconstruction algorithm can roughly be broken

up into two steps: pattern recognition to identify the

hits belonging to a single track and fitting the hit coor-

dinates by a track model to deduce the relevant track

parameters.

Track reconstruction in the MCD is complicated by

the presence of a huge number of hits in the silicon

sensor originating from the beam-induced background

(BIB hits). The density of BIB hits is ten times larger

than the expected contribution from pile-up events at

a High Luminosity LHC detector. Table 4 compares

the hit density between the MCD, the ATLAS Inner

TracKer (ITk) [220,221] and the ALICE ITS3 [222] up-

grades for HL-LHC operation. The increase in possible

hit combinations creates a challenge for the hit pattern
recognition step. It is crucial to reduce the amount of
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hits given as input to a track reconstruction algorithm

through alternate means, such as precision timing infor-

mation. The BIB hits are out-of-time with hard collision

hits after the time-of-flight correction has been applied.

By applying a −3σ/+5σ time window, the hit density

can be reduced by a factor of two as seen in Figure 22.

Table 4: Comparison of the hit density in the track-

ing detector between a MuC with full BIB overlay, the

ATLAS ITk and ALICE ITS3 upgrades for HL-LHC.

The hit densities for the first and second layers of the
vertex detectors are shown. The MCD hit densities are
reported after timing cuts.

Detector Hit Density [mm−2]
Reference MCD ATLAS ITk ALICE ITS3

Pixel Layer 0 3.68 0.643 0.85
Pixel Layer 1 0.51 0.022 0.51

The spatial distribution of BIB-hits is also unique.

They are different from hits created by pile-up col-

lisions. Pile-up hits come from real charged particle

tracks originating from multiple vertices in the colli-

sion region. On the other hand, BIB-hits come from a

diffuse shower of soft particles originating from the noz-

zles. The compatibility of a track with a trajectory orig-
inating from the luminous region provides an important
handle for differentiating “real” tracks of charged parti-
cles produced in the primary collision and “fake” tracks

generated from random combinations of BIB-hits.

The remainder of this section describes three ap-

proaches that were studied for track reconstruction at

the MCD. The first two use the Conformal Tracking

(CT) algorithm developed for the clean environment

of the electron-positron colliders [223]. However in the
presence of BIB, the CT algorithm takes weeks to re-

construct a single event and is impractical for large-

scale production of simulated data. To ease the com-
putational effort, the input hits are first reduced by
either defining a Region of Interest or by exploiting the

double-layered Vertex Detector to select only hit pairs

pointing to the collision region. A third approach uses

the Combinatorial Kalman Filter (CKF) [224–226] al-

gorithm developed for the busy environment of hadron
colliders. It can perform track reconstruction in a rea-
sonable time without requiring any additional filtering
of input hits.

It should be noted that the CT and CKF algorithms

have very different software implementations that are
responsible for much of the difference in their perfor-
mance. The CKF algorithm is implemented using the A

Common Tracking Software (ACTS) [227] library that

is heavily optimised for efficient computing. The same

is not true for the CT algorithm implemented directly

in iLCSoft with less emphasis on computational effi-
ciency. It is possible that part of the computational im-
provements come from the code optimisation alone. For

example, the ACTS Kalman Filter implementation is a

factor 200 faster than the default iLCSoft implemen-

tation given the same inputs. This demonstrates the

advantage of an experiment-independent track recon-

struction library developed by a dedicated team with

strong computing expertise.

The expected performance is assessed using a sam-

ple of single muons originating from the interaction

point. Two set of samples are used; one set is gen-

erated with the muon having a fixed momentum (p)

of 1, 10 and 100 GeV and a uniform distribution in

θ. The second set is generated at discrete values of
θ = 13◦, 30◦, 89◦ and uniform transverse momentum

distribution in the 1 − 100 GeV range. The chosen θ

values correspond to particles expected to leave hits

entirely in the endcap system, some in the barrel and

some in the endcap, and entirely in the barrel region,

respectively.

Conformal tracking in regions of interest

The Conformal Tracking algorithm is based on Ref. [223]
and its implementation in iLCSoft. The algorithm is de-
signed and optimised to find charged particles in very

clean environments, as the ones in e+e− colliders. The

conformal mapping technique [228] is combined with

cellular automaton approach [229] to increase the ac-

ceptance of non-prompt particles.

Due to the very large hit multiplicity from BIB-
hits, running such an algorithm for the full event is
prohibitive in terms of CPU and memory resources.

Instead, a region-of-interest approach is used, where
hits to be considered are pre-selected based on existing
objects reconstructed in either the calorimeters or the

muon system. To assess tracking performance only hits

within a cone of ∆R < 0.5 around the signal muon were

selected as input to the CT algorithm, where ∆R =
√

∆φ2 +∆η2.

Figure 38 shows the reconstruction efficiency as a

function of pT; a muon is considered reconstructed if

at least half of the hits associated to the track have

been originated by the muon. Optimal reconstruction

efficiency is achieved throughout the pT spectrum, with

a somewhat smaller efficiency for very forward particles

due to their proximity to the nozzle and much larger ex-

pected occupancy in the region. The latter is expected

to be recovered by a more dedicated tuning of the al-

gorithm or by using one of the algorithms described in

the next sections.
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Fig. 38 Track reconstruction efficiency as a function of pT
for single-muon events overlaid with BIB.

Fig. 39 Momentum resolution ∆pT/p2T as a function of θ
for single-muon events overlaid with BIB.

Figure 39 shows transverse momentum resolution

as a function of polar angle θ. The resolution is com-
puted by comparing reconstructed and generated pT
and shown divided by p2T. A localised degradation of

the resolution can be seen around θ ≈ 35◦, correspond-

ing to the barrel-endcap transition; in addition, the fea-

ture is enhanced by the non-physical lack of spread of

the muon originating point. It is expected that a more

realistic simulation of the luminous region as well as

future optimisations of the tracker layout will mitigate

such localised degradation to negligible levels.

Figure 40 shows the resolution on the transverse im-

pact parameter D0, while Figure 41 the resolution on

the longitudinal impact parameter Z0 as a function of
the polar angle θ. Similarly to the case of the resolution

on pT, the resolution on D0 and Z0 slightly degrades in
the barrel-endcap transition region, around θ ≈ 35◦.

Fig. 40 Transverse impact parameter resolution as a func-
tion of θ for single muon events overlaid with BIB.

Fig. 41 Longitudinal impact parameter resolution as a func-
tion of θ for single muon events overlaid with BIB.

Conformal tracking with double layers

The Vertex Detector is constructed using double-layers

(DL). A double-layer consists of two silicon detector lay-

ers separated by a small distance (2mm for the MCD).
This concept will also be used by the CMS Phase-II

tracking detector [230] to reduce the hit combinatorics
for a fast track reconstruction in their trigger system. It

works by selecting only those hits that can form a pair

with a hit from the neighbouring layer that is aligned
with the IP. If there is no second hit in the double-layer
to form a consistent doublet the hit is discarded. This

approach is particularly effective for rejecting BIB hits,

because BIB electrons are very likely to either stop in

the first layer due to their very low momentum, or to

cross the double-layer at shallow angles, creating dou-

blets that are not aligned with the IP. The DL filter-

ing implemented in the simulation software is based on

the angular distance between the two hits of a doublet

when measured from the interaction point, as shown
in Figure 42. For simplicity the two variables used for
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Fig. 42 Illustration of the doublet-layer filtering used for the
rejection of BIB-induced hits in the Vertex Detector. The hor-
izontal black lines represent double layers of pixel sensors that
are crossed by signal (green) and BIB (grey) particle tracks.
Hit doublets created by BIB particles are characterised by
larger angular difference than those created by signal parti-
cles, due to their shallow crossing angle and more displaced
origin.
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Fig. 43 Distribution of ∆φ in hit doublets in the innermost
double-layer of the Vertex Detector in the barrel region for
muon tracks of different transverse momenta. Two separate
peaks become visible for low-pT tracks corresponding to µ+
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filtering are the polar (∆θ) and azimuthal (∆φ) angle
differences.

In practice there are several limitations to the preci-

sion of alignment that can be imposed by the DL filter-

ing while maintaining high efficiency for signal tracks.

The first is driven by the finite spatial resolution of the

pixel sensors, which limits the minimum resolvable dis-

placement between the two hits of a doublet. The sensor

positions needs to be known beforehand and any uncer-
tainty will result in an inefficiency. The latter point is
also important for particles with non-negligible lifetime,

such as b-meson decay products, that do not originate

from the IP.
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Fig. 44 Distribution of ∆θ in hit doublets in the innermost
double-layer of the Vertex Detector in the barrel region for
muon tracks of pT = 1GeV varying the longitudinal displace-
ment of the interaction point by 10mm.

Figure 43 shows the distributions of ∆φ in the first

layer of the vertex detector for single-muon events with

a realistic beamspot spatial distribution. The bi-modal

nature of the ∆φ distribution for low energy muons

is the result of the circular path that charged particle

take in the transverse plane. This biases the DL filtering

toward charge particles with higher pT unless very loose

selection criteria are used.

The distribution of ∆θ is shown instead in Fig-

ure 44, comparing scenarios with different longitudinal

displacements of the interaction point. Table 5 lists the
two operating points (loose and tight) used to filter hits

for the CT algorithm in two stages. Figure 45 shows
the hit multiplicity (mostly BIB-hits) as a function of
VXD layer.

The loose working point targets high efficiency re-

construction of p > 1GeV muons with a realistic beam-

spot size. It reduces the number of hits in the innermost
double-layer by a factor of two. This reduces the CT re-
construction time from ≈ 1week/event to ≈ 2 days/event.

While significant, this is still not practical for sam-
ple production. Instead the loose working point is used

with a special CT configuration as a first stage of a

two-stage reconstruction process. The first stage recon-

structs high-pT tracks to precisely determine the IP po-

sition.

The tight working point is optimised for the scenario

when the interaction point is precisely known. It has

a hit survival rate of ≈ 2% in the inner-most layer.

This reduces the hit multiplicity enough for the CT
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Table 5: Angular selection on double-layers for hit suppression. A loose (left) and tight (right) selection is shown.
The hit survival rate represents the fraction of hits (mostly from BIB) surviving the selections.

Barrel Endcap
Layer IDs 0,1 2,3 4,5 6,7 0,1 2,3 4,5 6,7

Loose DL
selections

Max. ∆φ (mrad) 2.8 2.0 1.7 1.5 2.1 1.7 1.6 1.5
Max. ∆θ (mrad) 35 18 10 6.5 3.5 1.5 0.7 0.5
Hit surival fraction 55% 18%

Tight DL
selections

Max. ∆φ (mrad) 3.0 2.0 1.6 1.5 2.2 1.8 1.7 1.6
Max. ∆θ (mrad) 0.5 0.4 0.3 0.25 0.2 0.18 0.12 0.1
Hit survival fraction 2% 2%

Fig. 45 Expected reduction of hit multiplicity in the Vertex
Detector achieved by applying the loose or tight double-layer
filtering.

algorithm to complete in ≈ 2min/event. It is used as

the second stage of the track reconstruction algorithm,

with the IP determined from the first-stage.

The two-stage doublet-layer filtering provides a com-
putationally viable method to track reconstruction in

the presence of the BIB. However its efficiency is very

limited for reconstructing non-prompt particles, includ-

ing those arising from b-meson decays.

Combinatorial Kalman filter

The CKF algorithm seeded using hit triplets was im-

plemented using the ACTS library v13.0.0. The imple-

mentation is a Marlin Processor that serves as a drop-in

replacement for the existing tracking Processors. In ad-

dition to providing an alternate algorithm designed for

large hit multiplicity, ACTS also provides a heavily op-

timised code for fast computation. The reconstruction

strategy used in this section reconstructs tracks at the

rate of 4min/event. It provides the first practical and

comprehensive tracking solution for the MCD.

The seeds for the CKF algorithm are formed from
hit triplets in the four layers of the Vertex Detector.

Only hits in the outer half of doublet layer are con-

sidered. Several heuristics are use to determine if each

triplet is compatible with a track and can be used as

a seed. The seeding algorithm is configured using the

ACTS default values, with the exception of:

– the radial distance between hits is between 5mm

and 80mm,

– the minimum estimated pT is 500MeV,

– the maximum forward angle of 80◦,
– the extrapolated collision region is within 1mm of

detector centre,

– the average radiation length per seed is 0.1,

– the allowed amount of scattering is 50σ,

– the middle hits in each seed are unique.

This configuration has not been fully optimised. For

example, the size of the collision region is smaller than

the expected beam-spot size. An initial implementation

of track seeding from the Outer Tracker, followed by a

track extrapolation towards the centre of the detector,

has recently become available but has not yet stud-

ied in details. The lower BIB-hit multiplicity in this

detector region could be exploited to loosen some re-

quirements and improve the reconstruction efficiency

for tracks originating far from the IP.
Around 150 000 seeds are found per event. The effi-

ciency of the seeding algorithm is found to be fully ef-

ficient for muons with pT > 2 GeV, dropping to about

90% in the region within 10◦ from the beam axis. Loos-

ening the collision region definition increases the amount

of fake seeds and reduces the seed finding efficiency

due to the seed overlap removal. The latter can be ad-

dressed, at a cost in run time, by allowing multiple seeds

to share the same middle hit.
The CKF is run inside-out, meaning that the track

extrapolation starts from the inner-most seed hit and

continues outward in the radial direction. The initial

track parameters are estimated from the seed. The CKF

algorithm has only two tunable parameters: the number

of hits added for each layer, which is set to one, and the

width of the hit search window at each layer, which is
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Fig. 46 Track reconstruction efficiency for events containing
a single muon with (red) and without (blue) BIB overlay as
a function of the true muon pT.
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Fig. 47 Track reconstruction efficiency for events containing
a single muon with (red) and without (blue) BIB overlay as
a function of the true muon θ.

set to 10χ2. As with the seeding algorithm, these val-

ues were not yet optimised. The consideration of only

a single hit at each layer means that the CKF algo-

rithm will not branch to consider multiple track candi-

dates for a single seed. A good track reconstruction effi-

ciency is observed irrespective of this tight requirement,

as demonstrated in Figures 46 and 47, which show the
track reconstruction efficiency as a function of particle

pT and θ for single muon events with p = 10GeV. This

underlines the difference between BIB and pile-up; the

BIB-hits are a “random” background that is not com-

patible with the trajectory of a track.

Muons with pT > 2GeV are reconstructed with 90%
efficiency or greater even in the presence of BIB. There

is a considerable amount of fake tracks (≈ 100, 000 per

event). Figure 48 compares the pT distribution for real

and fake tracks. Fake tracks are mostly at low pT. Sim-

ilarly, when considering the number of hits associated

to a track, shown in Figure 49, the fake tracks aris-
ing from the BIB are associated with a significantly
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Fig. 48 Track pT distributions for tracks with (blue) and
without (red) a match to the true simulated tracks, for single
muon events with BIB overlay.
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Fig. 49 Hit multiplicity Nhit distribution for tracks with
(blue) and without (red) a match to the true simulated tracks,
for single muon events with BIB overlay.

smaller number of hits. The latter further underlines
the randomness of the BIB-hits and provides a handle
for reducing the fake rate.

4.4.2 Jets

Jet reconstruction is one of the most difficult recon-

struction tasks at a muon collider, since almost all sub-

systems are involved, and the impact of the BIB is sig-

nificant in all of them, with different features in dif-

ferent sub-detectors. The jet reconstruction algorithm

employed is described in this section, and its perfor-

mance is discussed. The algorithm has been designed

to reconstruct jets in the presence of the BIB, but it

is far from being fully optimised, and further studies

are needed in the future. However, even at this very

early stage, the jet reconstruction can achieve a decent
performance.
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The algorithm follows the principles of particle flow

reconstruction as implemented in the PandoraPFA pack-
age, and comprises of the following steps:

1. tracks are reconstructed using the CKF algorithm
described in Section 4.4.1 and are required to have

at least three hits in the Vertex Detector and at

least two hits in the Inner Tracker;

2. calorimeter hits are selected by requiring a hit time

window and an energy threshold;
3. tracks and calorimeter hits are used as inputs in

the PandoraPFA [231] algorithm to obtain recon-

structed particles;

4. the reconstructed particles are clustered into jets

with the kt algorithm.

The reconstructed jets are then required so satisfy

quality selections to reject fake jets arising from the

spurious combination of BIB energy deposits. Finally,

the energy of the jets passing the BIB-removal selection

are calibrated.

The jet performance has been evaluated on simu-

lated samples of bb̄, cc̄ and qq̄ dijets, where q stands
for a light quark (u,d or s). These samples have been

generated with an almost uniform dijet pT distribution

from 20 to 200GeV. Samples of µ+µ− → H(→ bb̄)+X

and µ+µ− → Z(→ bb̄)+X at
√
s = 3 TeV are also used

to study the dijet invariant mass resolution.

Calorimeter hit selection

Calorimeter hits are filtered depending on the normalised

hit time, defined as tN = t − t0 − cD, where t is the

absolute hit time, t0 is the collision time, c is the speed

of light, and D is the hit distance from the origin of

the reference system. A time window of ±250 ps is ap-
plied to remove most of the BIB hits but preserving the

signal, as can be seen in Figure 50.

A time window of width ∆ is generally applicable

if the Full Width at Half Maximum (FWHM) of the

time resolution of the calorimeter cell is below ∆/3.

Therefore, in this particular case, a FWHM of at least
167 ps is assumed, which should be achievable by state-
of-the-art calorimeter technologies.

