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Is a Higgs factory sufficient to fully understand Higgs boson sector? 
(it would be great to have a Higgs factory ready in few years…)Colliders have been increasing in energy  

since their inception
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(V. Shiltsev, 2012)

How high in Energy do we need to go? 
What particles and what luminosity do we need?

For the future, are record energies a 
luxury?

High energy has been successful for discoveries 
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NO
Is a Higgs factory sufficient to fully understand Higgs 
boson sector? 
(it would be great to have a Higgs factory ready in few years…)
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Linear or any circular 𝑒!𝑒" colliders will not produce di-Higgs boson sample 
large enough to measure the Higgs self-coupling parameter, crucial to 
determine Higgs potential.
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the MDI configuration designed for
→

s = 1.5 TeV.
This second sample was generated with FLUKA
[20], as described in Ref. [21]. Figure 2 (left) illus-
trates the arrival times of the background particles
at the detector surface for center-of-mass energies
of 1.5 and 3 TeV: a significant fraction of these are
outside the assumed detector readout window of [-
1, 15] ns (with t = 0 as bunch-crossing time), and
thus will not be recorded. The energy spectra of
the particles entering the detector within the read-
out window are shown in the right panel of Fig. 2.
These particles predominantly have momenta be-
low 1 GeV and are expected to primarily a!ect the
detector elements closer to the background entry
points.

The di!erences in the background time and
energy distributions between the two center-of-
mass energies result negligible when the detector
response is considered. In fact, the observed dif-
ferences become negligible when the detector
occupancies are calculated. This is mainly due to
the di!erent energies and detector entry angles of
the particles in the two BIB samples. The stud-
ies described in the remainder of the paper are
conducted using signal and physics background
samples generated at

→
s = 3 TeV. However, as

stated above, they utilize the nozzle configuration
designed for

→
s = 1.5 TeV and the BIB samples

generated at the same center-of-mass energy.
The BIB sample was generated by MAP us-

ing a detector solenoidal magnetic field of 3.57 T,
which is hence employed also in the current detec-
tor model. The BIB particles, given at the detector
entry point with their initial kinematical prop-
erties and spatial distributions, are propagated
into the detector and made interact with each
sub-detector by GEANT4 [22]. The detector hits
produced by the BIB particle are stored on disk
and then overlaid onto the hits produced by the
signals and physics backgrounds to create realistic
events. Further details about the BIB generation
and simulation are reported in Refs. [11, 23].

3 Simulation and
reconstruction for signal and
background samples

The analysis strategy for measuring the single and
double Higgs boson production cross sections is
driven by their respective production mechanisms.
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Figure 3 Cross sections for the most important Higgs bo-

son production processes in muon-antimuon collisions as

a function of the center-of-mass energy, reproduced from

Ref. [13]. The ZH and tt̄H production (dashed lines) pro-

ceeds via the s-channel µ
+

µ
→

annihilation, whereas all the

other production channels are vector-boson-fusion processes.

Initial-state radiation is not included in cross-section calcu-

lations.

These mechanisms determine the kinematic prop-
erties of the events as well the contributing physics
background processes.

In Sec. 3.1, the generation of physics signal
and background processes is described. The detec-
tor used for their detailed simulation is presented
in Sec. 3.2, along with the software simulation
framework. Section 3.3 outlines the digitisation pro-
cedure, while Sec. 3.4 describes the reconstruction
algorithms employed.

In this paper, a right-handed reference system
is assumed with the origin at the center of the
detector, the nominal collision point: the z-axis
is aligned with the direction of the clockwise-
circulating µ

+ beam, the y axis points upward,
and the x axis lies on the plane of the collider ring.

The MuC software framework [24], derived
from the iLCSoft [25] framework, has been em-
ployed for the detector simulation. iLCSoft, de-
veloped for e

+
e

→ colliders, o!ers also several ad-
vanced tools for event reconstruction and analysis.
Nevertheless, the MuC environment is extremely
di!erent from e

+
e

→ colliders, due to the presence
of the BIB. In most cases, the large number of BIB
hits makes the use of these tools impractical due to
very long computational times. In other cases, the
algorithms have to be completely rethought con-
sidering the characteristics of the BIB. For these
reasons, algorithms developed specifically for the
MuC are used for many tasks (like b-jet identifi-
cation) instead of employing the state-of-the-art
tools in iLCSoft.

5

muon smasher guide 

Muon collisions at 𝑠 = 10 TeV guarantee the best precision.

MuC 𝑠 = 10 TeV, 1 experiment  
10 ab-1 in ~5 years

FCC-hh 𝑠 = 100 TeV, 2 
experiments  30 ab-1  in ~20  years

Higgs-pair production at a 100 TeV

3.8 * 10! HH in 10 ab-1 

https://iopscience.iop.org/article/10.1088/1361-6633/ac6678
https://link.springer.com/article/10.1140/epjc/s10052-020-08595-3
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Indeed, multi-TeV muon collisions produce significant number of single, 
double and triple Higgs bosons
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5

muon smasher guide 

Higgs physics prospects at a 3 TeV muon collider Massimo Casarsa

Figure 1: Cross sections for the main Higgs boson
production processes as a function of the muon col-
lider center-of-mass energy [1].

cross section [fb] expected events
3 TeV 10 TeV 1 ab�1 at 3 TeV 10 ab�1 at 10 TeV

� 550 930 5.5 ⇥ 105 9.3 ⇥ 106

/� 11 35 1.1 ⇥ 104 3.5 ⇥ 105

CC̄� 0.42 0.14 420 1.4 ⇥ 103

�� 0.95 3.8 950 3.8 ⇥ 104

��� 3.0 ⇥ 10�4 4.2 ⇥ 10�3 0.30 42

Table 1: Cross sections for the main Higgs boson
production modes at

p
B = 3 and 10 TeV and the

expected events in 1 ab�1 and 10 ab�1, respectively.

that are interleaved in the iron return yoke of the magnet. Two tungsten cones, covered in borated
polyethylene cladding, are utilized for shielding the beampipe on both sides of the interaction region.
More details can be found in Ref. [5].

