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Why MuC? Higgs physics 
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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
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Why MuC? Higgs potential

IMCC -  11-14 Oct - CERN Fabio Maltoni - Physics 

Muon collider physics
The essentials #1 : two colliders in one

σs ∼ 1
s

σs ∼ 1
M2 logn s

M

A completely new regime opening for a multi-TeV muon collider
Different physics being probed in the two channels  

Energetic final states  
(either heavy or very boosted)

‘

‘

O(10) TeV muon collider energy  allows to have two colliders in one: 

Large production rates,  
SM coupling measurements 

Discovery light and weakly interacting

5

H

H
15

HL-LHC HL-LHC HL-LHC
+10TeV +10TeV

+ ee

W 1.7 0.1 0.1
Z 1.5 0.4 0.1
g 2.3 0.7 0.6
� 1.9 0.8 0.8

Z� 10 7.2 7.1
c - 2.3 1.1
b 3.6 0.4 0.4
µ 4.6 3.4 3.2
⌧ 1.9 0.6 0.4


⇤
t

3.3 3.1 3.1
⇤

No input used for the MuC
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FCC-hh

Fig. 6 Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -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 panel: sensitivity to

�� for different Ecm. The luminosity is as in eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of
2 ab�1) is assumed. More details in Section 5.1.1.

pair with more than 9 TeV invariant mass at the FCC-
hh is only 40 ab, while it is 900 ab at a 10 TeV muon
collider. Even with a somewhat higher integrated lumi-
nosity, the FCC-hh just does not have enough statistics
to compete with a 10 TeV MuC.

The right panel of Figure 7 considers a simpler new
physics scenario, where the only BSM state is a heavy
Z 0 spin-one particle. The “Others” line also includes
the sensitivity of the FCC-hh from direct Z 0 produc-
tion. The line exceeds the 10 TeV MuC sensitivity con-
tour (in green) only in a tiny region with MZ0 around
20 TeV and small Z 0 coupling. This result substantiates
our claim in Section 2.2 that a reach comparison based
on the 2 ! 1 single production of the new states is
simplistic. Single 2 ! 1 production couplings can pro-
duce indirect effect in 2 ! 2 scattering by the virtual
exchange of the new particle, and the muon collider is
extraordinarily sensitive to these effects. Which collider
wins is model-dependent. In the simple benchmark Z 0

scenario, and in the motivated framework of Higgs com-
positeness that future colliders are urged to explore, the
muon collider is just a superior device.

We have seen that high energy measurements at
a muon collider enable the indirect discovery of new
physics at a scale in the ballpark of 100 TeV. However
the muon collider also offers amazing opportunities for
direct discoveries at a mass of several TeV, and unique
opportunities to characterise the properties of the dis-
covered particles, as emphasised in Section 2.2. High en-
ergy measurements will enable us take one step further
in the discovery characterisation, by probing the inter-
actions of the new particles well above their mass. For
instance in the Composite Higgs scenario one could first

discover Top Partner particles of few TeV mass, and
next study their dynamics and their indirect effects on
SM processes. This might be sufficient to pin down the
detailed theoretical description of the newly discovered
sector, which would thus be both discovered and theo-
retically characterised at the same collider. Higgs cou-
pling determinations and other precise measurements
that exploit the enormous luminosity for vector boson
collisions, described in Section 2.3, will also play a ma-
jor role in this endeavour.

We can dream of such glorious outcome of the project,
where an entire new sector is discovered and charac-
terised in details at the same machine, only because
energy and precision are simultaneously available at a
muon collider.

2.5 Electroweak radiation

The novel experimental setup offered by lepton colli-
sions at 10 TeV energy or more outlines possibilities
for theoretical exploration that are at once novel and
speculative, yet robustly anchored to reality and to phe-
nomenological applications.

The muon collider will probe for the first time a
new regime of EW interactions, where the scale mw ⇠

100 GeV of EW symmetry breaking plays the role of
a small IR scale, relative to the much larger collision
energy. This large scale separation triggers a number of
novel phenomena that we collectively denote as “EW
radiation” effects. Since they are prominent at muon
collider energies, the comprehension of these phenom-
ena is of utmost importance not only for developing a

✦ Measurement of trilinear coupling: access to the Higgs potential


✦ Precise determination only possible 
at high-energy machines: 
100 TeV FCC-hh or multi-TeV Muon collider

Double Higgs production

�21

Mangano et al. 2004.03505

B, Franceschini, Wulzer 2012.11555


Costantini et al. 2005.10289 
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Muon collider allows the most 
precise measurement with 10 ab-1 
~5 years of data taking (FCC-hh 
30 ab-1 ~50 years) 
HL-LHC will reach 50% precision 
SM value 

New Physics effects 
can appear at high 

double Higgs invariant 
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Measurement of trilinear coupling 
gives access to the Higgs potential

✦ NP contribution from  (equivalently ) grows as E2: 
high mass tail gives a direct measurement of CH

𝒪H κW, κWW

Double Higgs at high mass
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Why MuC? Zillions of other physics searches

Effective 𝑍!-model with new gauge 
boson couplings to the SM fermions 

Mass reach

• A given model is fully determined 
by (af,vf). MZ' is a free parameter.

• By varying MZ', one can find values 
for which the χ2 test gives significant 
discrepancy from the SM.

• The mass reach depends on 
magnitude of the couplings.

• Hadronic observables: gain up to 
50%, see [hep-ph/9607306]

6Excluded masses at 95% CL:
MuC: up to 70 TeV 
LHC: 5 TeV, HL-LHC: 8 TeV 
Future 𝑒"𝑒#: 20 TeV

Heavy neutrino
4
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Muon Collider 3 TeV

FIG. 3: Limits on the coupling V 2
`N

for different Muon Collider setups (solid lines: 3 TeV – turquoise, 10 TeV –
orange). Dashed lines indicate limits from current and future hadron [1, 5] machines, dashed-dotted for e+e�

colliders [16]. See text for details.