Several calorimeter hit energy thresholds have been

tested, in order to reduce hits produced by BIB. The
computing time of the jet algorithm exponentially grows
with the number of calorimeter hits: therefore, with the

current resources it is not possible to reduce the thresh-

olds far below 2 MeV. A threshold of 2 MeV is hence

applied to both ECAL and HCAL. This requirement

reduces the average number of ECAL Barrel hits from

1.5 million to less than 104.

Particle flow, jet clustering and fake jet removal

Calorimeter hits and tracks are given as input to the
PandoraPFA algorithm, that produces as output re-
constructed particles known as particle flow objects.
The PandoraPFA algorithm is described in detail in

Ref. [177]. The particle flow objects are then clustered

into jets by the kT algorithm. A cone radius of R = 0.5
is used.

An average of 13 fake jets from BIB energy deposits

per event is reconstructed, which need to be removed

by applying additional quality criteria. The number of

tracks in the jet has been found to be the most discrim-

inating feature between real and fake jets, as shown in

Figure 51.

Most of the fake jets from BIB have no tracks asso-

ciated to them. Therefore, requiring at least one track

allows to reduce the rate of fake jets by more than two
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orders of magnitude, with a moderate cost, at the level

of 5–10%, in terms of real jet selection efficiency. Fig-

ure 52 shows the jet selection efficiency as a function

of the true jet pT in the region |η| < 1.5, for different

jet flavours. The overall efficiency varies between 82%

at low pT to 95% at higher pT.

The dependency of the selection efficiency on the

jet polar angle θ is shown in Figure 53 for a sample of
b-jets. The efficiency is around 90% in the central re-

gion. A significant drop is observed for |θ| < 0.5, where

the efficiency is below 30%. This effect is mainly due to

the track requirement, since many jets without recon-

structed tracks are found in the forward region.

Figure 54 shows the fake jet rate as a function of
jet pT for a sample of b-jets. The fake rate is defined as

the average number of reconstructed fake jets that are

not matched with a true particle originating from the

IP per event, which is well below 1%.
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Fig. 52 Jet selection efficiency as a function jet pT for b-
jets, c-jets and light jets in the central region |η| < 1.5. The
differences between the jet flavours are mainly due to different
jet η distributions in the three samples.
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Fig. 53 Efficiency of jet selection as a function of truth-level
jet θ.
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Fig. 54 Jet fake rate as a function of the jet pT, obtained
after requiring at least one track associated to the jet.

Jet momentum correction

The jet 4-momentum is defined by the sum of 4-momenta

of particles that belong to the jet. The jet axis is iden-
tified by the jet momentum direction. A fiducial region
for jet reconstruction is defined by selecting jets with

|η| < 2.5.

In order to recover the energy lost by reconstruc-

tion inefficiencies, non sensitive material, as well as to

take into account BIB contamination, a correction to

the jet 4-momentum is applied. This correction has

been determined by comparing the reconstructed jet

pT with the corresponding truth-level jet pT. Truth-

level jets are defined as jet clustered by applying the

kt algorithm to visible Monte Carlo particles. Recon-
structed and truth-level jets are matched if their ∆R =
√

(∆η)2 + (∆φ)2 < 0.5, where ∆η and ∆φ are respec-

tively the pseudo-rapidity and the azimuthal angle dif-
ferences between the reconstructed-level jet axis and

truth-level jet axis. If more than one reconstructed jet
is matched to the same truth-level jet, then the one
with lowest ∆R is chosen.

The correction is evaluated in five equal-width in-

tervals of reconstructed |η| between 0 and 2.5. Each

pseudo-rapidity interval is further divided in 19 equal-
width intervals of reconstructed pT between 10 and

200 GeV. For each interval the average and standard
deviation of the truth-level jet pT distribution is cal-
culated. Transfer functions are then obtained in each
η interval by fitting the average truth-level jet pT as

a function of reconstructed jet pT. Examples of trans-

fer functions are shown in Figures 55 and 56. These

functions are then used to obtain the scale factor that

is applied to each component of the reconstructed 4-

momentum.
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Fig. 55 Transfer function used for jet momentum correc-
tions. The average truth-level jet pT as a function of the re-
constructed jet pT is shown, for 1.09 < θ < 1.57. The error
bars represent the standard deviation of the truth-level jet
pT in each interval.
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Fig. 56 Transfer function used for jet momentum correc-
tions. The average truth-level jet pT as a function of the re-
constructed jet pT is shown, for 0.27 < θ < 0.44. The error
bars represent the standard deviation of the truth-level jet
pT in each interval.

Jet reconstruction performance

The jet reconstruction performance is evaluated with

a simulated sample of dijets events. The relative dif-

ference between reconstructed and true jet θ is shown

in Figure 57: the standard deviation of this distribu-
tion, directly related to the jet-axis angular resolution,

is 14%.

The jet pT resolution as a function of the true jet

pT is shown in Figure 58 for different jet flavours. The

resolution goes from 35% for jet pT around 20 GeV to

20% for high jet pT.

Simulated event samples of H → bb̄ and Z → bb̄ are

used to evaluate the dijet invariant mass reconstruc-

tion. The invariant mass separation between these two

processes is of paramount importance for physics mea-
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Fig. 57 Relative difference between reconstructed and true
jet pseudo-rapidity.
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Fig. 58 Jet pT resolution as a function jet pT for b-jets, c-
jets and light jets in the central region 0.44 < θ < 2.70. The
differences between the jet flavours are mainly due to different
jet θ distributions in the three samples.

surements at the muon collider. In this study both jets
are required to have pT > 40 GeV and 0.44 < θ < 2.70.

The distributions for the two processes are fitted with
double Gaussian functions, and the shapes are com-
pared in Figure 59. A relative width, defined as the

standard deviation divided by the average value of the

mass distribution, of 27%(29%) for H → bb̄(Z → bb̄) is

found.

Future prospects on jet reconstruction

Several ongoing studies are aimed at improving the jet

reconstruction performance targeting several aspects,
such as:

– track filter: the track filter has a different impact

in the central and the forward region, in particu-
lar the efficiency in the forward region is lower. An
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Fig. 59 Fitted dijet invariant mass distributions for H → bb̄
and Z → bb̄. The distributions are normalised to the same
area.

optimised selection will be defined to mitigate the

efficiency loss in the forward region;
– cell energy threshold: the hit energy threshold

has been set to the relatively high value of 2 MeV,

as a compromise between computing time and jet

reconstruction performance. This is a major limita-

tion in the jet performance as can be seen in Fig-

ure 60, where the H → bb̄ dijet invariant mass, re-

constructed without the BIB overlay, is compared
between 2 MeV and 200 keV thresholds. Reducing

this threshold is not an easy task, given the large

number of calorimeter hits selected from the BIB

that contaminate the jet reconstruction. To tackle

this problem an optimised algorithm should be de-

veloped: as an example thresholds that depend on

the sensor depth could by applied, since the longi-

tudinal energy distribution released by the BIB is

different from the signal jets as shown in Figure 61.

A generalisation of this idea could be the application

of a multivariate-algorithm trained to select signal

hits and reject BIB hits;

– fake jet removal: the fake jet removal applied in
this study has an impact in reducing the jet effi-

ciency in the forward region. Moreover this issue is

highly dependent from the calorimeter thresholds.

A fake removal tool based on machine learning and

with jet sub-structure observables as input could be

developed to solve this task.

0 50 100 150 200

Di-jet invariant mass [GeV]

0

0.02

0.04

0.06

0.08

0.1

F
ra

c
ti
o

n
 o

f 
e

v
e

n
ts

 collisions, w/o BIB overlay-µ +µ = 3 TeV s

2 MeV

200 KeV

Muon Collider

Simulation

 < 2.70 radθ0.44 < 
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the interaction point (weighted for the hit energy), for both
b-jets and BIB. Both distributions are normalised to the same
area.

4.4.3 Jet flavour identification

The b-jet identification algorithm described in this sec-

tion relies on the reconstruction of the secondary ver-

tices that are compatible with the decay of the heavy-

flavour hadron in the geometrical proximity of a recon-
structed jet.

For the secondary vertices reconstruction, tracks are

reconstructed with the Conformal Tracking with Dou-
ble Layers algorithm described in Section 4.4.1, within

regions of interest defined by cones with ∆R = 0.7

around the jet axes.
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Fig. 62 Number of hits in the vertex detector of BIB combi-
natorial tracks (red) and of tracks matched with Monte Carlo
truth particles coming from b or c hadrons (blue and black
respectively) decay. The distributions are normalised to unit
area.

Secondary vertex tagging

The vertexing algorithm employed for the primary and

secondary vertex reconstruction is described in detail

in Ref. [232]. In order to reduce the amount of com-

binatorial tracks due to BIB, cuts are applied to the

reconstructed tracks used as input to the algorithm.

The algorithm proceeds as follows:

1. primary vertex finding: tracks with |d0| ≤ 0.1mm

and |z0| ≤ 0.1mm are selected and used as inputs to

the primary vertex fitter. Furthermore, each track is

required to have at least four hits in the vertex de-

tector in order to reduce the number of BIB tracks;
2. tracks selection for secondary vertex finder:

tracks not used to reconstruct the primary vertex

are used as input to the secondary vertex fitter. Fig-

ure 62 shows the distributions of the total number
of hits in the vertex detector for BIB tracks and for

tracks matched at Monte Carlo level with particles
generated by b or c hadrons decays. A minimum

number of 4 hits in the vertex detector is required

in order to keep most of the the tracks from b and c
hadrons decay, while rejecting most of BIB tracks.

Further selections on the track pT, the maximum
track z0 and d0, and the d0 and z0 errors are ap-

plied in order to further reduce the amount of BIB

tracks. As an example, Figure 63 shows the pT dis-

tributions for tracks from b- or c-hadrons decays and

BIB. By requiring pT > 0.8 GeV about 80% of the

BIB tracks are rejected, while retaining an efficiency

of approximately 85–90% for the tracks from b- or

c-hadrons. The z0 distributions for tracks coming

from b- and c-hadrons and BIB are shown in Fig-
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Fig. 63 Transverse momentum distribution for tracks com-
ing from b (blue) or c (black) hadrons decay and combinato-
rial BIB (red) tracks. The distributions are normalised to the
number of tracks.
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Fig. 64 Longitudinal impact parameter distribution for
tracks coming from b (blue) or c (black) hadrons decay and
combinatorial BIB (red) tracks. The distributions are nor-
malised to the number of tracks.

ure 64. A requirement of |z0| ≤ 5mm is applied to
reject BIB tracks at large z0;

3. secondary vertex finding: the tracks passing the

requirements are used to build two-tracks vertex
candidates, that must satisfy the following require-
ments: the invariant mass must be below 10 GeV

and must be smaller than the energy of each track;

the position with respect to the primary vertex must

lie in the same side of the sum of the tracks mo-

menta; and the χ2 of the tracks with respect the

secondary vertex position must be below 5. The

track pairs are also required not to be compatible

with coming from the decay of neutral long lived

particles. Additional tracks are iteratively added to

the two-tracks vertices if they satisfy the above re-
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Fig. 65 Distribution of the secondary vertex proper lifetime
for b, c and light-tagged jets. Distributions are normalised to
the unit area.

quirements. Tracks associated to more than one sec-

ondary vertex are assigned to the vertex with the

lowest χ2 and removed from other vertices.

Secondary vertex tagging performance

The performance of the identification of jets arising

from the hadronisation of b quarks, b-tagging, is eval-

uated using the secondary vertex tagging as only dis-

criminator. In order to proceed, a truth-level flavour is

associated to the reconstructed jets with the following

steps: first, the truth-level jets are matched with the

quarks from Monte Carlo to determine its flavour, re-

quiring a distance ∆R < 0.5 between the truth-level jet

axis and quark momentum. If more than one truth-level

jet is found to match with the same quark, the one with

the lowest ∆R is chosen. Then, the flavour of the re-
constructed jets is determined by matching them with

the truth-level jets, by requiring a ∆R < 0.5. If the re-
constructed jet does not match any truth-level jet, it is

labelled as fake.

The characteristics of secondary vertices inside re-

constructed jets have been studied in order to reduce

the mis-identification of c, light and fake jets. Figure 65

shows the distribution of the secondary vertices proper

lifetime (τ) for b-jets, c-jets and light+fake jets. A cut
on τ > 0.2 ns rejects ∼ 30% of both c- and light+fake

jets, while retaining 90% of b-jets. A reconstructed jet

is tagged as b-jet, if at least one secondary vertex with
τ > 0.2 ns is found inside its cone (∆R < 0.5).

The b-tagging efficiency is defined as the ratio be-

tween the number of tagged truth-matched b-jets and

the total number of b-jets from the MC truth. Anal-
ogously, the mistag of c- and light+fake jets is calcu-

lated as the ratio between the number of tagged truth-

matched c (light+fake)-jets and the total number of c
(light+fake)-jets from the MC truth.

The effect of the Double Layer filter on the sec-

ondary vertex finding efficiency has been evaluated re-

constructing bb̄, cc̄ and qq̄ dijet samples without BIB,

with and without the Double Layer filter. A correction

for the impact of the Double Layer filter has been com-
puted as a function of the jet pT and θ as the ratio of the

number of tagged jets without any double layer filtering
and the number of tagged jets passing the double layer

filter. The final tagging efficiencies are then corrected

for this ratio, assuming that its value does not change

in the presence of the BIB. The b-tagging efficiency is

shown as a function of the jet pT in Figure 66 and and
as a function of the jet θ in Figure 67.

The efficiency is around 50% at low pT and increases

up to 70% at high pT.

The mis-tagging rate for c-jets is shown in Figures 68

and 69 and is found to be around 20%. As for b-jet ef-

ficiency, the c mistag increases in the central region of

the detector.

Figures 70 and 71 show the mis-tagging rates for

the light and fake jets as a function of the jet pT and
θ. This rate is found to be lower than 1% for a jet pT
below 50 GeV and increase to 5% at higher jet pT.

An initial b-jet identification algorithm based ex-

clusively on the identification of secondary vertices has

been put in place, demonstrating the effectiveness of

one of the basic components used in flavour tagging

techniques in the complex muon collider environment.

Further work is ongoing to take advantage of improved

tracking methods, such as the CKF algorithm described
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Fig. 66 Efficiency of the b-tagging algorithm as a function
of the jet pT. The efficiency was evaluated in bb̄ dijet events
in µ+µ− collisions at

√
s = 3 TeV.
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Fig. 67 Efficiency of the b-tagging algorithm as a function
of the jet θ. The efficiency was evaluated in bb̄ dijet events in
µ+µ− collisions at

√
s = 3 TeV.
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Fig. 68 Misidentification rate for c-jets as a function of the
jet pT. The rate was evaluated in cc̄ dijet events in µ+µ−

collisions at
√
s = 3 TeV.

in Section 4.4.1 to improve the inputs to secondary ver-
tex finding, or on the exploitation of additional handles,
such as the presence of charged leptons within the jet,
or the impact parameter of the track associated to the

jet.

4.4.4 Photons and electrons

The photon reconstruction and identification perfor-

mance of the muon collider detector is assessed in a

sample of single photon events. The photons were gen-

erated in the nominal collision vertex at the centre of

the detector, uniformly distributed in energy between

1 and 1500 GeV, in polar angle between 10◦ and 170◦,

and in the full azimuthal angle range. The sample was
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Fig. 69 Misidentification rate for c-jets as a function of the
jet θ. The rate was evaluated in cc̄ dijet events in µ+µ−

collisions at
√
s = 3 TeV.
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Fig. 70 Misidentification rate for light jets as a function of
the jet pT. The rate was evaluated in qq̄ dijet events in µ+µ−

collisions at
√
s = 3 TeV.

then processed with the detector simulation and recon-

struction software.

Prior to track reconstruction, the tracker hits were

processed with the Double Layer filter. Moreover, to get

rid of most of the fake tracks due to the spurious hits

from the background, a track quality selection is applied

before the track refitting step, which requires at least

three hits in the vertex detector and at least two hits
in the inner tracker. To reject part of the background
hits in the calorimeters, an energy threshold of 2 MeV is
applied to both the ECAL and HCAL hits. Photons are

reconstructed and identified with the Pandora Particle
Flow algorithm [177].

The energy threshold of the calorimeter hits and the

presence of the beam-induced background affect the en-
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Fig. 71 Misidentification rate for light jets as a function of
the jet θ. The rate was evaluated in qq̄ dijet events in µ+µ−

collisions at
√
s = 3 TeV.

0 200 400 600 800 1000 1200 1400

 [GeV]γE

0.5

0.6

0.7

0.8

0.9

1

P
h
o
to

n
 r

e
c
o
n
s
tr

u
c
ti
o
n
 e

ff
ic

ie
n
c
y

w/o BIB overlay

 = 1.5 TeV BIB overlays

Muon Collider
Simulation

Fig. 72 Photon reconstruction efficiency as a function of the
photon energy.

ergy scale of the reconstructed photons. A correction
factor is applied to the reconstructed photon energy to
make the detector response uniform as a function of the

photon energy and the photon polar angle. The correc-

tion was calculated from the ratio of the reconstructed

photon energy with the photon energy at generator level

in an independent set of events.

Figure 72 shows a comparison of the photon re-

construction efficiency as a function of the generated

photon energy, with and without the BIB overlay. The

dependency on the polar angle θ is shown instead in

Figure 73.