The muon collider software framework [6] is based on CLIC’s iLCSoft: the detector geometry
is modeled with the DD4hep toolkit [7], the detector response is simulated by G����4 [8], and
event reconstruction is done with the Marlin package [9]. The MARS15 software [10] is used to
generate the beam-induced background.

To maintain high efficiencies and resolutions for the physics objects in the presence of machine-
induced background, all reconstruction algorithms required revision or fine-tuning, as described in
Ref. [5]. The initial focus was on muons, photons, and jets. Muons and photons are reconstructed
by the PandoraPFA algorithm [11]. The algorithm identifies muons as tracks in the central tracker
that match hit clusters in the muon detectors, whereas photons are identified as isolated clusters
in the electromagnetic calorimeter. Hadronic jets are formed by clustering PandoraPFA objects.
Corrections are applied to the reconstructed energy of photons and jets to account for detector
effects and inefficiencies. Jets originating from 1 quarks are identified by searching for displaced
secondary vertices within the jets.

3. Higgs boson production cross sections

The physics objects described in the previous section were used to reconstruct the Higgs boson decay
modes into the final states 5 = 11̄, ,,⇤, WW, //⇤, and `+`� to estimate the statistical sensitivity
on the production cross sections multiplied by the decay branching ratios: f� ⇥ ⌫'(� ! 5 ).
Furthermore, the double Higgs production �� in the 11̄11̄ final state was also studied. The Higgs
and physics background samples were generated at leading order with WHIZARD v2.8.2 [12] or
MadGraph5_aMC@NLO v3.1.0 [13] and PYTHIA8 [14] was used for the hadronization of the final
states. The samples were then processed with the detailed detector simulation and reconstructed
with the muon collider software. All analyses share a common approach consisting of an initial
loose kinematical preselection to remove the dominant backgrounds, followed by a final signal
selection utilizing a multivariate analysis method. For the channels with jets in the final state, the
BIB was directly superimposed on the physics events on an event-by-event basis. For the cases

3

https://iopscience.iop.org/article/10.1088/1361-6633/ac6678
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Higgs couplings to bosons and fermions
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HL-LHC HL-LHC HL-LHC
+10TeV +10TeV

+ ee
ωW 1.7 0.1 0.1
ωZ 1.5 0.4 0.1
ωg 2.3 0.7 0.6
ωω 1.9 0.8 0.8
ωZω 10 7.2 7.1
ωc - 2.3 1.1
ωb 3.6 0.4 0.4
ωµ 4.6 3.4 3.2
ωε 1.9 0.6 0.4
ω→t 3.3 3.1 3.1

→ No input used for the MuC

Fig. 1.2.3: Left: 1ε sensitivities (in %) from a 10-parameter fit in the ω-framework at a 10 TeV MuC with
10 ab↑1, compared with HL-LHC. The effect of measurements from a 250 GeV e+e↑ Higgs factory is
also reported. Right: Sensitivity to the Higgs trilinear coupling modifier ϑωϑ of different future colliders.
The sensitivity of the 10 TeV muon collider (µ10) is compared with that of higher energy muon colliders
(µ14 and µ30) and with the one of the low-energy stage at 3 TeV (µ3). 3-lin plot to be changed putting
bars for: HLLHC, CLIC, FCChh, MuC3 and MuC10 Plots from Ref. [4].

investigated the MuC sensitivity to a number of BSM scenarios ranging from WIMP dark matter, ex-
tended Higgs sectors, heavy neutral leptons, composite resonances, solutions to the g → 2 anomaly and
more [5–83, 146]. A few specific results are outlined below. It should be emphasised that the results
described below—as well as in the majority of the muon collider studies in the literature—are based on
detailed phenomenological analyses that consider the relevant backgrounds as well as a parametric mod-
eling of the detector effects. The assumed detector performances are those of the IMCC muon collider
DELPHES card [189, 190], which match the performances of the CLIC detector and lie in between the
“Baseline” and “Aspirational” performances described in Section ??.

Reference [5] (see also Refs. [2, 6, 7]) studied one extra EW-singlet Higgs scalar which is poten-
tially responsible for the generation of a strong first-order EW phase transition in the Early Universe,
and is present in other BSM scenarios as well. Such a “scalar singlet” is a standard benchmark for fu-
ture colliders, also in light of its peculiar coupling to the SM, which occurs only through a Higgs-portal
interaction. The 10 TeV MuC mass-reach on this BSM scenario is superior to that of the FCC-hh in the
most motivated region of the model’s parameter space. In fact, the sensitivity is superior in the whole
parameter space upon including the indirect MuC reach from Higgs coupling measurements. This is
shown on the right panel of Figure 1.2.2 in the plane formed by the mass of the particle and its cou-
pling to the SM, expressed in terms of the degree of mixing with the Higgs boson. The MuC advantage
over FCC-hh stems from the larger MuC cross-section for the production of Higgs portal-coupled new
physics in vector boson fusion. Similar findings have been reported in other Higgs portal-coupled BSM
scenarios, making the muon collider an ideal option to cover this class of models at the multi-TeV scale.

Several papers [31, 71–83] studied the observability of a variety of WIMP DM candidates at
the muon collider (see Ref. [4] for a summary). Detection strategies include mono-photon (or, more
generally mono-X) searches, indirect searches from loop effects, and direct searches of the disappearing

viii

Result of 10-parameter fit, K0 framework: 
1σ sensitivities in %

𝑒"𝑒# at 250 GeV 

Wκ   Zκ   gκ   γκ   γZκ   cκ   tκ   bκ   µκ   τκ   
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]

MuC 3 TeV

MuC 3 TeV + HL-LHC

MuC 10 TeV

MuC 10 TeV + HL-LHC

Preliminary

M. Forslund, P. Meade and M. Casarsa, D. Lucchesi, L. Sestini

Results obtained with parametric modeling of 
detector effects validated with detailed 
simulation including beam-induced background. 
See D. Zuliani presentation

Permille-level precision on Higgs couplings 
achievable when adding MuC, no BSM contribution.

https://doi.org/10.1007/JHEP08%282022%29185
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102622-011319
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Colliders have been increasing in energy  
since their inception
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(V. Shiltsev, 2012)

How high in Energy do we need to go? 
What particles and what luminosity do we need?