The efficiencies are defined as the fraction of gener-

ated photons in the range 10◦ and 170◦ that are matched

to a reconstructed photon within ∆R < 0.05. A de-

crease of about 10% in the reconstruction efficiency in

the presence of BIB is observed in the angular region
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Fig. 73 Photon reconstruction efficiency as a function of the
photon polar angle θ.
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Fig. 74 Energy resolution of the reconstructed photon as a
function of the photon energy.

corresponding to the transition between the barrel and

endcap calorimeters, and is reflected in the efficiency
below 400GeV.

The effect of BIB on the photon energy resolution

has also been evaluated, and is shown in Figures 74

and 75 as a function of the energy and polar angle of
the photon. The BIB was found to affect more signifi-

cantly the forward region, where the energy resolution

is degraded by a factor of two, and the transition region

between the barrel and the endcap calorimeters.

The development of a dedicated algorithm to re-

cover the effects on both the reconstruction efficiency

and energy resolution is ongoing. However, the results

demonstrate an excellent level of expected performance

across the full investigated energy spectrum.

Figure 76 reports the fraction of photons that are

reconstructed and identified as electrons. The resulting

inefficiency from misidentifications was found to be at
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Fig. 75 Energy resolution of the reconstructed photon as a
function of the photon polar angle θ.
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Fig. 76 Fraction of photons misidentified as electrons as a
function of the photon energy.

the level of 0.3% and relatively unaffected by the pres-

ence of BIB.

The performance of electron reconstruction and iden-

tification was studied in single electron events, with the

electrons produced at the nominal collision point. The

generated electrons are uniformly distributed in energy

between 1 and 1500 GeV, in polar angle between 10◦

and 170◦, and in azimuthal angle over the whole range.

The sample was then processed with the detector sim-

ulation and reconstruction software.

Electrons are identified by means of an angular match-
ing of the electromagnetic clusters with tracks recon-

structed with the CKF algorithm, as described in Sec-

tion 4.4.1 in a R = 0.1 cone. A Double Layer filter was

used to reject BIB hits upstream of the track recon-

struction and tracks are required to have χ2/ndof < 10.

In the presence of the beam-induced background, the

energy thresholds of the calorimeter hits play a domi-
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Fig. 77 Comparison of the electron reconstruction efficiency
as a function of the electron energy in the cases of no beam-
induced background and with the BIB added to the event.
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Fig. 78 Comparison of the electron reconstruction efficiency
as a function of the electron polar angle in the cases of no
beam-induced background and with the BIB added to the
event.

nant role for an efficient and precise cluster reconstruc-

tion. In this study, a threshold of 5 MeV was set.

The electron reconstruction and identification effi-

ciencies as a function of the electron generated energy

and polar angle are shown in Figures 77 and 78.

The efficiency drops at θ < 20◦ and ∼ 40◦ are

caused by tracking inefficiencies related to the appli-
cation of the Double-Layer filter in the forward region
and in the transition region between the VXD barrel

and endcap.

An excellent performance is observed across the in-

vestigated energy range. New developments and more

sophisticated algorithms will be required to further im-

prove the cluster reconstruction and cluster-to-track as-
sociation, particularly in the lower energy regime.
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Fig. 79 Muon reconstruction efficiency as a function of
transverse momentum in a sample of single muon events.

4.4.5 Muons

The performance of muon reconstruction and identifi-

cation was studied in single muon events. The muons

were produced at the nominal collision point. The gen-

erated muons are uniformly distributed in energy in the

range 100MeV–50GeV, in polar angle between 8◦ and
172◦, and in azimuthal angle over the whole range.

The muons are reconstructed and identified with

the Pandora Particle Flow algorithm [177], by matching

track in the inner detector reconstructed from the Com-
binatorial Kalman Filter approach with clusters of hits
in the muon system. A cluster is defined as a combina-

tion of hits (one hit per layer) inside a cone extending

to the neighbouring layers. A detailed description of the

muon reconstruction algorithm is reported in [160].
The cluster finding efficiency, defined as the ratio

between generated particles associated with a cluster
and total generated particles, was found to be higher
than 99% for pT > 10GeV and higher than 98% for

8◦ < θ < 172◦.

Figures 79 and 80 show the muon reconstruction ef-

ficiency respectively as a function of the muon pT polar

angle θ.

The muon pT resolution is shown in Figure 81 where
∆pT is the difference between the generated muon pT
and the pT of the corresponding reconstructed particle.

It results to be less than 10−4 GeV−1 for pT > 30GeV
and around a factor of 7 better in the barrel region

compare to the endcap.

The BIB was found not to strongly affect the muon
reconstruction performance: the efficiency is lower only

in the endcaps where all the BIB hits are concentrated,

and the pT resolution is just a few percent worse. Ad-

ditional work is planned to improve the reconstruction

efficiency for low transverse momenta.
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Fig. 80 Muon reconstruction efficiency as a function of the
polar angle θ in a sample of single muon events.
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Fig. 81 Muon track transverse momentum resolution as a
function of the muon transverse momentum in a sample of
single muon events.

4.5 Forward detectors

Dedicated detectors in the forward region are required

to fully harvest the physics potential of a muon collider.

The ability to tag, or reconstruct muons down to

θ ∼ 0.1 would provide a unique handle to distinguish

events with a collinear emission of virtual Z boson from

the muon. This is a unique feature that can only be

exploited at muon colliders, which would enable VBS

and VBF measurements, as well as searches for new

physics phenomena. Consequently, the design of a for-

ward muon tagging system is considered to be of high-

priority. The low-interacting nature of muons, which

can travel through hundreds of meters of material with-

out being stopped, would allow them to traverse the

shielding nozzles making this detector concept possi-
ble. A detailed study of the expected muon trajectories
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as they propagate through the shielding material, final

focusing magnets and other collider elements, as well as

of the expected BIB rates in this region, still needs to be

performed. However, the outgoing muons are expected

to have very large momenta and to be confined in a

region relatively close to the beam axis. The detector

design and technology change depending on whether

a simple muon tagging is required, a measurement of
the muon momenta is also needed. Such measurement
could be obtained with the measurement of the outgo-

ing muon position, and scattering angle at the IP, in

a high-precision forward tracking station. Alternative

designs exploiting a dipole-based muon spectrometer,

such as those considered for the FCC-hh detectors [233],

will be investigated, but would require a significantly
larger detector volume.

A precise measurement of the collider luminosity
could also be obtained using forward muons. The de-
termination of the luminosity is of crucial or high im-

portance for any absolute cross section measurement

since it directly translates to its error. LHC experi-

ments have dedicated detectors, so-called luminometers

that are used in combination with the van der Meer

scan method [234–238] to precisely measure the instan-
taneous luminosity. The e+e− experiments like Belle-

II [239] and BESIII [240] measure the integrated lumi-

nosity by counting the number of events of a process

whose cross section is theoretically known with high

precision. The most used one is the Bhabha scattering

(e+e− → e+e−) where, for example, the theoretical un-
certainty on σ at

√
s = 1 − 10 GeV is 0.1% at large

angle [241]. Due to the reduced acceptance in the for-

ward region because of the nozzles shielding structure

at muon collider, only the large angle muon Bhabha (µ+

µ− → µ+ µ−) has been considered so far as a method
for the luminosity [242]. By assuming an instantaneous

luminosity L = 1.25× 1034 cm−2s−1 and considering a
year of data taking (107 s) the statistical uncertainty

obtained at
√
s = 1.5 TeV is 0.2%. The expected total

uncertainty on the luminosity measurement using this

method strongly depends on the accuracy on the the-

oretical cross section of µ-Bhabha scattering at large

angles, and at several TeV centre of mass energy. The

addition of a forward muon detector could significantly

improve these constraints.

The second major opportunity in the forward re-
gion arises from the decay of the high-energy muons,

which produces a collimated beam of high-energy neu-

trinos very close to the muon beam axis that could

enable precise measurements of neutrino cross-sections

and dark sector studies. Such programme represents

the ideal extension of the investigations carried out

by dedicated LHC detectors such as FASER [243] and

SND@LHC [244]. The forward neutrinos at the LHC

come from the decay of hadrons and they are complex
to simulate, while the neutrino flux at the muon collider
will be precisely known. The expected muon decay rates

reported in Table 3 can be used to estimate the rate

of neutrino interactions in a dedicated detector placed
one kilometer away from the IP. At such distance, the

neutrino beam would have a transverse size of the or-
der of ten centimeters. Depending on the detector size,
technology and material, up to several 1019 neutrino

interactions per year can be observed. The design and

optimisation of such a detector, as well as a full char-

acterisation of its physics potential, still needs to be

performed.

4.6 Conclusions

Muon colliders can combine excellent discovery poten-

tial with high precision capabilities. For the purpose of
event detection and reconstruction, the challenge that
separates µ+µ− with the e+e− counterparts is the beam

induced background. Because muons are unstable, they
decay in flight, producing electrons that further inter-
act with the accelerator and detector components. This
creates very large multiplicities of mostly soft secondary

particles, some of which end up in the detector. The hits
produced by the secondary particles in the detectors
lead to significant challenges for the particle detection

and reconstruction. In this section, preliminary design

and specifications for a muon collider detector were de-

scribed. An assessment of the expected radiation lev-

els was presented, showing that the radiation levels are

similar to those at the HL-LHC experiments. Possible

methods to mitigate effects of the BIB were outlined.

The BIB imposes stringent requirements on the gran-

ularity, resolution, and timing properties of the muon

collider detectors, and presented a number of emerging

detector technologies that have a potential to address

the challenge. Several R&D efforts to further develop
these technologies are needed to get them to the matu-
rity level necessary for the detector construction, and a
few of these were highlighted throughout the section.

The current performance of a detector design was

also presented, including appropriate shielding near the
interaction point. The expected performance for recon-

structing charged particles, jets, electrons, muons and
photons has been presented, in addition to preliminary
results on tagging heavy-flavour jets and measuring the

delivered integrated luminosity. The results demonstrate

that it is possible to successfully cope with the ex-

pected BIB and reconstruct with high accuracy the

main physics observables needed for carrying out the

expected physics programme.
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5 Physics studies

Tentative energies and luminosities of future muon col-

liders, as well as a possible staged scenario that foresees

a first collider with 3 TeV energy in the centre of mass

followed by a 10+ TeV MuC, have been described in Sec-

tion 1. Based on these benchmark parameters, Section 2

offers a broad overview of the physics exploration op-

portunities of the muon collider project, as they emerge

from the investigations performed so far.

A selection of these studies is described in the present
section in more details, focusing on indirect and direct

opportunities for new physics searches in the Higgs and
electroweak sector (Section 5.1) and for dark matter

searches (Section 5.2). Studies outlining muon-specific

exploration opportunities, namely advantages of collid-

ing muons rather than electrons or protons, will be re-

viewed in Section 5.3.

We do not aim at a complete assessment of the muon

collider physics potential, which is still under develop-

ment, nor at an exhaustive illustration of the opportu-

nities for progress in these three directions of investiga-

tion. We describe concrete studies as a possible starting

point for future work towards increasingly complete and

realistic sensitivity projections. On top of strengthening

and consolidating the physics case, and advancing the

theoretical and experimental methodologies that will

be required for the future exploitation of the facility,

an extensive investigation of muon collider physics is a

desirable input at this stage of the project also in view
of a possible reassessment of the target design parame-
ters and of the staging plan.

5.1 Electroweak and Higgs physics

Muon colliders can probe the physics of electroweak

interactions, including the nature of the Higgs sector
responsible for the breaking of the electroweak sym-
metry, by employing three distinct and complementary
strategies.

First, as emphasised in Section 2.3, one can exploit
the large luminosity for effective vector bosons to pro-

duce a large number of Higgs bosons and study its on-

shell couplings with precision. The Higgs trilinear cou-

pling can be measured as well thanks to the relatively

large rate for Higgs pair production. The quadrilinear

coupling could be also accessible.

Second, one can probe short-distance electroweak

and Higgs interactions directly by performing cross sec-

tion measurements at the large available µ+µ− energy.

These measurements can shed light on heavy new physics

potentially responsible for modifications of the on-shell

Higgs couplings, or/and extend the muon collider sen-

sitivity to much higher new physics scales than those
probed by on-shell measurements or by the direct pro-
duction of new particles. We anticipated in Section 2.4

that such high-energy measurements offer unique op-

portunities to probe the composite nature of the Higgs

particle.

Finally, the muon collider can probe directly new

physics extensions of the Higgs sector that foresee rel-

atively light new particles.

The present section is devoted to an assessment of
the muon colliders’ perspectives for progress in these

three directions.

5.1.1 Higgs couplings

At high-energy muon colliders, as the electroweak gauge

boson content of the muon beam becomes sizeable, vec-

tor boson fusion (VBF) becomes the most important

channel for production of SM particles, as illustrated
in Figure 5. In particular, the VBF Higgs production

rate neatly overcomes the Higgsstrahlung (ZH) process

that is instead dominant at low-energy e+e− Higgs fac-

tories. A total of half a million Higgs bosons will be

produced at the 3 TeV MuC, and around ten million

at 10 TeV, with the integrated luminosities of 1 ab−1

and 10 ab−1, respectively. These figures qualify muon
colliders as “Higgs factories” and call for detailed Higgs

couplings sensitivity projections.

An initial estimate of the Higgs measurements pre-

cision attainable via W boson fusion (WBF, µ+µ− →
Hνν) and Z boson fusion (ZBF, µ+µ− → Hµ+µ−)

was presented in [22, 54]. These results are obtained

with a fast detector simulation and realistic detector

acceptance 4, but they do not include backgrounds for

most channels. In what follows we employ instead the

more recent estimates of Ref. [55], that do incorporate
physics backgrounds as well as detector effects through
the muon collider DELPHES card [245,246].

While realistic enough for a first quantitative assess-

ment of the Higgs couplings precision, these results will

have to be consolidated in the future by full detector

simulation studies including beam induced backgrounds

from the muon decays. A comparison between current

full simulation results and DELPHES, performed in the

H → bb̄ channel [55], displays a reduced precision for

the b-jets energy determination. However the resolu-
tion degradation does not affect the H → bb̄ cross sec-

tion measurement precision appreciably, leading to a

good agreement between the fast and full simulation

4Namely, |η| < 2.5, or θ ∈ [10◦, 170◦], due to radiation-
absorbing tungsten nozzles expectedly needed to suppress the
beam induced backgrounds, see Section 4.1.
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Table 6: 68% probability sensitivity to the Higgs couplings, assuming no BSM Higgs decay channels.

HL-LHC HL-LHC HL-LHC HL-LHC HL-LHC
+ 125 GeV MuC + 3 TeV MuC + 10 TeV MuC + 10 TeV MuC

Coupling 5 / 20 fb−1 1/2 ab−1 10 ab−1 + FCC-ee

κW [%] 1.7 1.3 / 0.9 0.4 / 0.3 0.1 0.1

κZ [%] 1.5 1.3 / 1.0 0.9 / 0.7 0.4 0.1

κg [%] 2.3 1.7 / 1.4 1.2 / 1.0 0.7 0.6

κγ [%] 1.9 1.6 / 1.5 1.3 / 1.2 0.8 0.8

κZγ [%] 10 10 / 10 9.3 / 8.6 7.2 7.1

κc [%] - 12 / 5.9 6.2 / 4.4 2.3 1.1

κb [%] 3.6 1.6 / 1.0 0.8 / 0.7 0.4 0.4

κµ [%] 4.6 0.6 / 0.3 4.2 / 4.0 3.4 3.2

κτ [%] 1.9 1.4 / 1.2 1.2 / 1.0 0.6 0.4

κ†
t [%] 3.3 3.2 / 3.1 3.1 / 3.1 3.1 3.1

Γ ‡
H [%] 5.3 2.7 / 1.7 1.3 / 1.0 0.5 0.4

† No input used for µ collider.
‡ Prediction assuming only SM Higgs decay channels. Not a free parameter in the fits.

estimates in this channel. This is encouraging, taking

also into account that detector and reconstruction de-

sign studies are at a very preliminary stage and present

results definitely underestimate the attainable physics

performances as described in Section 4.

Further work is also needed for a robust assess-
ment of the possibility, which we do assume in our esti-

mates [55], to discriminate between the WBF and the

ZBF Higgs production channels by tagging very for-

ward muons well beyond |η| ≈ 2.5. This would require
a dedicated forward muon detector, as described in Sec-

tion 4.5, that is still to be designed.

The projected sensitivities [55] for the main Higgs

decays (bb̄, WW ∗, etc) in single Higgs production are

estimated at the few percent level at 3 TeV, whereas at
10 TeV with 10 ab−1, sensitivities at the permille level

are possible. Roughly these figures could be considered
comparable or slightly superior to the HL-LHC mea-
surements sensitivities in the 3 TeV case, and to those
of future e+e− Higgs factories [247] for the 10 TeV MuC.

Moreover the different production mechanisms make

MuC results complementary to the other projects, as

we will see in the Higgs couplings sensitivity projec-

tions presented below.

It should also be noticed that some aspects of Higgs
physics are challenging at muon colliders, and have not

yet been investigated. For example the precision on the
top Yukawa coupling (yt) determination from the tt̄H

measurement at 3 and 10 TeV is estimated to be 35%

and 53% [55], significantly below the LHC. However

muon colliders offer additional handles for yt determi-

nation, such as the measurement of W+W− → tt̄. Pre-

liminary results in this channel are promising [22] but

further study is needed.

For a quantitative assessment of the muon collider
potential to measure the properties of the Higgs boson,

we perform here a series of fits to single-Higgs couplings

in the so-called κ framework [248,249], where the inter-

action vertices predicted by the SM are modified by
scaling factors κi.