Are record energies a luxury? NO
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Fig. 1.2.2: Left: 95%CL exclusion reach on the mass of several BSM particles at future colliders [10,
73, 186–188] to be updated with DT and ST for Dark Matter; 14 TeV reach should be suppressed.
Only EW pair production is considered to assess the MuC sensitivity. This underestimate the reach in
models where single-production is possible (see e.g. [45]). For the wino and the Higgsino, we label as
“!DM” the mass required to reproduce the observed dark matter abundance. Right: exclusion contour [4]
for a scalar singlet of mass mS mixed with the Higgs boson with strength sin ω.

their collision energy is entirely available to produce new particles. The protons instead are composite
and their effective energy reach is limited to a fraction of the collider energy by the steep fall-off of the
parton distribution functions. This is the reason why a muon collider with 10 TeV energy can access
heavier particles than the 14 TeV LHC, as illustrated on the left panel of Figure 1.2.2.

The figure shows the projected exclusion reach on the mass of a number of hypothetical particles
(labelled with a standard BSM notation 1) at the muon collider with 10 TeV energy in the centre of mass,
at the HL-LHC, and at the 100 TeV proton-proton future collider FCC-hh [10, 73, 186–188]. At a muon
collider, these particles are produced in pairs by electroweak (EW) interactions and the corresponding
EW production cross sections are determined by the EW and spin quantum numbers of the states. The
cross-sections range from 0.1 to 10 fb at the 10 TeV MuC, for masses almost up to the kinematic
threshold of 5 TeV. With the target integrated luminosity of 10 ab→1, enough events (more than 1000)
will be available for discovery up to the threshold provided the particle decays promptly to an easily-
detectable final state. Therefore, all particles considered in the figure with the exception of the wino and
the Higgsino (see later) can be discovered up to 5 TeV mass by only exploiting the model-independent
process of EW pair-production. An extended mass-reach is possible if BSM interactions mediate the
production of the new state. For instance, the 10 TeV muon collider reach on top partners is around
9.5 TeV from single production [45].

The mass reach of the 10 TeV MuC is above the HL-LHC exclusion limit for all of the BSM
candidates considered in Figure 1.2.2. The 10 TeV muon collider has an even higher reach than a
100 TeV proton-proton collider FCC-hh in QCD-neutral particles such as charginos ε̃±

1 and tau sleptons
ϑ̃ . It surpasses the thermal target (see later) for the Higgsino and the Wino dark matter candidates.

Along these lines, the “Energy” arrow in Figure 1.2.1 represents the possibility of searching for
new heavy particles of very generic nature, or specific well-motivated candidates. Past works have
1For instance, T is a fermionic top partner, t̃ is the stop and W̃

0 and Higgsino H̃
0 are the wino and the Higgsino, respectively.

The notation is the same as in Ref. [188].

vii

95%CL exclusion reach on mass of several BSM particles

High energy has been successful for 
discoveries, it allows to investigate 
New Physics models 

Preliminary

Details in Chiara Aimè presentation
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High energies are “peculiar” at MuC
High luminosity and energy with reasonable 
wall plug power
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A 10 TeV muon collider can 
easily go beyond  

100 TeV pp depending on the 
process (and vice versa)

10 TeV is not the limit - just the study point for 
what is thought to be doable on paper already

Part of R&D is finding how high it can be pushed

Rule of thumb in  

Discovery reach to 

2 Λ 2

M ≳
s

2

𝛽 ≡ #𝜎 !/ #𝜎 "

Center of mass energy for equivalent 
cross sections of 2 → 2	scattering 

muon smasher guide 

Muon vs Protons

Muon Collider can go beyond 100 TeV pp 
• 𝑠 = 10 TeV is not the limit, just a study point 
• negligible background contribution respect to pp

https://arxiv.org/abs/2007.15684
https://arxiv.org/abs/2003.09084
https://iopscience.iop.org/article/10.1088/1361-6633/ac6678
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The combination of high energy and high precision enhances sensitivity 
to new physics, reaching 100 TeV scale with 10 TeV muon collisions. 
A 100 TeV hadron collider does not have direct access to such a scale 
due to the composite nature of proton.

ESPPU Muon Collider Report – PHYSICS – January 16, 2025

Fig. 1.2.4: Left: Future colliders 95% CL exclusion sensitivity to a minimal Z → [195]. In the case of
muon colliders, the 5ω discovery reach is also shown by dashed lines. Right: The sensitivity to Higgs
compositeness. split "Others" line into CLIC, FCC-hh and FCC-ee. Take out composite top

Higgs (see [196] for a review), which is the only known possibility to explain—at the price of a mod-
erate fine-tuning on a single parameter—the agreement between current measurements of the Higgs
couplings and SM predictions. The experimental manifestations of a composite pNGB Higgs can be
robustly modelled in terms two parameters m↑ and g↑ [197], which correspond respectively to the Higgs
compositeness scale—i.e., to the inverse of the Higgs particle radius—and to the coupling of the new
strong sector that delivers the Higgs as a bound state. This theoretical setup was extensively employed
for the comparison of future collider projects in preparation for the 2020 European Strategy Update [188,
192].

The muon collider sensitivity to Higgs compositeness emerges from 3 different classes of mea-
surements, whose combined sensitivity is shown in Figure 1.2.4 in the (m↑, g↑) plane. Higgs coupling
modifications are mostly relevant when g↑ is large and they dominate the m↑ reach for g↑ above around
9. Searches for new effects in the 10 TeV di-fermion production cross section due to the modification
of the EW gauge interactions induced by the new strong sector are relevant only when g↑ is small, ex-
plaining the enhanced sensitivity when g↑ → 1. Measurements in di-boson and boson-plus Higgs final
states—again performed at 10 TeV exploiting “Precision from Energy”—are instead equally relevant
for any value of g↑, because they probe new interactions of the Higgs doublet with the vector bosons
that are directly related to the finite radius of the Higgs. The magnitude of these new interactions thus
depends only on the compositeness scale m↑ and not on the coupling g↑. Such direct manifestations of
Higgs compositeness dominate the muon collider sensitivity and they allow the discovery of Higgs com-
positeness up to around 35 TeV (or exclusion up to around 50 TeV even for the most unfavourable value
of g↑). The comparison with other future collider projects (from [188, 192]) displays the competitive
advantage of the muon collider for the study of Higgs compositeness.

Beyond explicit models, the power of the “Precision from Energy” arrow can be also illustrated
by the sensitivity to new interaction operators in a SM EFT context. Figure 1.2.5 reports the result of a
global fit [EWPTandF] on a set of flavour-diagonal, universal and CP-preserving operators of dimension
6 in the SM EFT in the Warsaw basis [198]. The selected operators are the ones whose effects on the di-
fermion and di-boson (and boson-plus-Higgs) production amplitudes grow quadratically with the centre

xi

Others: CLIC+FCC-ee+FCC-hh

Ø Discovery up to 100 TeV for SM-like EW 
gauge couplings.

Ø Exclusion up to 500 TeV for the maximal 
value of the gZ′ coupling.

More details in Chiara Aimè presentation
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Flavor physics at 10 TeV muon collisions

ESPPU Muon Collider Report – PHYSICS – January 16, 2025
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Fig. 1.3.1: Sensitivity reach in the effective scale ! [TeV] of effective operators containing a quark or
lepton flavour-violating current, coupled to either a muon current (left panel) or a flavour-blind gauge
current. The gray bands show the present constraints from meson [208–211] and tau [212] decays, while
the gray lines are the expected future sensitivity at the end of LHCb upgrade II [213], Belle II [214], and
NA62 [215] runs.

the rest of the section in turn.

Figure 1.3.1 displays the sensitivity [EWPTandF] to representative flavour-breaking BSM inter-
actions from the search for the high-energy production of flavour-breaking final states such as bs, bd,
sd, cu in the quark sector, and ωµ in the lepton sector. The analysis takes into account realistic quark-
flavour and lepton ID tagging and misidentification efficiencies, which are the main detector parameters
that control the sensitivity. On the left panel, we report the single-operator exclusion reach to interac-
tions where the flavour-violating current is only coupled to the muon current and not to the other leptons
in a setup that violates Lepton Flavour Universality (LFU) maximally. This assumption does not affect
the reach of the muon collider, which is only sensitive to the muon interaction, but boosts the sensitiv-
ity of traditional low-energy strategies by exploiting LFU violation tests such as the measurement of
R(K) [208], or the search for the Lepton Flavour Violating (LFV) ω → 3µ decay [212]. The 10 TeV
MuC reach on the effective operator scale ! is always at least comparable with current bounds (gray
bands) and with future prospects for improvement (gray lines), and in some case it is strongly superior.
The right panel of Figure 1.3.1 considers instead flavour-violating currents that are coupled universally
to all leptons and quarks, through a dimension-6 operator—reported in the figure—involving the EW
Hypercharge gauge field Bµ. The 10 TeV MuC sensitivity to this operator is much stronger than current
bounds and of future prospects, with the exception of second-first (2-1) families transition, that is probed
with the very rare decay K+

→ ε+ϑϑ̄ at NA62 [211, 215].

Building a muon collider will open a new high-energy path towards flavour physics exploration,
with a generic EFT interaction scale reach of the order of 100 TeV that is often much higher than what
is allowed by traditional methods based on low-energy high-intensity experiments. Furthermore, the
muon collider sensitivity is attained by measurements with moderate backgrounds, whose interpretation
requires theoretical predictions that do not appear extremely challenging. This has to be contrasted with
low-energy measurements that require a precise control over experimental systematics and theoretical

xiv

Preliminary

Possible to search for 𝜇!𝜇" → ̅𝑓𝑓 or new particles that cause Lepton Flavor Violation.
Flavor transitions mediated by heavy new particles are enhanced at high energy.

Current results of LHCb, BelleII, NA62

A 𝑠 = 10 TeV muon collider reach on the 
effective scale, Λ,	is comparable to 
prospects of dedicated experiments.

Realistic quark flavor and lepton 
identification and mis-identification 
efficiencies included.
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Neutrino beams! New opportunity to explore
High energy, high intensity muons beams decays produce high energy, 
high intensity neutrino beams at the MuC interaction point usable for fixed 
target experiments.

ESPPU Muon Collider Report – PHYSICS – January 16, 2025

Fig. 1.4.1: The energy spectrum of neutrino interactions produced by the 3 TeV and 10 TeV MuC in
one year, overlaid with the summary plot in Ref. [240] for past and planned neutrino experiments. The
solid and dashed lines assume, respectively, a small 10 kg and a realistic 1 ton target mass.

uncertainties are expected in the predictions for the energy spectrum of the muon collider neutrinos, to
be contrasted with the large uncertainties in the spectrum of the neutrinos produced by the LHC arising
from forward hadron production. On top of the superior statistics, neutrino physics measurements at
a muon collider are thus expected to benefit from reduced systematic uncertainties in comparison with
LHC-based experiments such as FASER or FPF.

The physics opportunities offered by the neutrino beams are still to be explored. Ideas discussed
long ago [234] include measurements of the CKM quark mixing matrix, nucleon structure, EW precision
and charm quark physics. The contemporary relevance of these measurements should be assessed, and
the sensitivity projections adapted to the higher-energy neutrino beams that would be available at the 3
and 10 TeV MuC.