5 In the κ framework, the cross sec-

tions of the different production processes i→ H at the

different colliders, times the decay branching ratios

(σ · BR)(i→ H → f) =
σi · Γf

ΓH
, (33)

are parameterised as follows

(σ · BR)(i→ H → f) =
σSM
i κ2i · Γ SM

f κ2f
Γ SM
H κ2H

(34)

=
κ2i · κ2f
κ2H

[(σ · BR)(i→ H → f)]SM ,

in terms of the SM predictions for cross sections and

branching ratios. We are interested in studying the sen-

sitivity to the couplings of the Higgs boson, not its pu-

tative decay to exotic final states. Therefore the Higgs
width modifier κH is determined by the other κ’s

κ2H =

∑

f κ
2
fΓ

SM
f

Γ SM
H

=
∑

f

κ2fBRSM(H → f) , (35)

where the sum extends over the SM Higgs decay chan-

nels. We will comment later on the possibility of leaving

the Higgs width as a free parameter in the fit. We fur-

ther restrict our attention to the 10 coupling modifiers,

5For the effective 1-loop vertices to gluons, photons and Zγ
we use independent effective scaling parameters κg,γ,Zγ , to
describe the possibility of extra particles running in the loops.
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soon to the 10 TeV collider that will rapidly supersede

the 3 TeV measurements precision, as the table shows.

The 2 ab−1 sensitivities are attainable with a longer

run (or possibly with the installation of two detectors)

of the 3 TeV collider, in the event that the 10 TeV up-

grade is delayed. In both scenarios, the 3 TeV MuC will

advance the determination of several Higgs couplings

relative to the HL-LHC. Furthermore it could play a
crucial role in clarifying possible tensions with the SM
of the HL-LHC results by measuring the Higgs cou-

plings with comparable or better statistical precision

in a leptonic environment that is subject to different

(and expectedly reduced) experimental and theoretical

systematic uncertainties.

The 10 TeV stage of the muon collider will mea-
sure single-Higgs couplings at the sub-percent or per-

mille level, enabling a jump ahead in the knowledge

of Higgs physics that is comparable to the one of a

dedicated e+e− low-energy Higgs factory. Furthermore

the muon collider measurements are complementary to

those of e+e− Higgs factories because different produc-
tion modes (ZH at e+e− and WBF the MuC) domi-

nate at the different colliders. This makes, for instance,

the 10 TeV MuC more sensitive to κW , and the e+e−

Higgs factories more effective in the measurement of κZ .

This complementarity is illustrated the fourth column

of Table 6, where the 10 TeV MuC measurements are

combined with those of an e+e− Higgs factory. By com-
paring with the MuC-only results on the third column,

we see that the muon collider dominates the combined

sensitivity for several couplings. There would thus be

space for improvements on single-Higgs physics at the

muon collider even if constructed and operated after

the completion of an e+e− Higgs factory project.

The Higgs width and the 125 GeV muon collider

So far we studied new physics effects in the SM interac-

tion vertices of the Higgs, excluding possible new ver-
tices that mediate “exotic” decays of the Higgs particle
either to light BSM states or to SM final states different

from the decay channels (such as bb, WW , etc) foreseen

by the SM. Specific exotic channels could be searched

for individually. Or, the total Higgs branching ratio to

exotic channels can be probed indirectly via its contri-

bution to the Higgs total width, parametrised as [247]

ΓH = Γ SM
H

κ2H
1− BRexo

, (36)

with κH as in eq. (35).

All the Higgs cross sections times branching ratios

(σ · BR) are sensitive to the total Higgs width. There-

fore, precise measurements of these observables are pow-

erful probes of new physics scenarios that foresee exotic

Higgs decays. The precision on the determination of

BRexo can be estimated as the one of the most accu-
rately measured coupling in Table 6, namely ∼ 0.1%

at the 10 TeV muon collider. However, it is technically

possible to compensate the dependence of the σ · BR

observables on BRexo by a correlated modification of
the SM Higgs couplings. This defines a flat direction

in the parameter space formed by the coupling modi-
fiers κi and the exotic BRexo, that requires additional

measurements to be resolved. No (sufficently accurate)
additional measurement seems possible at high-energy

muon colliders and the flat direction can not be lifted.

At low-energy e+e− Higgs factories instead, an absolute
measurement of the ZH production cross section is pos-

sible by the missing mass method, resulting in a global

sensitivity to BRexo at the 1% level even in an extended

Higgs fit where BRexo is added as a free parameter on

top of the coupling modifiers. The possibility of per-

forming this additional measurement is an additional

element of complementarity between high-energy muon

colliders and low-energy e+e− Higgs factories.

Alternatively, or additionally, the flat direction could

be resolved by a direct experimental determination of

the Higgs boson width, performed at a muon collider
operating close to the Higgs pole

√
s = 125 GeV through

the measurement of the Higgs resonance line shape [256,

257]. State-of-the art projections [255] (see also [258]),

that duly include initial state radiation (ISR) effects
and physics backgrounds, foresee a sensitivity to ΓH

(BRexo) at the 3% (2%) and the 2% (1.5%) level for,
respectively, 5 and 20 ab−1 integrated luminosity. These

results ignore beam-induced backgrounds (that could
be worse than at high energy), assume the feasibil-

ity of a collider with a beam energy spread as small
as R = 0.003%, and an instantaneous luminosity well

above the baseline scaling in eq. (1). These aspects

should be investigated for a realistic assessment of the

125 GeV MuC physics potential and feasibility.

Apart from measuring ΓH , the 125 GeV MuC can

also study other aspects of Higgs physics, but with lim-

ited perspectives for progress in comparison with the

HL-LHC.6 In fact, with a resonant µ+µ− → H cross

section of 70 pb, reduced to about 22 pb by the beam
energy spread and ISR, a luminosity at the level of sev-
eral fb−1 would yield order 105 Higgses, limiting a priori

the statistical reach in terms of precision Higgs physics.
This is illustrated by the 10-parameters couplings fit on
the last column of Table 6. Some progress is possible,
eminently in the coupling of the Higgs to muons, but

globally the progress relative to the HL-LHC is mild,

and inferior to the one attainable by the 3 TeV MuC.

6The 125 GeV MuC would also enable an impressive determi-
nation of the Higgs mass with one part per million accuracy.
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Table 7: 68% probability intervals for the Higgs trilinear coupling.

HL-LHC 3 TeV MuC 10 TeV MuC 14 TeV MuC 30 TeV MuC
L≈ 1 ab−1 / 2 ab−1 L= 10 ab−1 L≈ 20 ab−1 L= 90 ab−1

δκλ [-0.5,0.5] [-0.27,0.35] ∪ [0.85,0.94] / [-0.15,0.16] [-0.035, 0.037] [-0.024, 0.025] [-0.011, 0.012]

comb. w HL-LHC – [-0.2,0.22] / [-0.13,0.14] [-0.035,0.036] [-0.024,0.025] [-0.011,0.012]

The trilinear Higgs coupling

Unlike low-energy e+e− Higgs factories, high-energy muon
colliders enable the direct measurement of the Higgs

boson self-interactions, starting from the triple Higgs

coupling λ3. The relevant process is the WBF produc-

tion of Higgs boson pairs, µ+µ− → HHν̄ν, that attains

a total yield of 3 · 104 events at the 10 TeV MuC with

10 ab−1 as shown in Figure 5.

The single Higgs couplings are very precisely de-

termined as previously discussed. Therefore the mea-

surement of the differential double Higgs production

cross section can be directly translated into the ex-

clusive determination of the trilinear Higgs coupling,
expressed in terms of κλ ≡ λ3/λ

SM
3 . We employ the

likelihood from Ref. [23], based on the differential dis-

tribution in the Higgs pair invariant mass. This analysis

includes physics backgrounds and realistic detector ef-

fects, and the results nicely agree with previous studies

(eminently, with Ref. [54]). The resulting projections for

the 68% confidence level regions for the measurement

of δκλ = κλ − 1 are reported in Table 7 and illustrated

in Figure 6.

Table 7 shows that the 10 TeV MuC can measure the

Higgs trilinear coupling with a precision of 4%, signif-

icantly better than the CLIC high-energy e+e− future

collider project, whose precision is limited to 12% [59].

The comparison with the 100 TeV proton-proton col-

lider (FCC-hh) is more uncertain because the FCC-hh

sensitivity projections range from 3.5 to 8% depend-

ing on assumptions on the detector performances [60].

Muon colliders of even higher energy (14, or 30 TeV)

could further improve the precision provided their inte-

grated luminosity increases like the square of the centre

of mass energy.

Our results for the 3 TeV stage are more structured.

With an integrated luminosity of 1 ab−1, the confidence

region consists of two disjoint intervals, and it is signifi-
cantly broader than the estimate (of around 18% preci-

sion) one would naively obtain by cutting the likelihood
at the Gaussian 1 σ level. This is because the likeli-

hood is highly non-Gaussian, due to a secondary local

minimum at large δκλ. Recent projections [251] suggest

that the HL-LHC could offer a sufficiently accurate de-

termination (at the 50% level) of δκλ to exclude the

secondary minimum. Therefore the combination with

HL-LHC projections produces a connected confidence

region and a relative precise determination of δκλ al-

ready with 1 ab−1 luminosity. With 2 ab−1 instead, the
3 TeV stage will not require combination with the HL-

LHC for an accurate determination of δκλ at the level

of 16%.

Beyond double Higgs production, a multi-TeV muon

collider could exploit triple-Higgs production to gain

sensitivity to the quartic Higgs coupling, λ4 [58]. The

cubic and quartic Higgs interactions are related in the

SM and in BSM scenarios where new physics is heavy
and the couplings correction emerge from dimension-six
effective operators. If this is the case, the measurement
of λ4 is irrelevant as it can not compete with the λ3
determination. If this is not the case, for instance be-
cause new physics is light, λ4 modifications are inde-
pendent from those of λ3, and possibly stronger. The

quartic coupling is directly tested at leading order via,
e.g. µ+µ− → HHHν̄ν, which has a cross section of

0.31 (4.18) ab at
√
s = 3 (10) TeV [58]. For realistic lu-

minosities, this makes a 3 TeV option unable to probe

the quartic coupling. At the 10 TeV MuC, λ4 could be

tested to a precision of tens of percent with integrated

luminosities of several tens of ab, slightly above the cur-

rent luminosity target.

5.1.2 EFT probes of heavy new physics

Measuring the properties of the Higgs boson is part of

the broader endeavour to test the SM increasingly ac-

curately and under unprecedented experimental condi-
tions. Valid tests of the SM are those that can conceiv-
ably fail, revealing the presence of new physics effects.
Theoretical BSM considerations thus provide a valu-

able guidance for the experimental exploration of the

SM theory. This guidance becomes particularly strong

and sharp under the hypothesis that all the new physics

particles are heavy, such that their observable effects are
encapsulated in Effective Field Theory (EFT) interac-
tion operators of energy dimension larger than four. In
this section we discuss the muon colliders sensitivity to

putative EFT interactions beyond the SM, enabling a

systematic and comprehensive exploration of high-scale

new physics models.

Since hypothesising heavy new physic might seem

a pessimistic attitude, for a collider project with great

opportunities for direct discoveries, it is worth outlining
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Table 8: 68% probability reach on the Wilson coefficients in the Lagrangian (37) from the global fit. In parenthesis
we give the corresponding results from a fit assuming only one operator is generated by the UV physics.

HL-LHC + MuC
HL-LHC 3 TeV 10 TeV

(1 / 2 ab−1) (10 ab−1)
cφ

Λ2 [TeV−2] 0.51 0.11/0.086 0.037
(0.28)† (0.1/0.074) (0.025)

cT

Λ2 [TeV−2] 0.0057 0.0022/0.0021 0.0019
(0.0019) (0.0019/0.0019) (0.0018)

cW

Λ2 [TeV−2] 0.33 0.0096/0.0068 0.0011
(0.021) (0.0033/0.0024) (0.00031)

cB

Λ2 [TeV−2] 0.33 0.022/0.016 0.0022
(0.026) (0.0075/0.0054) (0.00065)

cφW

Λ2 [TeV−2] 0.31 0.034/0.033 0.024
(0.033) (0.031/0.03) (0.017)

cφB

Λ2 [TeV−2] 0.32 0.17/0.16 0.1
(0.19) (0.17/0.16) (0.097)

cγ

Λ2 [TeV−2] 0.0053 0.0045/0.0042 0.0026
(0.0041) (0.0038/0.0036) (0.0022)

cg

Λ2 [TeV−2] 0.0012 0.0011/0.00096 0.00057
(0.00052) (0.00037/0.0003) (0.00015)

HL-LHC + MuC
HL-LHC 3 TeV 10 TeV

(1 / 2 ab−1) (10 ab−1)
cye

Λ2 [TeV−2] 0.25 0.19/0.16 0.086
(0.2) (0.17/0.15) (0.081)

cyu

Λ2 [TeV−2] 0.57 0.47/0.42 0.25
(0.24) (0.16/0.13) (0.064)

cyd

Λ2 [TeV−2] 0.46 0.13/0.11 0.059
(0.25) (0.11/0.089) (0.052)

c2B

Λ2 [TeV−2] 0.087 0.0036/0.0025 0.00031
(0.075) (0.0029/0.002) (0.00026)

c2W

Λ2 [TeV−2] 0.0087 0.00097/0.00069 0.000084
(0.0075) (0.00078/0.00055) (0.00007)

c3W

Λ2 [TeV−2] 1.7 1.7/1.7 1.6
(1.7) (1.7/1.7) (1.6)

c6

Λ2 [TeV−2] 8.4 4.6/3.1 0.64
(7.8) (4.4/3.0) (0.6)

† As explained in [247], due to the treatment of systematic/theory uncertainties in the HL-LHC inputs, this number must be
taken with caution, as it would correspond to an effect below the dominant theory uncertainties. A more conservative estimate
accounting for 100% correlated theory errors would give cφ/Λ2 ∼ 0.42 TeV−2.

the value of EFT studies like those of the present section
if new physics is instead light. Even if not accurately de-

scribed by the EFT, relatively light new physics could
contribute to the same processes and observables, and
be discovered by the same measurements that we are

considering here to probe the EFT. Moreover even if

the new light particles will be first discovered in other

processes, probing their indirect effects will be an es-

sential step for the characterisation of their properties
and interactions with the SM particles. In other words,
a program of characterisation for the newly discovered
BSM physics would be similar to the program of SM

characterisation based on the SM EFT.

For a first assessment of the muon colliders’ poten-

tial to probe the SM EFT, we perform a global fit to
the following dimension-6 EFT Lagrangian

LSILH =
cφ
Λ2

1
2
∂µ(φ

†φ)∂µ(φ†φ) + cT
Λ2

1
2
(φ†

↔

Dµφ)(φ
†
↔

Dµφ)

− c6
Λ2λ(φ

†φ)3 +
∑

f

(
cyf
Λ2 y

f
ijφ

†φψ̄LiφψRj + h.c.
)

+ cW
Λ2

ig
2
φ†

↔

D a
µ φDνW

a µν + cB
Λ2

ig′

2
φ†

↔

Dµφ∂νB
µν

+
cφW

Λ2 igDµφ
†σaDνφW

a µν +
cφB

Λ2 ig
′Dµφ

†σaDνφB
µν

+
cγ
Λ2 g

′ 2φ†φBµνBµν +
cg
Λ2 g

2
sφ

†φGA µνGA
µν

− c2W
Λ2

g2

2
DµW a

µνDρW
a ρν − c2B

Λ2

g′ 2

2
∂µBµν∂ρB

ρν

+ c3W
Λ2 g

3εabcW
a ν
µ W b ρ

ν W c µ
ρ . (37)

While this is only a subset of the operators of the more

general dimension-6 SM EFT, the operators above are

of special relevance for several BSM scenarios. Explicit

examples are Composite Higgs scenarios and U(1) ex-
tensions of the SM, to be discussed later in this sec-

tion. The selection of operator in eq. (37) follows the
one done as part of the 2020 European Strategy Group

studies [24,247], enabling a direct comparison with the

sensitivity projections of other future collider projects.

In the EFT fits to eq. (37) we include the following

set of experimental inputs and projections:

– The complete set of electroweak precision measure-
ments from LEP/SLD [259], including the projected

measurements of the W mass at the HL-LHC [260].

We also include the anomalous trilinear gauge cou-

pling constraints from LEP2.
– The HL-LHC projections for single Higgs measure-

ments and for double Higgs production from [251].
We assume the S2 scenario for the projected exper-

imental and theoretical systematic uncertainties.

– Also from the HL-LHC, the projections from two-

to-two fermion processes, expressed in terms of the

W and Y oblique parameters, from Ref. [261], and
the high energy diboson study from [262].

– The expected precision for single-Higgs observables
at the 3 and 10 TeV muon colliders from the results
of [55], previously described.

– As in the HL-LHC case, we also include the projec-

tions from high-energy measurements in two-to-two

fermion processes, expressed in terms of W and Y

from [61], and in diboson processes such as µ+µ− →
ZH,W+W−, µν →WH,WZ from Ref. [23,61].
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Fig. 86 95 % C.L. reach (adapted from [25]) on heavy singlet mixed with the SM Higgs doublet at the muon collider. The
direct and indirect reach at other future projects and at the HL-LHC, documented in [24], is also shown for comparison.

and we study the model in the (mS , sin
2 γ) plane as in

Figure 86.