Progress can also come from the extrapolation of the physics reach of modern LHC-based neu-
trino experiments. For example, Ref. [242] studied the opportunities for QCD and hadronic physics
studies, and Parton Distribution Functions (PDFs) [243] determination, offered by neutrino Deep In-
elastic Scattering (DIS) at these facilities. Preliminary estimates reveal that an unprecedented rate of
DIS events will be made available by the muon collider neutrino beam, even with the small 10 kg tar-
get, enabling very fine binning in the x–Q2 plane with permille-level statistical uncertainties, as well as
multi-differential measurements such as those required to access the 3D structure of the proton in terms
of non-perturbative quantities such as transverse-momentum dependent PDFs or generalised PDFs. The
large statistics can be positively compared with the predicted event yields at the Electron-Ion Collider
(EIC) [244]. A far-forward neutrino detector at the muon collider would therefore provide a charged-
current analogue of the EIC.

xx

Assumptions:
• 𝑠 = 10 TeV 
• single bunch 𝑁$± = 1.8×10%& 
• straight section 𝐿 = 10	𝑚
• 𝜇, ν constant angular spread 

0.6 mrad

Preliminary

𝑁# = 9×10$ per second per species
𝑁# = 9×10%$ per year

MuC is superior in statistics and 
beam energy definition.

Physics opportunities still to be 
fully explored. 

Summary of not-MuC

Energy spectrum of neutrino interactions at forward detector 

https://doi.org/10.48550/arXiv.2310.17726
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Exploratory Site Studies
• Initiates at LINAC 4

• Integrates existing SPL design

• Transfer to Prevessin via SPS

• Series of Cut & Cover 
construction on Prevessin Site

• Injection to SPS beneath 
existing buildings.

• Transfer via TI12 & TI18 into the 
LHC

• Injection from the LHC into the 
Collider Ring at equidistant 
points from the Experimental 
Cavern

E. MacTavish, J. Osborne
With thanks to A. Navascues 
Cornago, C. Desponds 
SCE-SAM-FS

SPS and LHC used for RCSs

Collider ring (10 TeV)

Muon production, cooling, 
initial acceleration

Injector SPL
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Muon Collider facility overview
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Muon Collider facility overview
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5 x 1013 captured muon pairs
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4-5 GeV proton beam
400 kJ x 5 Hz = 2 MW   

Proton Target
pions muons

decay

Graphite Target
~20 T solenoid
to guide pions
and muons

Tunsten shielding
to protect magnet

Main R&D 
- Investigation of new target materials 

e.g. liquid target to arrive to 4 MW 
to have very high intensity muon 
beam

- 20 T target solenoid design 
including radiation shielding

- System integration 

5 x 1013 captured 
muon pairs

Synergies with neutrino and neutron facilities
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Muon Collider facility overview
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Muon ionization cooling principle

Muon Cooling

8

Short muon lifetime —> Ionisation cooling only option

Absorber: reduction of longitudinal and transverse momentum. 

Scattering: beam blow-up —> need for strong solenoids and low Z absorbers. 

Cavities: acceleration, i.e., increase of only longitudinal momentum. 

Net effect: reduction of transverse momentum and thus beam cooling. 

Code development: RFTRACK integrating multiple scattering and collective effects, maintained at CERN.

B. Stechauner

Donatella Lucchesi  - FCC-ee & lepton colliders 2025January 22, 2025

High-field, 
superconducting solenoid 
to minimize multiple 
scattering effect

Absorbers,
Low Z material: 
Lithium hydride, 
liquid H

High-gradient normal-
conducting RF cavities

Simulation of transverse emittance 
well reproduced by MICE data

Design and test of the different cells with 
muon beams one of the core activities of 
the muon collider demonstrator 
program.

Details on Roberto Losito presentation

https://www.nature.com/articles/s41567-024-02547-4
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Muon Collider facility overview
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Rapid acceleration is crucial: 
• Linac takes muons at 255 MeV and bring them to 1.25 GeV.
• Two stages of Recirculating Linac, RLA1 from 1.25 GeV to 5 GeV 

and RLA 2 from 5 GeV to 63 GeV.

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

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

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

5.3 Acceleration

5.3.1 Low-energy acceleration

System overview

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

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

Key challenges

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

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

The weak FODO channel chosen to minimize chromatic effects for first passages (where the beam energy
is low) will lead to large betatron amplitudes at high energies, making the linac vulnerable to transverse wakefield

65

Transfer line

Transfer line
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A 𝜇! and 𝜇" bunch must be brought to 5 TeV.
Most promising schema: chain of rapid cycling 
synchrotrons (RCS) with repetition rate of 5 Hz.
Alternative: Fixed-Field Alternating Gradient.

Survival rate of 90% per RCS required → ultra-
fast acceleration, Egain ~10ish GeV per turn.

Study and R&D:
• Magnets 

o hybrid magnets have strong fixed-field, they 
are superconducting magnets interleaved 
with normal conducting magnets.

o shapes of fast ramping magnet and design 
possible power converter.

• RF: determine the exact frequency
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Muon Collider facility overview
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First design of 𝑺 = 𝟏𝟎 TeV collider ring 
almost complete

Main challenges to have high performance:
• Very small beta-function ~1.5 mm.
• Maintain short bunches.

Magnet: assumed 16 T HTS dipoles or 
11 T Nb3Sn.
Final focus based on HTS.

Study and R&D
§ Study magnet limitations 

§ stress, protection, etc. against bore 
diameter vs. magnetic field for different 
conductor material and temperature.

HTS magnets R&D synergic with others proposed facilities with 
relevant applications in no HEP activities, for example fusion.
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Exploratory Site Studies
• Initiates at LINAC 4

• Integrates existing SPL design

• Transfer to Prevessin via SPS

• Series of Cut & Cover 
construction on Prevessin Site

• Injection to SPS beneath 
existing buildings.