The mixing with the singlet scales down all the cou-

plings of the Higgs particle by cos γ ≃ 1− 1/2 sin2 γ. It
has the same effect as the Oφ operator with cφ/Λ

2 =

sin2 γ/v2. Therefore, the indirect sensitivity to sin2 γ

can be read from Table 8 and it is reported in Figure 86

for the 3 TeV muon collider with 2 ab−1 and for the

10 TeV MuC. The indirect sensitivity follows the gen-
eral pattern previously described. The 3 TeV MuC im-

proves Higgs coupling determination slightly and hence
it slightly improves the HL-LHC sensitivity to sin2 γ,

by a factor 3 in this specific case. The 10 TeV MuC

performances are comparable to the ones of an e+e−

Higgs factory, leading to the same reach on sin2 γ.

Unlike low-energy Higgs factories, the muon collider
also offers opportunities to produce the new scalar par-

ticle directly. The production occurs dominantly via the
VBF V V → S process, that benefits from the large lu-

minosity for effective vector bosons at the muon col-
lider, as already discussed in Section 2.2. The single

production vertex S VLVL involves longitudinally po-

larised vectors and it emerges directly from the S H†H
trilinear interaction via the Equivalence Theorem. The

same interaction mediates the dominant decays of the
singlet, to two massive vectors or to a pair of Higgs bo-
son. The latter channel with Higgs decays to bottom

quarks, namely S → hh→ 4b, is the most sensitive one

at high energy lepton colliders and it is employed [25]

in the direct reach estimates presented in Figure 86.

By combining the two blue lines (horizontal dashed

and continuous), and comparing with the black lines, we

can appreciate the potential progress of the 3 TeV MuC

with respect to the HL-LHC.8 We also notice a con-
siderable region that can be only probed indirectly at

the HL-LHC. In that region the presence of the singlet

would produce tensions in the HL-LHC measurements

of the Higgs couplings and the physics underlying such

tension will be discovered directly at the 3 TeV MuC.

The reach is greatly extended by the 10 TeV MuC.
It covers almost all the region that could be probed

by the combination (black dotted lines) of the FCC-ee

and FCC-hh direct and indirect searches. Furthermore

its reach extends to much higher mass in the region of

small mixing angle. This improvement is of particular

significance in light of the fact that a smaller mixing

should be expected to emerge at higher mass, in con-
crete realisations of the singlet scenarios. This is illus-
trated in the figure by the grey dashed lines that cor-

respond to two possible power-counting estimates for

the scaling of the microscopic Lagrangian parameters.

See [25] for details.

The SM plus singlet model does not only provide
a simple benchmark for future colliders comparison.

It can mimic the signatures, and be reinterpreted, in

strongly motivated BSM scenarios like Supersymmetry

and Twin Higgs models [22, 25]. “Non-minimal” (but

plausible) Composite Higgs models could also feature
a singlet or other scalar extensions of the Higgs sec-

tor [267,268]. SM plus a real singlet extension can also

provide a strong first order ElectroWeak Phase Transi-

tion (EWPT), which is an essential ingredient for the

electroweak baryogenesis mechanism potentially respon-

8The indirect HL-LHC sensitivity is most likely overesti-
mated, as the aggressive bound on cφ (see the footnote in
Table 8) is employed in the figure.
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Fig. 87 Direct (left panel) and indirect (right panel) reach on the SM plus real scalar singlet scenario at the muon collider. Dots
indicate points with successful first-order EWPT, while red, green and blue dots represent signal-to-noise ratio for gravitational
eave detection in the ranges [50,+∞), [10, 50) and [0, 10), respectively. Results adapted from [27].

sible for the matter-antimatter asymmetry in the Uni-
verse. Following [27] (see also [26]), we illustrate below

the muon collider potential to probe this scenario.

In the left panel of Figure 87, the coloured solid

curves show the muon collider 95% C.L. direct exclu-

sion reach in the plane formed by the singlet mass

and the product sin2 γ × BR(S → hh).9 The points

marked on the figure are obtained from a scan over
the microscopic parameters of the specific model con-

sidered in Ref. [27], and they correspond to configura-
tions where the EWPT is of the first order and strong
enough for electroweak baryogenesis. The 3 TeV MuC
covers several of the relevant points, while the 10 TeV

MuC enables an almost complete coverage. The points

marked in red or in green (unlike those in blue) could

perhaps also produce observable gravitation waves at

LISA. Strong first order EWPT requires a modification

of the Higgs potential. Therefore sizeable departures of

the trilinear Higgs coupling with respect to the SM are

expected in this scenario. This is shown on the right

panel of Figure 87, in the plane formed by a universal
modifier δκ that affects all the single-Higgs couplings,

and the trilinear coupling modifier δκλ. We see that the

muon collider, already at the 3 TeV stage, has consider-

able chances to be sensitive to the predicted single- or

triple-Higgs coupling modifications. It is in fact likely

to observe correlated modifications in both couplings.

9The latter quantity, and not only sin2 γ, is what controls the
events yield in the di-Higgs final state. The branching ratio is
set to 1/4 in Figure 86, which is a good approximation when
the singlet is heavy but not so in the mass range of Figure 87.

Two Higgs Doublet Model
Models with two Higgs doublets (2HDM) are another

important target for muon colliders. 10 While much
work is still to be done for the detailed assessment of the

muon collider potential, a rather complete characteri-

sation of the relevant phenomenology was provided in

Ref. [48], whose findings are briefly summarised below.

Like in the case of the singlet model, very significant
progress on the 2HDM parameters space is possible al-

ready at the first 3 TeV stage of the muon collider. In
what follows we stick to this energy for definiteness.
At the higher energies muon colliders, which are also

considered in [48], the performances improve.

The scalar sector of the 2HDM consists of 5 physical
particles: the SM-like Higgs h with mh = 125 GeV and

the non-SM ones H,A,H±. The tree-level couplings of

the Higgs bosons are determined by the mixing angle

between the neutral CP-even Higgs bosons, α, and by

a second parameter tanβ = v2/v1, with v1,2 being the

vacuum expectation value for two Higgs doublets. The

dominant couplings of the Higgses with the SM gauge

bosons typically involve two non-SM Higgses, for ex-

ample, ZHA or W±H∓H. The Yukawa couplings of

the non-SM like Higgses with the SM fermions depends

on how the two Higgs doublets are coupled to the lep-

tons and quarks via Yukawa couplings. Four different

patterns of Yukawa couplings are typically considered

in the literature, giving rise to four different types of

10Other extensions of the Higgs sector, in particular those
featuring a doubly-charged scalar, were studied in [51,52]
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Fig. 88 Cross sections versus the non-SM Higgs mass for pair production (left panel), single production with a pair of
fermions and radiative return production (right panel) at the 3 TeV muon collider. The value of tanβ = 1, and the alignment
limit cos(α− β) = 0, is considered in the figure.

2HDMs that we denote as Type-I, Type-II, Type-L and

Type-F, following the notation of Ref. [269].
The couplings of the SM Higgs bosons are generi-

cally modified in the 2HDM, potentially producing ob-

servable effects at the HL-LHC. In this event, the 3 TeV
MuC could access directly the new heavy bosons, likely
too heavy to be observed at the LHC, and establish the

origin of the putative discrepancy. If instead the HL-

LHC Higgs couplings measurements will not deviate

from the SM predictions, the masses of the extra scalars

could still be within the reach of the 3 TeV MuC, and

even well below if the model parameters are in the so-

called “alignment limit” where cos(α − β) ≈ 0 and the

Higgs coupling modifications are suppressed. In both

cases it will be interesting to search directly for the new

scalars. In what follows we thus discuss the 3 TeV MuC

direct discovery potential, focusing on nearly “aligned”

parameters configurations.
The heavy Higgs bosons can be produced in pairs

via the direct µ+µ− annihilation mediated by the ex-

change of a virtual photon or Z boson, or via Vector

Boson Fusion (VBF)

µ+µ− → H+H−, µ+µ− → HA,

V1V2 → H+H−, HA,H±H/H±A,HH/AA. (39)

In the latter case, the process proceeds by the collinear

emission of V1,2 = W,Z, or γ, out of the incoming
muons. The cross section for the different processes at

the 3 TeV MuC as a function of the new scalars mass is

shown on the left panel of Figure 88. The annihilation

processes dominates for masses above around 500 GeV.

The VBF cross section steeply increases, and it would

dominate at lower masses that however could be probed

also at the HL-LHC and thus are not worth discussing

here. It is worth emphasising that the situation is dif-

ferent at the muon collider with 10 TeV center of mass
energy or more. In that setup, VBF channels become
more important and dominate at low mass [48].

The figure shows that a very large number of events

is expected with 1 ab−1 integrated luminosity. Further-

more, considering the dominant decay channel of non-
SM Higgs into third generation fermions, the SM back-

grounds can be easily suppressed. Reach up to pair pro-

duction threshold mφ < 1.5 TeV is thus generically pos-

sible. A detailed comparison of the 3 TeV muon collider

reach with the HL-LHC sensitivity is not yet available.

For Type-II 2HDM [270], the 3 TeV muon collider reach
is superior in the intermediate region of tanβ ∈ [2, 10].

For larger tanβ, a reach above 1.5 TeV mass has already

been attained at the LHC [271].

In the parameter region with enhanced Higgs Yukawa
couplings, single production of non-SM Higgs with a

pair of fermions could play an important role and po-
tentially extend the sensitivity above the pair produc-
tion threshold. The production cross section for fermion

associated production are shown in the right panel of

Figure 88 for both the annihilation and VBF processes,

with tanβ = 1 and cos(α − β) = 0. The dominant
channel is tbH±, followed by tt̄H/A. Note that there is

a strong dependence on tanβ of the production cross
section, depending on the types of 2HDM [48]. Finally,

the radiative return process µ+µ− → γH offers an-

other production channel for the non-SM Higgs, which

is relevant in regions with enhanced Hµ+µ− coupling.

The cross section increases as the heavy Higgs mass ap-

proaches the collider c.m. energy, closer to the s-channel

resonant production. The production cross section is
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shown as the black curves in the right panel of Fig-

ure 88.

5.2 Dark matter

A global assessment of the MuC perspectives to search
for Dark Matter (DM) is not yet available. The studies

so far, reviewed below, investigated the MuC potential
to probe scenarios where DM is a particle charged un-
der the EW interactions and its observed abundance
in the Universe emerges from the thermal freeze-out

mechanism. This is a compelling possibility, and a one
where the MuC will play a major role. However, the
opportunities to probe other interesting scenarios for

DM, either through muon collisions or with parasiti-
cal experiments, or as a byproduct of the muon collider
demonstration program, should be also investigated.

If DM is a WIMP (i.e., a Weakly Interacting Mas-

sive Particle), it could be directly detected in ultra-
low noise underground detectors by its interaction with
the detector material. It can be also searched in DM-

rich astrophysical environments, where the DM pairs

can annihilate and give rise to observable signals at

cosmic ray observatories. These experimental investi-

gation strategies have been and are being actively pur-

sued, and are promising but suffer few potential road-

blocks. Cosmic rays observation can be hampered by

large uncertainties on astrophysical quantities and as-

trophysical processes that can mimic DM signals. Fur-

thermore, these experiments exploit DM particles that

are physically present in the Universe, whose local den-

sity is poorly known. This entails strong uncertainties

on the expected signal. For instance, a recent analy-

sis in Ref. [272] quantifies the effect of density profile

uncertainty for WIMP searches and finds order of mag-

nitude effects on the (still very promising) cross section

sensitivities of future generation experiments such as

CTA [273]. Lab-based direct detection is less affected

by profile uncertainties. But it suffers from being a
very low momentum transfer process—even when DM
is quite heavy—which makes background rejection very

challenging. Future experiments like the Xenon’s up-

grades [274] will have sensitivity to a large variety of

possible WIMP candidates, but also blind spots. See
e.g. [38,44] for an appraisal.

If DM is a WIMP, it can also be produced in the lab-
oratory through EW interactions, provided a particle

collider of sufficient energy and luminosity is available.

The possibility of producing putative DM candidates

and studying their signatures with precise particle de-

tectors would, in the first place, firmly establish or con-

clusively exclude their existence. Furthermore, it will

offer unique opportunities for the characterisation of

Table 9: Thermal mass, in TeV, for pure SU(2)L n-plet
dark matter WIMP, from Ref. [38,44]. Some of the can-

didates are endowed with a tiny hypercharge ǫ. Effects

of bound states and Sommerfeld enhancement of the
annihilation cross section are included in the calcula-
tion of the thermal mass.

n Y Dirac Majorana Complex Real

2 1/2 1.08 - 0.58 -

3 0 - 2.86 - 2.53
3 ǫ 2.0 & 2.4 - 1.6 & 2.4 -
3 1 2.84(14) - 2.1 -

4 1/2 4.79(9) - 4.98(5) -

5 0 - 13.6(5) - 15.4(7)
5 ǫ 9.1(5) - 11.3(7) -
5 1 9.9(7) - 11.5(7) -

the newly discovered DM particle. The vibrant forth-

coming programme of non-collider DM searches, and

the possible signals of WIMP DM that may emerge,

thus provide additional motivations for collider studies.

WIMP searches are also useful as sensitivity bench-
marks to gauge the effectiveness of particle colliders to

test DM, and to compare different collider projects.

In fact, the WIMP scenario assumptions single out a

relatively small set of compelling minimal benchmark

models with no free parameters (see [44] and references
therein). This is because the WIMP relic abundance

is set by the (known) strength of the weak interactions
coupling and the (unknown) mass of the WIMP. There-
fore, for minimal models where the WIMP consists of
a single SU(2)L n-plet it is possible to sharply predict

the mass of the dark matter particle that produces the
observed relic. Some examples are reported in Table 9.

As a general rule, the larger the n-plet the larger the

mass of the WIMP. Smaller masses can be attained if

the n-plet mixes with a state of lower multiplicity, e.g.

a singlet. Therefore, testing the mass reach when only

one SU(2)L n-plet is present as in the minimal mod-

els effectively demonstrates sensitivity to non-minimal
models as well, as it demands to reach the highest mass
for a given class of candidates.

A crucial phenomenological parameter for the de-

tection of WIMPs at colliders is the mass splitting be-
tween the lightest, neutral component of the n-plet,

which constitutes the actual DM particle, and the other
electrically charged and neutral components of the mul-
tiplet. When this mass splitting is greater than some

threshold, typically around 10 GeV, it is relatively easy

to observe the production of the heavier states in the

n-plet. These particles decay to the actual DM parti-

cle, which is invisible, accompanied however by easily

detectable SM particles. If instead the mass splitting
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is below the threshold, one needs to rely on “Mono-X”,

on “Indirect” or on “Disappearing Tracks” strategies for

detection. We describe these strategies in turn in the

rest of this section.

5.2.1 Mono-X

The Mono-X strategy is to observe DM production “by

contrast”, i.e. to observe a bunch of particles apparently

recoiling against nothing. At a muon collider the rele-

vant reaction is

µ+µ− → χχ+X , (40)

where X denotes any SM particle or set of particles

allowed by the interactions and χ is either the DM par-

ticle or a generic state belonging to the DM n-plet. In

both cases, χ is not seen if the mass splitting is low and

no dedicated strategy is adopted to detect disappearing
track as discussed in Section 5.2.3.

Searches for generic electroweak states have been

studied for several types of observable particles X ac-

companying the production of dark matter. The sig-

nal for X = γ,W,Z, µ± and µµ have been studied

in [43, 44]. Figure 89 summarises the reach illustrating

on the left panels the luminosity needed to attain the
95% CL exclusion of electroweak matter of a given mass
in the production modes X = γ, µ, µµ. Among these,

the mono-γ search is the one placing the best bound

for states heavier than about 500 GeV. The right pan-
els summarise the reach with 1 ab−1 and 10 ab−1 for the
3 and the 10 TeV MuC (upper and lower panel). The

mono-W channel reach is reported on the right panel
plots, together with mono-γ. This channel is effective

for the same mass range in which mono-γ leads the ex-

clusion and in some cases exceeds mono-γ results. All

in all, the combination of mono-γ and mono-W domi-

nates the mono-X strategy sensitivity and provide best
mass reach for some DM candidates.

The 10 TeV MuC results show that at this energy
it is possible to exclude fully a Dirac doublet DM at
the thermal mass 1.1 TeV in both the mono-γ and

the mono-W channels. This specific WIMP candidate,
known as “higgsino”, is a widely-studied target for fu-
ture colliders because of several reasons, including the
fact that its detection is challenging for direct detection

experiments based on scattering on Xenon nuclei [38].
Another popular candidate is the Majorana triplet with

2.9 TeV mass, known as “wino”. The 10 TeV MuC can-

not access this candidate through Mono-X. Detection

is instead possible through disappearing track searches

as discussed in Section 5.2.3.

A grand summary encompassing higher energies,

heavier thermal relic DM candidates and including the

Disappearing Tracks (DT) reach is displayed in Fig-

ure 90. We see that at energies above 10 TeV the muon
collider starts probing WIMP DM n-plets with n > 2.

It is worth noticing that the detection of the Mono-

X processes in eq. (40) is affected by large SM back-
grounds that originate, for instance, from the produc-

tion of invisible neutrinos in place of χ. The sensitivity

is thus limited by the accuracy of the SM background

predictions that need to be subtracted from the ob-

served data. The error bars in Figure 90 report the
mass reach for a relative accuracy ranging from 0%

(perfect background prediction) to 1%. We see that 1%
systematic uncertainties on the background prediction

significantly degrades the sensitivity. Uncertainties at

the 0.1% level would be desirable and are assumed in

the coloured bars. The possibility to attain such accu-

rate predictions deserves further investigation.