• Transfer via TI12 & TI18 into the 
LHC

• Injection from the LHC into the 
Collider Ring at equidistant 
points from the Experimental 
Cavern

E. MacTavish, J. Osborne
With thanks to A. Navascues 
Cornago, C. Desponds 
SCE-SAM-FS

SPS and LHC used for RCSs

Collider ring (10 TeV)

Muon production, cooling, 
initial acceleration

Injector SPL
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High energy high intensity neutrino flux could interact far away in material near the 
Earth’s surface producing secondary particle showers. 

Aim for negligible impact (~ LHC), possible in arc sections
§ Almost done at 𝑆 = 3 TeV
§ 𝑆 = 10 TeV radiation level go from acceptable to 

negligible moving collider ring components. Mover 
system designed.

Straight sections strategies depend on the site 
location, a simple one foresees the two hot spots 
point toward mediterranean see and uninhabited 
area in Jura.

ESPPU Muon Collider Report – ACCELERATOR TECHNOLOGIES – January 20, 2025

was conducted to determine suitable exit points across Europe. The distances between these exit points3298

and the emission point from the magnet range from 16 km to over 300 km. Instead of modelling the exit3299

points as a single spot, the impacted area is assumed to have the shape of a vertical stripe projected on3300

the landform, as expected from the effect of the movers (see again Figure 6.11.2). The length of each3301

stripe is calculated as 2 times the distance from the collider multiplied by 0.001, which corresponds3302

to ±1 mrad beam direction deformation. This procedure allows for an accurate estimation and classi-3303

fication of the areas affected by the neutrinos originating from the collider arcs for any given collider3304

placement option.3305

Fig. 6.11.4: 3D visualization of the exit points in the mountainous non-built area (left) and the sea (right)
of the potential collider placement option in the local CERN area.

Fig. 6.11.5: 3D visualization of the exit points in the mountainous non-built area (left) and the sea (right)
of the potential collider placement option in the local CERN area.

Generally, for the dose assessment all possible exposure pathways have to be taken into account.3306

In the case of the neutrino induced radiation far away from the collider, it has been found that the3307

only pathway to consider is the external exposure directly from the secondary particle showers induced3308

by the neutrinos. It has been demonstrated with FLUKA simulations that the neutrino-induced soil3309

activation and transfer of activation products to groundwater are negligible. To evaluate the latter, very3310

conservative design limits were applied. These limits are based on the assumption that the pore water3311

should not exceed the Swiss immission limits [350] for the longer-lived radionuclides, 3H and 22Na,3312

which are both soluble radionuclides likely to be transported by groundwater and therefore of interest3313

for the protection of groundwater resources. Even when applying the limits, the 3H and 22Na activity3314

128
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Machine Detector Interface (MDI)
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Strategies to mitigate effects of high energy 𝒆!/𝒆"at interaction region
✾ Optimize interaction region configuration

✾ Two designs available for 𝑆 = 3 TeV (MAP-US) and 𝑆 = 10 TeV 
✾ Locate absorbers around the interaction point

§ Optimized absorber at 3 TeV by using advanced machine learning 
§ Improved absorbers design for 𝑆 = 10 TeV 

Daniele Calzolari presentation

Shower from single muon decay 
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Detector concept at 𝑆 = 3 
TeV was adapted from the 
CLICdet  

At 𝑆 = 10 TeV two different detectors are proposed 

Davide Zuliani presentation

Muon System

Hadronic Calorimeter

Solenoid

Electromagnetic Calorimeter

Silicon Tracker

MUSIC Detector Concept

Muon Collider
Simulation
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IMCC Internal means it will be reviewed soon

IMCC Internal

2025 2030 2035 2040 2045 2050 2055 2060 2065

Demonstrator

Decision+preparation

Cell Test Site construction

Test cell components/prototypes

Test cell site operation

Demonstrator construction

Demonstrator installation/operation

Collider

Decision

Preparation

Civil engineering

Installation/commissioning

Initial operation

Shutdown 1

Run 2

Shutdown 2

Run 3Detectors will be ready in time

Need at least two years of 
operation. Can continue as 
physics facility

2036
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IMCC Internal means it will be reviewed soon

IMCC Internal

2025 2030 2035 2040 2045 2050 2055 2060 2065

Demonstrator

Decision+preparation

Cell Test Site construction

Test cell components/prototypes

Test cell site operation

Demonstrator construction

Demonstrator installation/operation

Collider

Decision

Preparation

Civil engineering

Installation/commissioning

Initial operation

Shutdown 1

Run 2

Shutdown 2

Run 3Detectors will be ready in time

Need at least two years of 
operation. Can continue as 
physics facility

2036
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Muon collider demonstrator program

Establish a facility where the MuC specific R&D can be done, it could 
evolve in a high intensity muon beam facility at CERN.

Major activities could be included in the program
1. Muon production targets

a. Test different materials  
b. Test materials in high magnetic field

2. Radiofrequencies 
a. Test the functionalities in magnetic field
 In progress with INFN & Italian entity participation

3. Cooling cells
a) Design, construct and test single cell and multiple cells functionalities
 In progress with INFN & Italian entity participation

4. Integrate various sub-systems, test cooling prototype with multiple cells with muon beam.

Requirements: proton beam & solenoid

It requires substantial investments, and if MuC will not proceed in Europe?
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It requires substantial investments, if MuC will not proceed in Europe?
The facility could evolve in a high intensity muon beam and neutrino facility at 
CERN.

Currently CERN muon beams have intensity of 3·108/spill, with a cooling facility the intensity 
could be comparable to PSI and J-PARC (3·1012) but with 𝜇!and 𝜇" beams.

Muon facility can be used:
• Physics measurements, for example study Charge Lepton Flavor Violation processes and 

dark matter searches coupled to muon.
• Muography including detector testing.
• Technology advancement, muon-catalyzed fusion.
• … 

Neutrino facility will allow physics measurements with NuStorm 
Low-energy neutrino beam can be used for high-precision measurements of cross-sections in 
the energy range below 1 GeV/c, where experimental data are currently very limited.