5.2.2 Indirect reach through high-energy measurements

Pure WIMP DM n-plets have a mass that scales roughly

as Mχ ∼ n5/2, as Table 9 shows, and can reach values

above the kinematical threshold for resonant produc-

tion of any collider we can imagine to build in the near

and medium-term future. Indeed, masses around a frac-

tion of 100 TeV can be achieved, e.g. the thermal mass

for a Majorana 7-plet is around 50 TeV. For large n it
becomes questionable if the weak interactions are still

so weak, indeed scattering rates involving large n-plets

end up being as large as 10% of the maximum allowed

by unitarity for n = 9 and a Landau pole for weak in-
teractions emerges at energies less than two orders of

magnitude from the mass of the n = 9 dark matter can-

didate [38,44]. Therefore, for n ≥ 9 we do not possess a
valid EFT description of the minimal scenario for DM

in which the WIMP multiplet is the only new particle

beyond the Standard Model. The SM plus a WIMP for

n ≥ 9 can be considered, but it should be interpreted

as very rough sketch of some other non-minimal theory

of dark matter that features more dynamics than what
it is entailed by just adding one particle to the SM.

Keeping this caveat in mind, the overall picture is

clear: WIMPs can be good dark matter candidates over
a large range of masses from the TeV to the PeV. A
muon collider programme where the energy is progres-

sively raised in stages can probe the resonant produc-
tion of heavier and heavier candidates, but a complete
coverage of the heaviest WIMPs will have to exploit off-
shell effects in precision measurements of SM processes,

with a mass reach that is potentially above the direct

production threshold. This indirect search strategy can

be effectively pursued at the muon collider through the

measurement of high energy cross sections [46]. These
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ics needs to be performed before claiming a sensitivity.

Along the baseline energy-luminosity line of eq. (1), the
required statistical precision is at the 1% level, as the

figure shows. The needs for accurate experimental mea-

surements and theoretical predictions is thus reduced

accordingly.

The left panel of Figure 91 shows that the 10 TeV

MuC with the baseline luminosity will probe the hig-

gsino through indirect effects, on top of accessing it in

Mono-X as we saw in the previous section. The wino is

instead out of the indirect reach, but visible in mono-

X. Interestingly, the 3 TeV MuC could access the hig-

gsino with a luminosity slightly above 2 ab−1, or by

slightly lowering its centre of mass energy. The 3 TeV

MuC seems instead unable to detect the higgsino with

the Mono-X search strategy, according to the findings

described in the previous section.

The right panel of Figure 91 displays the MuC sen-

sitivity to higher-n WIMP candidate multiplets. These

are typically heavier than the higgsino and wino, but

still they are easier to access indirectly because of the

enhancement of the loop effects of large-n electroweak

multiplet. The 10 TeV MuC is thus sensitive to, for in-

stance, a Dirac 4-plet with 4.8 TeV thermal mass, very

close to the kinematical threshold for resonant pair pro-

duction. All fermionic WIMP candidates with n = 2, 3

and 4 are also accessible with the baseline luminosity.

Scalars in the same multiplets give dimmer signals and

are hard to see unless higher luminosities are consid-

ered. A more promising way to observe the light scalars
is the Mono-X search. Looking beyond 10 TeV, we see
from Figure 91 that a collider in the 14 TeV ballpark

can probe off-shell n = 5 Majorana fermion dark mat-

ter with 14 TeV mass, way above the direct produc-
tion threshold of 7 TeV. From Figure 90 we also see

that a 14 TeV machine would be sensitive to on-shell

scalar n = 3 Y = 1 and to the scalar n = 4 dark mat-

ter candidates. Looking at further high energies, results

from Ref. [47] show that more candidates can be tested

off-shell, e.g. the n = 7 Majorana candidate, weighing

about 50 TeV, can be probed at a 30 TeV collider. Fur-
ther dark matter candidate can be tested on-shell at

larger Ecm as shown in Figure 90.

All in all the muon collider has a great potential
to probe the idea of WIMP DM with several candi-

dates that can be tested, some of which with multiple
search strategies, strengthening the perspectives to es-
tablish a potential discovery. It should be noted however

that both the strategies discussed so far would provide

rather “indirect” signals. The Mono-X search is often

considered as “direct” because the new particles are res-

onantly produced. However, neither the produced par-

ticles nor their decay products are detected. The signal

would emerge as a small departure from the large SM

background prediction in certain kinematical distribu-
tions, just as it would happen for an “Indirect” discovery
based on loop effects. This is an additional motivation

to investigate a truly direct detection strategy based

on disappearing tracks, which is the subject of the fol-

lowing section. Another motivation is that disappearing

tracks searches display a better mass reach than Mono-

X for several multiplets, as Figure 90 shows.

5.2.3 Unconventional signatures

Disappearing tracks is one of the strategies to search for

Long-Lived Particles (LLPs), which is among the prior-

ities of the particle physics community [275,276]. LLPs

appear in a variety of new physics scenarios and yield
a large range of signatures at colliders. Depending on
the LLP quantum numbers and lifetime, these can span

from LLP decay products appearing in the detector vol-

ume, even outside of the beam crossings, to metastable

particles with anomalous ionisation disappearing after

a short distance.

This wide range of “unconventional” experimental

signatures is intertwined with the development of de-
tector technologies and their study can guide the de-

sign of the final detector layout. For example, the devel-
opment of timing-sensitive detectors is crucial both to
suppress the abundant beam-induced backgrounds and

to detect the presence of heavy, slow-moving, particles

that are travelling through the detector. A lively R&D

programme is ongoing to develop the reconstruction al-

gorithms that will profit from these new technologies.

For heavy particles, whose production cross sections

are dominated by the annihilation s-channel, there are
two main features that make searches for unconven-

tional signatures particularly competitive at a muon
collider when compared to other future proposed ma-
chines like the FCC-hh. The produced particles tend
to be more centrally distributed, impinging on the re-

gions of the detector where reconstruction is compara-
tively easier, and furthermore they have a more sharply
peaked Lorentz boost distribution, which can lead to

effectively larger average observed lifetimes for the pro-
duced BSM states.

Searches for LLPs that decay within the volume

of the tracking detectors (e.g. decay lengths between

1 mm and 500 mm) are particularly interesting as they

directly probe the lifetime range motivated by com-

pelling dark matter models. A rather detailed analysis

including realistic simulation of the BIB from muon de-

cays was performed in [45] targeting higgsino and wino
WIMPs, and it is summarised below. See [43] for sim-

plified sensitivity estimates covering other candidates.





92

dicted lifetime of the charged state significantly increases

the likelihood of detecting at least one disappearing

track, dramatically extending the reach.

In summary, the pure higgsino with thermal mass

can be probed at the 5-σ level by a 10 TeV MuC. Pure

wino dark matter scenarios are well within the reach of

a 10 TeV MuC and could be also probed at lower centre

of mass energies.

5.3 Muon-specific opportunities

We conclude our survey by reviewing a number a stud-

ies targeting new physics that preferentially couples to

muons, entailing an inherent advantage of muon collid-

ers over other facilities. As discussed in Section 2.6, this
scenario is, in the first place, a logical possibility that

muon collisions will enable to probe for the first time

systematically and effectively. Furthermore, it is mo-

tivated by the stronger coupling of second-generation

particles to the Higgs, which typically results into a

stronger coupling to new physics related with the break-

ing of the EW symmetry. New physics explaining the
structure of leptonic flavour might also be probed more
effectively with muons than with electrons.

In Section 5.3.1 we review the work done in connec-

tion with the anomalous magnetic moment of the muon

and its tension with the Standard Model (SM) predic-

tion. Possible new physics explaining the anomaly defi-

nitely couples to muons and it preferentially couples to

muons more strongly than to other particles like elec-

trons because of existing constraints. The MuC thus is

found to be a prime option for future investigations of

the possible new physics origin of the anomaly, if it will

survive further scrutiny. Otherwise, the ones presented

in Section 5.3.1 will still define possible scenarios for
new physics that the MuC can explore. Similar consid-

erations hold for B-meson anomalies, which have been
also studied extensively in connection with muon col-
liders [28,31,32,99,102,105,106]. Since they do not in-

corporate the very recent LHCb results [111,112], these

studies will not be reviewed here.

Section 5.3.2 discusses the MuC opportunities to

probe lepton flavour violation. High-energy muon colli-
sions are found to be competitive and complementary
with planned low-energy experiments, already at 3 TeV,

entailing also opportunities to confirm and further in-

vestigate possible indirect evidences of new physics that

might emerge from these very precise low-energy mea-

surements.

Section 5.3.3 is devoted to the opportunities to ex-
plore the Higgs sector by exploiting the relatively large

muon Yukawa coupling. In particular, we consider the

possibility of detecting and studying heavy Higgs bosons

through the radiative return process.

5.3.1 The muon anomalous magnetic moment

The anomalous magnetic moment of the muon has pro-

vided, over the last ten years, an enduring hint for

new physics. The experimental value of aµ=(gµ−2)/2

from the E821 experiment at the Brookhaven National

Lab [286] was recently confirmed by the E989 exper-

iment at Fermilab [287, 288], yielding the experimen-

tal average aEXP

µ = 116592061(41)× 10−11. The com-

parison of this value with the SM prediction aSM

µ =

116591810(43)× 10−11 [289–299] shows a 4.2σ discrep-
ancy

∆aµ = aEXP

µ − aSM

µ = 251 (59)× 10−11 . (46)

In the following, we refer to this as the g-2 anomaly.
Recent lattice determinations of the hadronic vacuum

polarization give a SM prediction that is more in agree-

ment with the experimental result, but is in tension

with the previous calculations based on dispersive meth-

ods [300]. Current and forthcoming plans to confirm the

BSM origin of this anomaly include reducing the exper-
imental uncertainty by a factor of four at E989, compar-
isons between phenomenological and Lattice determina-

tions of the hadronic vacuum polarization contribution

to g-2 [300–310], and new experiments aiming to probe

the same physics [311,312]. If all of these efforts will con-
firm the presence of new physics, then the most urgent

task at hand will be to probe this anomaly at higher
energies, ultimately in order to discover and study the
new BSM particles that give rise to the additional ∆aµ
contributions. The MuC is a uniquely well-suited ma-
chine for this endeavour, not least since it collides the
actual particles displaying the anomaly, and hence the

only particles guaranteed to couple to the new physics.

There are several ways in which a MuC can pro-

vide a powerful high-energy test of the muon g-2 and

discover the new physics responsible for the anomaly:

– If the physics responsible for ∆aµ is heavy enough,

an Effective Field Theory (EFT) description holds
up to the high MuC energies. This was studied in

[96]. In this case, scattering cross sections induced
by the new physics effective operators grow at high
energies (analogously to what discussed in Sections

2.4, 5.1.2 and 5.2), so that a measurement with mod-

est precision at a sufficiently high energy will be suf-

ficient to disentangle new physics effects from the

SM background. These considerations are indepen-

dent from the specific underlying model.
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– In most motivated models of new physics, new par-

ticles responsible for ∆aµ are light enough to be
directly produced in µ+µ− collisions at attainable

MuC energies. Understanding such opportunities for

direct production and discovery at a MuC was stud-

ied in [33, 34]. It was found that a complete classi-
fication of perturbative BSM models that can give

rise to the observed value of ∆aµ, and of their ex-
perimental signatures, is possible.

– Additional effects in muon couplings to SM gauge

and Higgs bosons, correlated with the muon g-2,

can also be present at a level that can be probed

by precision measurements at a MuC. Some of these

effects can be predicted in a model-independent way,

others arise in specific, motivated models.

These three strategies together make it possible to

formulate a no-lose theorem for a high-energy MuC [33,

34], if the experimental anomaly in the muon g-2 is

really due to new physics. The physics case of a high-
energy determination of∆aµ, which is unique of a MuC,

thus represents a striking example of the complementar-

ity and interplay of the high-energy and high-intensity

frontiers of particle physics, and it highlights the far

reaching potential of a MuC to probe new physics.

High-energy probes of the operators generating the g-2

We start by reviewing the analysis of [96], which de-

termined that precision measurements at high-energy

MuCs can detect deviations in scattering rates that are

generated by the same effective operators giving rise

to the g-2 anomaly. Hence, they provide a powerful in-
dependent verification and detailed examination of the

anomaly even if the responsible BSM degrees of freedom

are too heavy to be produced on-shell at the collider.

This would be a direct determination of the new physics

contribution, not affected by the hadronic uncertainties

that enter the SM prediction of aµ.

New interactions emerging at a scale Λ larger than
the EW scale can be described at energies E ≪ Λ by

an effective Lagrangian containing non-renormalizable

SU(3)c⊗SU(2)L⊗U(1)Y invariant operators. The rele-

vant effective Lagrangian contributing to g-2 reads [313]

L =
Cℓ

eB

Λ2

(
ℓ̄Lσ

µνℓR
)
HBµν +

Cℓ
eW

Λ2

(
ℓ̄Lσ

µνℓR
)
τ IHW I

µν

+
Cℓ

T

Λ2
(ℓLσµνℓR)(QLσ

µνuR) + h.c.. (47)

It includes not only the interactions that generate the

dipole operator at tree level, but also four-fermion op-

erators that generate the dipole at one loop. The Feyn-

man diagrams relevant for g-2 are displayed in Fig-

ure 94, top row. After EW symmetry breaking, H is

replaced by its vacuum expectation value v, and one

obtains the prediction

∆aℓ ≃
4mℓv

eΛ2

(

Cℓ
eγ − 3α

2π

c2W −s2W
sW cW

Cℓ
eZ log

Λ

mZ

)

−
∑

q=c,t

4mℓmq

π2

Cℓq
T

Λ2
log

Λ

mq
, (48)

where sW and cW are the sine and cosine of the weak

mixing angle, Ceγ = cWCeB − sWCeW and CeZ =

−sWCeB − cWCeW . Additional radiative contributions

from the three operators H†HW I
µνW

Iµν , H†HBµνB
µν

and H†τ IHW I
µνB

µν can be neglected because they are

suppressed by the small lepton Yukawa couplings. For
simplicity, CeB , CeW and CT are assumed to be real.

The one-loop renormalization effects to Cℓ
eγ

Cℓ
eγ(mℓ) ≃ Cℓ

eγ(Λ)

(

1− 3y2t
16π2

log
Λ

mt
− 4α

π
log

mt

mℓ

)

(49)

can be straightforwardly included. Numerically [96]

∆aµ
3×10−9

≈
(
250TeV

Λ

)2

×
(
Cµ

eγ − 0.2Cµt
T − 0.001Cµc

T − 0.05Cµ
eZ

)
.

A few comments are in order:

– The∆aµ discrepancy can be solved for a new physics

scale up to Λ ≈ 250 TeV. This requires a strongly

coupled new physics sector where Cµ
eγ and/or Cµt

T ∼
g2
NP
/16π2 ∼ 1 and a chiral enhancement v/mµ com-

pared with the weak SM contribution. Directly pro-

ducing new particles at such high scales is far be-

yond the capabilities of any foreseen collider. Nev-

ertheless, this new physics can be tested at a MuC

through high-energy processes such as µ+µ− → hγ

or µ+µ− → qq̄ (with q = c, t), that are affected by

the very same operators that generate ∆aµ.
– If the underlying new physics sector is weakly cou-

pled, gNP . 1, then Cµ
eγ and Cµt

T . 1/16π2, implying
Λ . 20 TeV to solve the g-2 anomaly. In this case,
a MuC could still be able to directly produce new

physics particles [33]. Even so, the study of the pro-

cesses µ+µ− → hγ and µ+µ− → qq̄ could be crucial

to reconstruct the effective dipole vertex µ+µ−γ, as
has been explicitly shown in [108].

– If the new physics sector is weakly coupled, and fur-
ther ∆aµ scales with lepton masses as the SM weak

contribution, then ∆aµ ∼ m2
µ/16π

2Λ2. Here, the

experimental value of ∆aµ can be accommodated

only provided that Λ . 1 TeV. For such a low new

physics scale the EFT description breaks down at
the typical multi-TeV MuC energies, and new reso-

nances cannot escape from direct production.
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Fig. 94 Upper row: Feynman diagrams contributing to the leptonic g-2 up to one-loop order in the Standard Model EFT.
Lower row: Feynman diagrams of the corresponding high-energy scattering processes. Dimension-6 effective interaction vertices
are denoted by a square.

Dipole operator. The main contribution to ∆aµ comes

from the dipole operator Oeγ =
(
ℓ̄LσµνeR

)
HFµν . The

same operator also induces a contribution to the pro-

cess µ+µ− → hγ that grows with energy, and thus can
become dominant over the SM cross section at a very

high energy collider. Neglecting all masses, the total

µ+µ−→ hγ cross section is

σhγ=
s

48π

|Cµ
eγ |2
Λ4

≈0.7ab

( √
s

30TeV

)2(
∆aµ

3× 10−9
,

)2

(50)

where in the last equation no contribution to ∆aµ other

than the one from Cµ
eγ was assumed, and running ef-

fects for Cµ
eγ , see eq. (49), from a scale Λ ≈ 100 TeV

have been included. Notice that there is an identical
contribution also to the process µ+µ− → Zγ since H

contains the longitudinal polarisations of the Z. Given

the scaling with energy of the baseline luminosity (1),

one gets about 60 total hγ events at
√
s = 30 TeV. As

it is discussed below, this is a signal that the MuC is

sensitive to.