In addition, it could constitute a facility to train young people in accelerator technology 
developments

https://pbc.web.cern.ch/nustorm
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Summary

The potential of Muon Collider facility has been presented, highlighting its transformative impact 
on advancing particle physics.

Significant progress achieved by the International Muon Collider Collaboration in recent years 
has been outlined, with no fundamental showstoppers identified.

Next critical R&D steps required to enable facility construction have been clearly identified.

The experimental demonstrator program toward the muon collider should 
continue, adequate funding is essential.
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Fig. 1.2.4: Left: Future colliders 95% CL exclusion sensitivity to a minimal Z → [195]. In the case of
muon colliders, the 5ω discovery reach is also shown by dashed lines. Right: The sensitivity to Higgs
compositeness. split "Others" line into CLIC, FCC-hh and FCC-ee. Take out composite top

Higgs (see [196] for a review), which is the only known possibility to explain—at the price of a mod-
erate fine-tuning on a single parameter—the agreement between current measurements of the Higgs
couplings and SM predictions. The experimental manifestations of a composite pNGB Higgs can be
robustly modelled in terms two parameters m↑ and g↑ [197], which correspond respectively to the Higgs
compositeness scale—i.e., to the inverse of the Higgs particle radius—and to the coupling of the new
strong sector that delivers the Higgs as a bound state. This theoretical setup was extensively employed
for the comparison of future collider projects in preparation for the 2020 European Strategy Update [188,
192].

The muon collider sensitivity to Higgs compositeness emerges from 3 different classes of mea-
surements, whose combined sensitivity is shown in Figure 1.2.4 in the (m↑, g↑) plane. Higgs coupling
modifications are mostly relevant when g↑ is large and they dominate the m↑ reach for g↑ above around
9. Searches for new effects in the 10 TeV di-fermion production cross section due to the modification
of the EW gauge interactions induced by the new strong sector are relevant only when g↑ is small, ex-
plaining the enhanced sensitivity when g↑ → 1. Measurements in di-boson and boson-plus Higgs final
states—again performed at 10 TeV exploiting “Precision from Energy”—are instead equally relevant
for any value of g↑, because they probe new interactions of the Higgs doublet with the vector bosons
that are directly related to the finite radius of the Higgs. The magnitude of these new interactions thus
depends only on the compositeness scale m↑ and not on the coupling g↑. Such direct manifestations of
Higgs compositeness dominate the muon collider sensitivity and they allow the discovery of Higgs com-
positeness up to around 35 TeV (or exclusion up to around 50 TeV even for the most unfavourable value
of g↑). The comparison with other future collider projects (from [188, 192]) displays the competitive
advantage of the muon collider for the study of Higgs compositeness.

Beyond explicit models, the power of the “Precision from Energy” arrow can be also illustrated
by the sensitivity to new interaction operators in a SM EFT context. Figure 1.2.5 reports the result of a
global fit [EWPTandF] on a set of flavour-diagonal, universal and CP-preserving operators of dimension
6 in the SM EFT in the Warsaw basis [198]. The selected operators are the ones whose effects on the di-
fermion and di-boson (and boson-plus-Higgs) production amplitudes grow quadratically with the centre

xi
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The combination of high energy and high precision enhances sensitivity 
to new physics, reaching 100 TeV scale with 10 TeV muon collisions. 
A 100 TeV hadron collider does not have direct access to such a scale 
due to the composite nature of proton.

Others: CLIC+FCC-ee+FCC-hh
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Great reach in the search for New Physics testing several models
MSSM model

Low energy spectrum: chargino, 8𝜒±,+1(2) 
neutral particle(s) for :𝑊(:𝐻) 

Disappearing track, detailed detector and 
background simulation 

ESPPU Muon Collider Report – PHYSICS – January 16, 2025
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Fig. 1.2.2: Left: 95%CL exclusion reach on the mass of several BSM particles at future colliders [10,
73, 186–188] to be updated with DT and ST for Dark Matter; 14 TeV reach should be suppressed.
Only EW pair production is considered to assess the MuC sensitivity. This underestimate the reach in
models where single-production is possible (see e.g. [45]). For the wino and the Higgsino, we label as
“!DM” the mass required to reproduce the observed dark matter abundance. Right: exclusion contour [4]
for a scalar singlet of mass mS mixed with the Higgs boson with strength sin ω.

their collision energy is entirely available to produce new particles. The protons instead are composite
and their effective energy reach is limited to a fraction of the collider energy by the steep fall-off of the
parton distribution functions. This is the reason why a muon collider with 10 TeV energy can access
heavier particles than the 14 TeV LHC, as illustrated on the left panel of Figure 1.2.2.

The figure shows the projected exclusion reach on the mass of a number of hypothetical particles
(labelled with a standard BSM notation 1) at the muon collider with 10 TeV energy in the centre of mass,
at the HL-LHC, and at the 100 TeV proton-proton future collider FCC-hh [10, 73, 186–188]. At a muon
collider, these particles are produced in pairs by electroweak (EW) interactions and the corresponding
EW production cross sections are determined by the EW and spin quantum numbers of the states. The
cross-sections range from 0.1 to 10 fb at the 10 TeV MuC, for masses almost up to the kinematic
threshold of 5 TeV. With the target integrated luminosity of 10 ab→1, enough events (more than 1000)
will be available for discovery up to the threshold provided the particle decays promptly to an easily-
detectable final state. Therefore, all particles considered in the figure with the exception of the wino and
the Higgsino (see later) can be discovered up to 5 TeV mass by only exploiting the model-independent
process of EW pair-production. An extended mass-reach is possible if BSM interactions mediate the
production of the new state. For instance, the 10 TeV muon collider reach on top partners is around
9.5 TeV from single production [45].

The mass reach of the 10 TeV MuC is above the HL-LHC exclusion limit for all of the BSM
candidates considered in Figure 1.2.2. The 10 TeV muon collider has an even higher reach than a
100 TeV proton-proton collider FCC-hh in QCD-neutral particles such as charginos ε̃±

1 and tau sleptons
ϑ̃ . It surpasses the thermal target (see later) for the Higgsino and the Wino dark matter candidates.

Along these lines, the “Energy” arrow in Figure 1.2.1 represents the possibility of searching for
new heavy particles of very generic nature, or specific well-motivated candidates. Past works have
1For instance, T is a fermionic top partner, t̃ is the stop and W̃

0 and Higgsino H̃
0 are the wino and the Higgsino, respectively.

The notation is the same as in Ref. [188].

vii

95%CL exclusion reach on the mass of several 
BSM particles

Preliminary
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Why muons

LHC

FCC

CLIC

MC
10 TeV

MC 3 TeV

Compact à cost effective

High center of mass energy & high luminosity & 
power efficient machine
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Muons do not suffer too much from synchrotron radiation in the considered energy range 
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A sustainable accelerator complex 
luminosity increase per beam power vs. ECM
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Main parameters of the facility

Energy staging:  Start at lower 
center-of-mass energy, e.g. 𝑆= 3 
TeV or more suited energy, move 
later at higher energy
 
Luminosity staging: Start 𝑆=10 
TeV with low luminosity, upgrade 
later to high luminosity as in HL-
LHC

of muon colliders to improve the luminosity to beam power ratio at high energies is one of the main advantages of
the concept.

1.2 The accelerator concept

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

The proton complex produces a short, high-intensity proton pulse that hits the target and produces pions.
The decay channel guides the pions and collects the produced muons into a buncher and phase rotator system to
form a muon beam. Several cooling stages then reduce the longitudinal and transverse emittance of the beam using
a sequence of absorbers and RF cavities in a high magnetic field. A system of a linac and two recirculating linacs
accelerate the beams to 63 GeV followed by a sequence of high-energy accelerator rings; the optimum sequence
needs to be determined based on the ongoing studies. Finally the beams are injected at full energy into the collider
ring. Here, they will circulate to produce luminosity until they are decayed; alternatively they can be extracted
once the beam current is strongly reduced.

A set of parameters has been defined for 10 TeV and also 3 TeV. These are target parameters to explore the
limits of each technology and design. If they can be fully met, the integrated luminosity goal could be reached
within five years (or 2.5 years, with two detectors) of full luminosity operation. This provides margin for further
design and technology studies and a realistic ramp-up of the luminosity. It also enables to consider initial stages
that can be implemented faster but often with reduced luminosity performance in this stage.

Table 1.1: Tentative target parameters for a muon collider at different energies. These values are only to
give a first indication and correspond to the two stagin scenarios discussed in Section 1.6. The estimated
luminosity refers to the value that can be reached if all target specifications can be reached; it also
includes the beam-beam effect.

Parameter Symbol unit Scenario 1 Scenario 2
Stage 1 Stage 2 Stage 1 Stage 2

Centre-of-mass energy Ecm TeV 3 10 10 10
Target integrated luminosity

R
Ltarget ab

�1 1 10 10
Estimated luminosity Lestimated 10

34
cm

�2
s
�1 2.1 21 tbc 14

Collider circumference Ccoll km 4.5 10 15 15
Collider arc peak field Barc T 11 16 11 11
Luminosity lifetime Nturn turns 1039 1558 1040 1040

Muons/bunch N 10
12 2.2 1.8 1.8 1.8

Repetition rate fr Hz 5 5 5 5
Beam power Pcoll MW 5.3 14.4 14.4 14.4

RMS longitudinal emittance "k eVs 0.025 0.025 0.025 0.025
Norm. RMS transverse emittance "? µm 25 25 25 25

IP bunch length �z mm 5 1.5 tbc 1.5
IP betafunction � mm 5 1.5 tbc 1.5

IP beam size � µm 3 0.9 tbc 0.9
Protons on target/bunch Np 10

14 5 5 5 5
Protons energy on target Ep GeV 5 5 5 5

BS photons NBS,0 per muon 0.075 0.2 tbc 0.2
BS photon energy EBS,0 MeV 0.016 1.6 tbc 1.6

BS loss/lifetime (2 IP) EBS,tot GeV 0.002 1.0 tbc 0.67

5

𝑠 = 3 TeV 1 ab-1

𝑠 = 10 TeV 10 ab-1

Expected integrated luminosity in 
5 years one experiment 
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FLUKA studies:
2 MW target: stress in target, shielding, vessel OK
Need to have closer look at window
Cooling OK

Target

Target solenoid design ongoing
Either large bore 20 T HTS or 15 T LTS with 5 T insert

Tunsten shielding

HTS target solenoid: 20 T, 20 K A Portone, P. Testoni,
J. Lorenzo Gomez, F4E

Vessel

Window

Integration

Cooling, vacuum, mechanics, …

39

Our work is relevant for fusion

ITER model coil: 13 T 
Nb3Sn 1.7 m diameter

Liquid metal target
Serious alternative to 
graphite



Fast-ramping Magnet System

5.07 kJ/m 5.65…7.14 kJ/m 5.89 kJ/m

Efficient energy recovery for resistive dipoles (O(100MJ))

Synchronisation of magnets and RF for power and cost

Could consider using HTS 
dipoles for largest ring

Commutated resonance 
(novel)
Attractive new option
• Better control
• Much less capacitors

Differerent power converter options investigated

Donatella Lucchesi  - FCC-ee & lepton colliders 2025

FNAL 300 T/s HTS magnet

Simple HTS racetrack dipole 
could match the beam 
requirements and aperture 
for static magnets

40

Beampipe study
Eddy currents vs impedance
Maybe ceramic chamber with 
stripes
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IMCC organization
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IMCC was founded in 2021 
• Reports to CERN Council
• Anticipate it will also report to DoE and other 

funding agencies