The SM irreducible µ+µ− → hγ background is small,
σSM
hγ ≈ 2 × 10−2 ab

(
30TeV/

√
s
)2

, with the dominant

contribution arising at one-loop [314] due to the muon

Yukawa coupling suppression of the tree-level diagrams.

The main source of background comes from Zγ events,

where the Z boson is incorrectly reconstructed as a

Higgs. This cross section is large, due to the contribu-

tion from transverse polarisations. There are two ways

to isolate the hγ signal from the background: by means

of the different angular distributions of the two pro-

cesses —the SM Zγ peaks in the forward region, while

the signal is central—and by accurately distinguishing

h and Z bosons from their decay products, e.g. by pre-

cisely reconstructing their invariant mass. To estimate

the reach on ∆aµ a cut-and-count experiment was con-

sidered in the bb̄ final state, which has the highest signal

yield. The significance of the signal is maximised in the

central region |cos θ| . 0.6. At 30 TeV one gets

σcut
hγ ≈ 0.53 ab

(
∆aµ

3× 10−9

)2

, σcut
Zγ ≈ 82 ab . (51)

Requiring at least one jet to be tagged as a b, and as-
suming a b-tagging efficiency ǫb = 80%, one finds that
a value ∆aµ = 3×10−9 can be tested at 95% C.L. at a

30 TeV collider if the probability of reconstructing a Z
boson as a Higgs is less than 10%. The resulting num-

ber of signal events is NS = 22, and NS/NB = 0.25.

Figure 95 shows as a black line the 95% C.L. reach

from µ+µ− → hγ on the anomalous magnetic moment

as a function of the collider energy. Note that since the
number of signal events scales as the fourth power of the

center-of-mass energy, only a collider with
√
s & 30 TeV

will have the sensitivity to test the g-2 anomaly in this

channel.

Semi-leptonic interactions. If the anomalous magnetic

moment arises at one loop from one of the other oper-

ators in (48), their Wilson coefficients must be larger

to reproduce the observed signal, and the new physics
will be easier to test at a MuC. We now derive the
constraints on the semi-leptonic operators. The opera-

tor Oµt
T that enters ∆aµ at one loop can be probed by

µ+µ− → tt̄ (Figure 94). Its contribution to the cross

section is

σtt̄ =
s

6π

|Cµt
T |2
Λ4

Nc ≈ 58ab

( √
s

10TeV

)2(
∆aµ

3× 10−9

)2

(52)

where the last equality assumes Λ ≈ 100 TeV and uses

|∆aµ| ≈ 3 × 10−9 (100TeV/Λ)
2 |Cµt

T |. We estimate the

reach on ∆aµ assuming an overall 50% efficiency for
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scalars/vectors resolve g-2 within 2σ. Existing exper-

imental limits are shaded in gray, while projections are
indicated with coloured lines. The M3 [324], NA64µ

[325], and ATLAS fixed-target [326] experiments probe

invisibly-decaying singlets; projections here assume a

100% invisible branching fraction. The LHC limits and

HL-LHC projections were obtained from 3µ/4µ muon

searches. The purple muon collider projections are ob-

tained from a combination of searches in the singlet

plus photon final state, and from deviations in angular

observables of Bhabha scattering [34].

For scalar singlets whose width is determined en-

tirely by the muon coupling (top right), Figure 96 also

shows the projections for a search for S → γγ at a muon

beam dump experiment [327] 11 under the minimal as-

sumption that the scalar-photon coupling arises solely

from integrating out the muon.

The bottom row plots of the figure include the same

experiments, but assume that for mS,V > 2mµ, the sin-

glets have the minimal branching ratio to di-muon that
is consistent with the di-muon gS,V coupling strength

and with the upper bound on the total singlet with-
over-mass ratio from unitarity. The curves that are un-
affected by this change of the muonic branching frac-
tion correspond to searches that are insensitive to the

singlet’s decay modes. Notice however that the projec-

tions for M3, NA64µ, and ATLAS fixed-target experi-
ments assume a ≃ 100% invisible branching fraction for

mS/V > 2mµ, which is model-dependent.

The upshot is that a 3 TeV MuC can directly and

indirectly probe the entire space of possible singlet ex-

planations for the g-2 anomaly for masses above a few

or 10 GeV. Lower masses are accessible by other ex-

periments, with the possible exception of the 1–10 GeV

window of mass, in the case of scalars, when the branch-

ing ratio to muons is small (bottom right panel of Fig-

ure 96). This region could however be covered by a lower

energy muon collider, for instance by a 125 GeV MuC
with 5 or with 20 fb−1 that is considered in the fig-

ure. The 125 GeV MuC is advantageous in this case,

because of the following. The sensitivity is dominated

by the mono-photon search and, in the signal, the en-

ergy of the photon is peaked at Ecm/2 if the singlet is
light. The background instead emerges from the pro-

duction of a massive Z-boson decaying invisibly, there-

fore the peak moves below Ecm/2 by an amount that

is controlled by the Z mass. This enables an effective

background reduction at the 125 GeV MuC. At 3 TeV

instead the one due to the Z mass is a relatively small
correction to the energy. The peak displacement cannot

thus be exploited for background rejection due to the

11See [103] for the opportunities of a beam dump experiment
that exploits the high energy MuC beams.

finite photon energy resolution and to the smearing of

the initial muons energy due to photon radiation in the

initial state.

Electroweak mediators. Scenarios with electroweak me-

diators can generate the necessary g-2 contribution even
for new physics much above the TeV scale. In particu-

lar, the analysis of [33, 34] carefully studied simplified

models featuring new scalars and fermions that yield

the largest possible BSM mass scale able to account for

the anomaly. By systematically scanning over the entire

parameter space of all these models, subject to the con-

straint that they resolve the g-2 anomaly while main-

taining perturbative unitarity (as well as other optional

constraints), it is possible to derive an upper bound on

the mass of the lightest charged BSM particle that has

to exist in order to generate the observed ∆aµ. The
possibility of a high multiplicity of BSM states was also

considered by allowing NBSM copies of each BSM model
to be present simultaneously. The results show that, in

order to contribute 2.8× 10−9 to ∆aµ explaining the

anomaly, EW scenarios must always have at least one

new charged state lighter than

Mmax,X
BSM,charged ≈







(100 TeV) N
1/2
BSM

for X = (unitarity*)

(20 TeV) N
1/2
BSM

for X = (unitarity+MFV)

(20 TeV) N
1/6
BSM

for X = (unit.+naturalness*)

(9 TeV) N
1/6
BSM

for X = (unit.+nat.+MFV)

(56)

This upper bound is evaluated under four different as-
sumptions for the BSM model solving the g-2 anomaly:

perturbative unitarity only; unitarity and MFV (Mini-
mal Flavour Violation); unitarity and naturalness (i.e.,
specifically, avoiding fine-tuning in the Higgs and in the

muon mass); and unitarity combined with naturalness

and MFV.

The unitarity-only bound represents the very upper

limit of what is possible within quantum field theory

at the edge of perturbativity, but realising such high

masses requires severe alignment, tuning, or another

unknown mechanism to avoid stringent constraints from
charged lepton flavour-violating decays [328,329]. There-

fore, every scenario without MFV has been marked with

a star (*) above, to indicate additional tuning or un-

known flavour mechanisms that have to also be present.

These values of new physics particle masses provide

a rough estimate of the maximal needed collider energy.

It has been shown in [108] that, in concrete models with
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new scalars and fermions, a MuC with center-of-mass

energy in the 10 TeV range can discover the new physics

responsible for the muon g-2 by means of both direct

searches for the new states, and high-energy scattering

of SM particles such as µ+µ− → hγ. The combination

of direct and indirect searches in different final states
can be a powerful handle to disentangle among the un-

derlying models accommodating the anomaly.
The results summarised in the previous two para-

graphs show that a MuC with energies from the test-

bed-scale O(100 GeV) to O(10 TeV) and beyond has

excellent prospects to discover the new particles neces-

sary to explain the g-2 anomaly.

Multi-Higgs Signatures from Vector-like Fermions

Simple explanations for g-2 involve extensions of the

SM with new Vector-Like Fermions (VLF) where the

corrections to the muon magnetic moment are medi-

ated by the SM Higgs and gauge bosons [330, 331].
These models generate effective interactions between

the muon and multiple Higgs bosons leading to pre-
dictions for di- and tri-Higgs production at a MuC that
are directly correlated with the corrections to∆aµ. This

section reviews the findings of [98,107] on this subject.

The authors consider extensions of the SM with VLF
doublets, LL,R, and singlets EL,R with masses ML,E ,

respectively. It will be assumed that new LL and ER

have the same quantum numbers as the SM leptons, but
other possibilities will also be commented upon later.

The Yukawa interactions of interest are

L ⊃ −yµ l̄LµRH − λE l̄LERH − λLL̄LµRH

−λL̄LERH − λ̄H†ĒLLR + h.c., (57)

where lL = (νµ, µL)
T , LL,R = (L0

L,R, L
−
L,R)

T , and H =

(0, v + h/
√
2)T with v = 174 GeV. In the limit v ≪

ML,E , after integrating out the heavy leptons at tree

level, eq. (57) becomes

L ⊃ −yµ l̄LµRH −
mLE

µ

v3
l̄LµRH(H†H) + h.c., (58)

where

mLE
µ ≡ λLλ̄λE

MLME
v3 , (59)

is the contribution to the muon mass from mixing with

new leptons. Mixing of the muon with heavy leptons

also leads to modifications of the muon couplings to

W , Z, and h, and generates new couplings of the muon
to new leptons.

Assuming that v ≪ML,E , the total one-loop correc-

tion to g-2 induced by these effects is well approximated
by [330,331]

∆aµ = − 1

16π2

mµm
LE
µ

v2
. (60)

Table 10: Quantum numbers of LL,R ⊕ EL,R under

SU(2) × U(1)Y , corresponding c-factor for ∆aµ, and

predictions for di- and tri-Higgs cross sections running
at

√
s = 3 TeV, assuming ∆aµ ± 1σ.

SU(2)× U(1)Y c σhh(3 TeV) σhhh(3 TeV)

2−1/2 ⊕ 1−1 1 244+141
−109 [ab] 35.8+20.8

−15.9 [ab]

2−1/2 ⊕ 3−1 5 10+6
−4 [ab] 1.43+0.8

−0.6 [ab]

2−3/2 ⊕ 1−1 3 27+16
−12 [ab] 4.0+2.3

−1.8 [ab]

2−3/2 ⊕ 3−1 3 27+16
−12 [ab] 4.0+2.3

−1.8 [ab]

2−1/2 ⊕ 30 1 244+141
−109 [ab] 35.7+20.7

−15.9 [ab]

The explanation of the measured value of ∆aµ within

1σ requires that

mLE
µ /mµ = −1.07± 0.25. (61)

For couplings of O(1), eq. (61) can be achieved for new

lepton masses even as heavy as 7 TeV while simul-
taneously satisfying current relevant constraints [35].

For couplings close to the limit of perturbativity,
√
4π,

this range extends to close to 50 TeV. This far exceeds

the reach of the LHC and even projected expectations

of possible future proton-proton colliders, such as the

FCC-hh. However, there are related signals that could
be fully probed at, for example, a 3 TeV MuC through
the effective interactions generated between the muon

and multiple Higgs bosons. These interactions are all

generated by eq. (58) [98] and they lead to the follow-

ing predictions

σµ+µ−→hh =

∣
∣λhhµµ

∣
∣
2

64π
=

9

64π

(

mLE
µ

v2

)2

, (62)

σµ+µ−→hhh =

∣
∣λhhhµµ

∣
∣
2

6144π3
s =

3

4096π3

(

mLE
µ

v3

)2

s. (63)

Thus, considering eq (60), one can see that the effec-
tive interactions of the muon with the Higgs are com-

pletely fixed by the muon mass and the predicted value
of ∆aµ. The left panel of Figure 97 shows the total

µ+µ− → hh and µ+µ− → hhh cross sections at a

MuC as a function of
√
s calculated from the effective

lagrangian and assuming that ∆aµ is achieved within

1σ (shaded ranges). Cross sections for a 3 TeV MuC

are highlighted with the red line. One can see that,

for example, a MuC running at
√
s = 3 TeV with 1

ab−1 of integrated luminosity would see about 240 di-
Higgs events and about 35 tri-Higgs events. It should

be noted that already at
√
s = 1 TeV this is roughly

4 (3) orders of magnitude larger than µ+µ− → hh

and µ+µ− → hhh in the SM. Di- and tri-Higgs final

states produced from vector boson fusion in the SM

are characterised by a low total invariant mass. They
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tween the SM and models with scalars that do not par-

ticipate in EWSB.
Allowing for complex couplings, the correlation be-

tween ∆aµ, dµ, and Rh→µ+µ− discussed in the previous

paragraph emerges in all models with chiral enhance-

ment. In 2HDM the k factor is determined by tanβ, and
in models with scalars not participating in EWSB, for

example those discussed in [34], the k factor is directly
linked to the coupling responsible for chiral enhance-

ment [107]. Just like for the 2HDM, the corresponding

rates for µ+µ− → hh and µ+µ− → hhh can be calcu-

lated in any model with chiral enhancement. Further-

more, in all these models, the correlation between ∆aµ,
dµ, and Rh→µ+µ− allows to set the upper bound on

masses of new particles able to explain ∆aµ.

5.3.2 Lepton Flavour Violation

The SM exhibits a distinctive pattern of fermion masses

and mixing angles, for which we currently have no deep

explanation. Delicate symmetries also lead to a strong

suppression of flavor-changing processes in the quark

and lepton sectors, which may be reintroduced by new

particles or interactions. The non-observation of such
processes thus leads to some of the most stringent con-
straints on BSM physics, while a positive signal could

give us insight into the observed structure of the SM.

A number of precision experiments searching for lep-

ton flavor violating (LFV) processes such as µ → 3e,

τ → 3µ or µ-to-e conversion within atomic nuclei will

explore these processes with orders of magnitude more

precision in the coming decades [333]. As we will see,

a high-energy MuC has the unique capability to ex-

plore the same physics — either via measuring effective

interactions or by directly producing new states with

flavor-violating interactions — at the TeV scale.

Effective LFV Contact Interactions

In this section, we study MuC bounds on µµℓiℓj-type
contact interactions, and demonstrate the complemen-

tarity with precision experiments looking for lepton-

flavor violating decays, as first studied in [22]. We will

focus on τ3µ and µ3e operators, since constraints on

them can be compared directly with the sensitivity from

τ → 3µ and µ → 3e decays. We parametrise the four-
fermion operators relevant for the τ → 3µ decay via

L ⊃ V τ3µ
LL

(
µ̄γµPLµ

)(
τ̄ γµPLµ

)

+V τ3µ
LR

(
µ̄γµPLµ

)(
τ̄ γµPRµ

)

+
(
L↔ R

)
+ h.c. , (69)

with an equivalent set for the µ→ 3e decay. In what fol-

lows, we will assume all the V τ3µ
ij coefficients are equal

to cτ3µ/Λ2, where cτ3µ is a dimensionless coefficient and

Λ is to be interpreted as the scale of new physics, and

similarly for µ3e coefficients.

At a MuC, the τ3µ coefficients are probed via the
µ+µ− → µτ scattering process. Our analysis closely fol-

lows an analogous study at an e+e− collider in Ref. [334].

As discussed in [22], the SM backgrounds from τ+τ−

and W+W− production can be substantially mitigated

by a simple set of cuts, whereas the signal can be largely

retained up to ∼ 10% effects due to initial state radi-
ation. The resulting bounds, assuming fixed integrated

luminosities of 1 ab−1 at 0.125, 3, 10 and 30TeV are

shown in Figure 99, alongside current and future sen-

sitivities of τ → 3µ and µ → 3e experiments. A 3TeV

machine would set a direct bound at the same level as
the future Belle II sensitivity. The sensitivity of higher

energy MuCs is underestimated in Figure 99 because
the expected luminosity is higher, and vice versa for

the 125 GeV MuC.

Given an ansatz regarding the flavour structure, the

constraints on the τ3µ operators can be compared to

the constraints on the analogous µ3e operator in the

µ → 3e decay. The diagonal lines in Figure 99 show
the expected relationship between the two Wilson co-

efficients for several different ansatz, including flavor
anarchy (where all coefficients ∼ 1), Minimal Leptonic
Flavor Violation [335], or scalings with different pow-

ers of the involved Yukawa couplings. While muon de-

cays set the strongest limits assuming anarchical coef-

ficients, a MuC could set competitive constraints for

other ansatz: in the most extreme case, where the Wil-

son coefficients scale like the product of the Yukawas,
a 3TeV machine would have sensitivity comparable to

the final Mu3e sensitivity.

In addition to the τ3µ operators considered here,

similar sensitivity should be attainable for the process

µ+µ− → µ±e∓, as well as for the processes such as
µ+µ− → τ±e∓ that violate lepton flavor by two units.
Overall, we see that a MuC would be capable of directly

probing flavor-violating interactions that are quite com-

plementary to future precision constraints.

Direct Probes: LFV in the MSSM

An exciting possibility is that the flavor-changing pro-

cesses that might be observed in low-energy experi-

ments arise from loops of new particles near the TeV

scale. As a motivated example, consider the MSSM. The

scalar superpartners of the SM leptons can have soft

supersymmetry-breaking contributions to their mass-

matrix that are off-diagonal in the SM lepton eigenba-

sis. As a result, the slepton interactions with the lep-

tons will be flavor-violating and lead to processes such

as muon-to-electron conversion and rare muon decays

at one loop. In well-motivated constructions, the mix-
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Table 11: Coupling parameter values in different 2HDM setups.
Coupling κ ≡ g/gSM Type-II & lepton-specific Type-I & flipped

gHµ+µ− κµ sinα/ cosβ cosα/ sinβ

gAµ+µ− κµ tanβ − cotβ

gHZZ κZ cos(β − α) cos(β − α)

gHAZ 1− κ2
Z sin(β − α) sin(β − α)

ing angle and mass-splitting, ∆m2 = m2
ẽ,2 −m2

ẽ,1, with

M1 = 500GeV. The right panel shows the constraints

for fixed ∆m2/m̄2 = 0.1 in the M1 vs. sin 2θR plane.
Large mixing angles are motivated in models involv-

ing gauge-mediated supersymmetry breaking (GMSB),
indicated by the purple region, while larger mass split-
tings are motivated in scenarios where the messengers
carry flavor-dependent charges, such as Lµ − Lτ , in-

dicated by the blue regions (see [37] for more details).
The complementary constraints from low-energy exper-

iments searching for µ → eγ, µ → 3e decays or µ-to-e

transitions are shown in blue, purple and green, respec-

tively. We see that the MuC reach extends to small mass

splittings in the GMSB scenario, and covers a substan-

tial part of the most well-motivated parameter space.

Gauge Lµ − Lτ Interactions

As a last example of new physics source of LFV, we

consider the gauging of the Lµ − Lτ charge. It is not

straightforward to test this model at laboratories due

to the preferred couplings to the second and third fam-

ily leptons, unless we have a facility to directly collide

muons. Here we summarise the findings of [29] regard-
ing searches of a gauged Lµ−Lτ interaction at a MuC.

The discussion focuses on the 3 TeV MuC with 1 ab−1

luminosity.

The relevant interactions of the new boson Z ′ read

L ⊃ g′
(
ℓLQ

′γµℓL + ERQ
′γµER

)
Z ′
µ , (70)

where g′ stands for the coupling constant of gauged

Lµ−Lτ symmetry, ℓ ≡ (ν,E)T is the lepton doublet

with ν and E being the neutrino and the charged lep-
ton, respectively, and Q′ = Diag(0, 1,−1) represents

the charge matrix in the basis of (e, µ, τ). The Z ′ will

inevitably mix with the SM gauge bosons, i.e., γ and

Z. It is found that the mixing with γ is strongly sup-

pressed by the Z ′ mass, while the mixing with Z can

be relevant if their masses are of the similar order. For

simplicity, we assume a negligible mixing in the follow-

ing, which actually represents a conservative estimate

of the sensitivity.

In such a setup, the relevant processes for the analy-

sis include the final-state signatures of dimuon plus pho-

ton, ditau photon as well as monophoton. Even though

the process with initial photon radiation is of higher

order compared to the trivial two-body scatterings, its

impact is comparable and in some circumstances even

larger than the two-body ones, due to the radiative re-

turn of resonant Z ′ production [49,337].

The two-body scattering is very clean, as the fi-

nal back-to-back dimuon or ditau carries all the en-
ergy delivered by the initial colliding muons. The only
background of our concern should be the intrinsic SM

processes, such as µ+µ− → γ/Z → l+l− as well as

t-channel exchanges.

Here one also benefits from the interference between

the Z ′ and SM-mediated diagrams. For instance, con-

sider µ+µ− → τ+τ−. The interference contribution to

the cross section

σ ∼ e2g′2/(4πs) for s≫M2
Z′ , (71)

and

σ ∼ −e2g′2/(4πM2
Z′) for s≪M2

Z′ , (72)

dominates over the Z ′-only cross section, which is pro-

portional to ∝ g′4, when g′ is small. Comparing with

the SM cross section

σ ∼ e4/(8πs) ∼ 104 ab (3 TeV/
√
s)2 , (73)

one can readily estimate the excellent sensitivity to the

gauge coupling

g′ < 3.4× 10−2 ×
( √

s

3 TeV

) 1
2
(
1 ab−1

L

) 1
4

max

(

1,
MZ′√
s

)

(74)

for a collider with centre of mass energy
√
s and inte-

grated luminosity L.

For more detailed sensitivity projections, one has to

make a few assumptions about the particle identifica-

tion and detection prospects. For the two-body scat-

terings, we assume an efficiency for dimuon identifica-

tion of 100% and that for ditau of 70%. The search of

resonance for the radiative return process severely re-
lies on the energy resolution of photon or equivalently
dilepton. The energy resolution for photons, which is

detailed in Ref. [338], has been taken from the current

CMS detector with PbWO4 crystals, while for dimuon

we take ∆mµ+µ− ≃ 5 × 10−5 GeV−1 · s [339]. More-

over, a systematic uncertainty of 0.1% level has been

assumed.
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Fig. 102 Recoil mass distribution [49] for heavy Higgs mass of 0.5, 1, 1.5, 2, 2.5, 2.9 TeV with a total width 1 (red), 10 (blue),
and 100 (green) GeV at a 3 TeV MuC. Background (black shaded region) includes all events with a photon of pT > 10 GeV.

The projected sensitivity is presented in Figure 101.

The limits using µ+µ− → ℓ+ℓ− (dashed and dotted
curves for ℓ = µ and τ , respectively) are given as the

darker orange region, while the radiative return process
yields the lighter orange region. Other limits and pro-
jections are also shown for comparison, such as e+e− →
µ+µ−Z ′, Z ′ → µ+µ− from the BaBar experiment [340],

the LHC searches [341,342], and the trident production
in neutrino scattering experiments [322].

The Gauge Lµ − Lτ model can explain the muon

g-2 anomaly in a particular region of the parameter
space, outlined by the yellow band in the figure. In the

parameter space of our concern, with MZ′ > 100 GeV,

the anomaly-favoured region will be completely covered

by the 3 TeV MuC.

5.3.3 Heavy Higgses through the Radiative Return

Process

The relatively sizeable muon Yukawa coupling to the

SM Higgs boson suggests that the muon coupling to

new physics associated with the breaking of the EW

symmetry could be directly observable at the MuC, or

even be responsible for the discovery of new physics.
This is illustrated below in an extended Higgs sector
scenario featuring a second Higgs doublet.

As discussed in Section 5.1.3, the muon collider has

much better perspectives than the HL-LHC to observe

new heavy Higgs bosons already at the 3 TeV stage. It

would also enable a very detailed characterisation of the

newly discovered extended scalar sector by a number of
precision measurements, including line shape studies of

the new resonances produced in the s-channel [343,344],

once their mass will be known with sufficient precision.
If the mass is unknown, one can exploit the “radiative

return” (RR) process. Namely

µ+µ− → γH, γA, (75)

where we indicate with H (A) the neutral CP-even

(CP-odd) new heavy scalar states. The process pro-
ceeds through the emission of a photon from the ini-

tial state muons, which enables them to collide at the
heavy Higgs boson mass even if the MuC centre of mass
energy was slightly above. In what follows we illustrate

the main points of this approach in the context of a

2-Higgs-doublet model (2HDM), summarising the find-

ings of [49].

In this model, the relevant heavy Higgs boson cou-
plings can be parametrised as

Lint = −κµ
mµ

v
Hµ̄µ+ iκµ

mµ

v
Aµ̄γ5µ

+κZ
m2

Z

v
HZµZµ (76)

+
g
√

(1− κ2Z)

2 cos θW
(H∂µA−A∂µH)Zµ ,

where the two parameters κµ and κZ characterise the
coupling strength relative to the SM Higgs boson cou-

plings. The coupling κµ controls the heavy Higgs reso-

nant production and the radiative return cross sections

while κZ controls the cross sections for ZH associated

production and heavy Higgs pair HA production. We

choose for simplicity equal coupling to muons of the CP-

even H and the CP-odd A. For the HAZ coupling, the
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Fig. 103 Comparison of sensitivities between different production mechanisms in the parameter plane κµ-κZ for different
masses of the heavy Higgs boson at the 3 TeV MuC. The shaded regions show a higher direct signal rate from the RR
process than the ZH associated production and HA pair production channels. One can also see the allowed parameter regions
(extracted from Ref. [345]). From [49].

generic 2HDM relation is used where κZ is proportional

to cos(β−α) and the HAZ coupling is proportional to

sin(β−α). In the decoupling limit of the 2HDM at large

mA, κZ ≡ cos(β − α) ∼ m2
Z/m

2
A is highly suppressed

and κµ ≈ tanβ (− cotβ) in Type-II and lepton-specific

(Type-I and flipped) 2HDM. The value of the parame-
ters in different 2HDM setups is shown in Table 11.

The signature of the RR process is quite striking

as it results in a monochromatic photon. For narrow

scalars, the “recoil mass” is a sharp resonant peak at

mH/A, standing out of the continuous SM background.

The reconstruction of the heavy Higgs boson from its

decay product could provide an extra handle and a

clean way to determine the heavy scalar branching ra-

tios in a later stage after discovery.

The characteristic of the RR signal is a photon en-

ergy

Eγ =
ŝ−m2

H/A

2
√
ŝ

, (77)

from which a recoil mass peaked at the heavy Higgs

mass mH/A can be reconstructed. The energy of this

photon is broadened by both detector effects, e.g., pho-

ton energy resolution, beam energy spread and physics

effects, e.g., additional (soft) ISR/FSR, and the heavy

Higgs width. The beam energy spread and additional

soft ISR/FSR are expected to be at the GeV level [346].

The recoil mass reconstruction uncertainty is dominated

by the photon energy resolution, at least if the Higgs

boson mass is significantly below the collider centre
of mass energy. The heavy Higgs width, if sizeable,

could effectively smear the energy of the photon. In

the 2HDM it ranges between order 1 and 100 GeV for

TeV-sized heavy Higgs masses.

The inclusive cross section for the mono-photon back-

ground is substantial compared to the radiative return

signal. The background can be estimated from the Möller

scattering with initial or final state photon emission,

µ+µ− → µ+µ−γ, and from the W t-channel exchange

with initial photon radiation, µ+µ− → ννγ. The signal
to background ratio is typically of order 10−3 for a 3

TeV MuC. Consequently, to discover through RR, we

rely on exclusive processes and specific final states.

For concrete illustration, a Type-II 2HDM has been

adopted with the bb̄ final state with 80% decaying branch-

ing ratio. An 80% b-tagging efficiency is assumed and

at least one b-jet tagged required in the analysis. Mad-
graph5 [347] has been used for parton level signal and

background simulations and then Pythia [348] for ini-
tial and final state photon radiation. Detector smearing

and beam energy spread have been also implemented.

Figure 102 shows the recoil mass distribution at a
3 TeV MuC. Both the signal and the background cross

sections at fixed beam energy increase as the recoil mass

increase from the photon emission. One can clearly dis-

tinguish the pronounced mass peaks.

In order to assess the discovery perspectives of the

RR process, in Figure 103 we compare its reach with

the one from the ZH associated production and HA

pair production, in the κµ-κZ plane. The RR produc-
tion mode covers a large region of the plane, which ex-

pands when the heavy Higgs mass gets close to the MuC
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energy of 3 TeV. The region where RR dominates the

discovery obviously shrinks when the heavy Higgs mass

crosses the threshold for pair production. This is shown

by the darker contour in the figure, for 1.4 TeV mass.

The figure also displays the LHC constraints from the

measurements of the coupling of the SM Higgs. A more

detailed discussions can be found in Ref. [49].
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6 Outlook

In this Review we summarised the motivations, status

and plans of the ongoing multi-disciplinary effort to-

wards a muon collider.

These studies are relevant and timely for several rea-

sons. The outcome of the first part of the LHC exper-

imental programme suggests that an ambitious jump

ahead in energy will be needed for a fruitful explo-

ration of fundamental interaction physics. Also the ex-

tension to higher energies of established ee and pp col-
lider concepts faces severe feasibility challenges in terms

of size, cost and power consumption. We saw in Sec-

tions 2 and 5 that a muon collider with 10 TeV energy

or more in the centre of mass offers tremendous and

varied exploration opportunities. The muon collider at

10 TeV centre of mass energy offers equivalent or su-
perior physics reach to a pp collider with the highest

envisageable centre of mass energy, 100 TeV. The en-

ergy limit for a muon collider is not yet known, but it

is expected to be above 10 TeV.

The second reason for the renewed interest in muon

colliders stems from recent advances in technology and

muon collider design. These include the outcome of

the MAP studies, which demonstrated the feasibility

of many critical components of the facility, as well as

several proof-of-principle experiments and component

tests like MICE and the MUCOOL RF programme.

Previously-considered limits for cooling such as oper-

ation of RF cavities in very high magnetic fields and
the feasibility of a 30 T solenoid for the final cooling
are now demonstrated. Several other advances are de-

tailed in Section 3. Muon colliders are now included in

the European Roadmap for Accelerator R&D. No show-
stopper has been identified and an R&D and demon-

stration plan has been defined to address the remaining
challenges in the next few years. The first assessment of
the experimental conditions of a muon collider also con-
tributed to enhance the global confidence in the project.

It demonstrated the possibility of running a comprehen-
sive experimental programme coping with the BIB from
muon decay and identified wide margins for progress as

discussed in Section 4.

The technically limited timeline for the muon col-
lider R&D programme has been described in Section 3

and it is displayed in Figure 12. The next Update of
the European Strategy for Particle Physics (ESPPU)
in 2026/2027 is an important milestone. By then, the

design of the facility and of the cooling demonstra-

tor will be consolidated. If the necessary investments

will be supported by a favourable ESPPU recommen-

dation, the preparation of a Conceptual Design Report

and the construction and operation of the demonstrator

and hardware prototypes will then initiate. The muon

collider is a long-term project, which offers immediate
opportunities for R&D.

The muon collider technical feasibility is only one
of the key aspects of the project that must be stud-
ied intensively in the next few years. The muon collider

will be the first facility to collide leptons at such high

energies, the first facility to collide second-generation

leptons, and the first facility to collide particles that

are unstable. These innovations entail novel opportu-

nities and challenges for the exploitation of the muon

collider facility, once built. Advances are thus necessary

also in experimental and theoretical physics and phe-

nomenology in order to fully assess and consolidate the

physics potential of the muon collider project.

We saw in Section 4 that the design of experiments

at the muon collider will require an extensive investi-

gation and development of detector technologies and

of innovative reconstruction algorithms tailored to the

suppression of the BIB from the decaying muons.

We outlined in Sections 2 and 5 that the current

assessment of the potential of the muon collider for

the exploration of fundamental interactions is incom-

plete. Preliminary sensitivity estimates have not been

performed for many promising new physics search chan-

nels. It is likely that many novel physics channels have

not been identified. For example, no comprehensive as-

sessment is available of the muon collider perspectives

to probe structured new physics scenarios such as for in-

stance Supersymmetry, Composite Higgs, or extended

Higgs sectors. Work is also needed towards a global

analysis of the model-independent perspectives to probe

new physics indirectly through the SM EFT.

Theoretical predictions at the muon collider will re-

quire major methodological advances, arguably compa-
rable to those that were needed and achieved for the
exploitation of the LHC. The principal challenges and

opportunities stem from the copious emission of EW

radiation that requires resummation for sufficiently ac-

curate predictions, calls for the development of novel

EW showering Monte Carlo codes and also challenges

fixed-order calculations. While there are good perspec-
tives for progress, building upon the vast experience
with QED and QCD radiation, we remarked in Sec-

tion 2.5 a number of unique theoretical aspects of the

challenges surrounding the treatment of the EW radia-

tion. Novel theoretical ideas are thus needed, on top of

the adaptation and implementation of existing method-
ologies.

Increasingly complete and accurate theoretical pre-

dictions will have to be progressively integrated with
detector design and simulation advances, towards a fully

realistic assessment of the muon collider physics poten-
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tial. Among the most urgent questions at the interface

between theory and experiment one could mention for

instance the detectability of very boosted SM particles

emerging either from heavy resonance decays or from

high energy scattering processes, the observability of

unconventional new physics signatures and the feasi-

bility of accurate per mil level cross-section measure-

ments needed for Higgs coupling studies. Investigating
these and other questions, related for example to muon-
specific exploration opportunities, will provide theory

targets to guide the design of the muon collider experi-

ments and, conversely, drive the development and assess

the adequacy of the theoretical predictions.
On top of ensuring a robust assessment of the muon

collider project perspectives, the simultaneous advance-

ment on accelerator, experimental and theoretical physics

is needed also to exploit and develop inter-disciplinary

synergies. The optimisation of the Machine Detector

Interface described in Section 4.1 is only one of the

tasks where an inter-disciplinary approach is manda-
tory. Others include the design of a possible forward

detector for muons and of a very forward detector to ex-

ploit the collimated beam of energetic neutrinos from

the decay of the colliding muons as described in Sec-

tion 4.5. Inter-disciplinary work will be also needed in

order to define the energy staging plan ensuring a good
balance between physics case, technical risk and cost.

The current baseline plan appears adequate so far, but
it will need to be reconsidered as the design and the
physics studies advance. Designing the cooling demon-
strator such as to maximise the synergies with other

projects, exploiting for example the opportunities for
neutrino physics, offers additional inter-disciplinary op-

portunities.

Muon collider physics is still in its infancy. The stud-
ies presented in this Review represent the first explo-
ration of the topic, but they enable us to identify the
relevant questions and directions for rapid progress in

the next few years. The muon collider programme of-
fers appealing perspectives for ambitious innovative re-
search that will advance particle collider physics as a

whole.
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