This allowed for combining the electron and muon channels. The impact of systematic uncertainties has been neglected
at this stage, as they are not expected to significantly affect the final conclusions.

Results In Figure 3, limits on the coupling V 2
lN

for the two Muon Collider setups are presented and compared
with the current limits coming from the CMS experiment (Majorana neutrinos, Fig. 2 in [1]), as well as with the
results obtained for future hadron colliders (Dirac neutrinos, Fig. 25b in [5]) and e+e� colliders (Dirac neutrinos,
Fig. 12 in [16]). It should be noted that in the hadron collider analyses, heavy neutrino decays into taus were not
considered, and thus their sensitivity is enhanced relative to the results presented for the lepton colliders, where the
tau-channel decays are included. As shown in Figure 3, limits expected from the e+e� colliders, ILC running at 1TeV
and CLIC running at 3TeV, are more stringent for masses of the heavy neutrinos up to about 700 GeV. The fact that
the results for CLIC and a Muon Collider operating at the same energy of 3 TeV do not coincide may be surprising.
However, several effects must be taken into account for a proper comparison: the most important factors are different
integrated luminosities and beam polarizations. In addition, the beam spectra and the beam-induced background
channels cannot be neglected for e+e� colliders, while their impact is significantly reduced for µ+µ� machines due
to the larger mass of the muon. It was verified that, for the same generation setup (no beam polarization, no
beam spectrum, no beam-induced background channels, but different initial-state particles and detector designs), the
expected CLIC limits are consistent with the Muon Collider ones, giving the analysis precision. The discrepancy
visible in Figure 3 could then be explained as follows: at lower neutrino masses, the expected limits from CLIC are
more stringent due to the higher integrated luminosity and electron beam polarization, and at higher masses, they
are worse because of the impact of the luminosity spectra and beam-induced backgrounds.

In the analysis, we assumed that all the mixing parameters VlN have the same value. It is important to note that
this approach is not unique. Using data from both electron-positron and muon colliders, one could potentially loosen
this assumption and constrain the parameters VeN and VµN separately, by either excluding taus from the physical
model or implementing a proper tau tagging procedure. Such a method would give limits not only on the couplings
themselves but also on their product in the framework where couplings are treated independently, possibly hinting at
a flavor-universality violation. The details are, however, beyond the scope of this letter.

Conclusions Extensions of the Standard Model introducing heavy neutrinos offer interesting solutions to several
of its open questions, e.g. the baryon asymmetry of the universe, dark matter and flavor. If such particles are at mass
scales well above a GeV, they can be efficiently searched for at future lepton colliders. Due to the highest achievable
energies and the clean experimental environments, muon colliders would provide the furthest discovery reach for
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MuC facility
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Demonstrator facility motivation 

Demonstrate 6D reduction of muon beam emittance by a factor 2 by using ionization cooling

Ø Study and test high power target materials
Ø Test solenoid magnets for target 
Ø Identify new strategy for beam dump
Ø High temperature superconducting magnets (10-20K)
Ø Construct and test cooling cells: 

Ø reliable RF in magnetic fields 
Ø absorber materials (LiH to start)

Ø Develop new beam dump detectors, Si based? 
 
Depending on the resources available the muon beam could be re-accelerated  and used for muon and 
neutrino physics.



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

October 25, 2024

High-field, superconducting 
solenoid to minimize multiple 
scattering effect

Absorbers,
Low Z material: Lithium 
hydride, liquid H

High-gradient normal-
conducting RF cavities

IMCC new activities:
- systematic design of the different cells

Improvement on expected simulated emittance: 
from 55 𝜇m (MAP, Muon Accelerator Program) to 33 𝜇m 
Goal of the final emittance: 25 𝜇m 

Simulation of transverse emittance well reproduced by MICE data

absorber

8

https://www.nature.com/articles/s41567-024-02547-4
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Demonstrator possibilities

Both use maximum intensity 
per pulse ~1013 ppp (or 
more) in pulses of few ns at 
20+ GeV.
Different repetition rate:
§ 1 pulse/few second
§ 1÷2 pulse/per minute

R. Losito IMCC-2023

Test Facility

8

10 kW option

80 kW/4 MW 
option

B181

Low power:
Reuse line of BEBC-PS180 

Collaboration, decommissioned, 
extending it towards B181 (now 

magnet factory)

TT10 line to SPS 

SPS

High power
O(80kW) on target easily achievable

No showstopper for 4 MW with
beam at a depth of 40 m

https://indico.cern.ch/event/1250075/contributions/5376306/
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Low power option: use PS and TT7 line

TT2

TT1

TT7

PS ring

To SPS ring

FranceSwitzerland

Lukasz Krzempek

Possibly used for physics
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TT7 line 

TT2

TT1
TT7

TT6 (for information only)

From PS ring

To SPS ring

TT2

TT1

TT7

New transfer 
line in TT2

Lukasz Krzempek
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Demonstrator layout

Top view of enlarged 
TT7

Chicane

Upstream beam 
instrumentation

Downstream beam 
instrumentation

6 vessels 
(5 cooling cells each)

Proton beam dump

Target and horn

Lukasz Krzempek
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High power option Roberto Losito
INFN e la strategia Europea per la Fisica delle Particelle

• TT10 is the transfer line from the CERN 
PS (≤26 GeV) to the CERN SPS. 

• O(80kW) on target can easily be achieved.
• >1013 protons can be sent on a  target at 

20GeV+ in pulses of few nsec (n_TOF
beam). 

• 4 MW does not appear to be a showstopper 
in this layout with beam at a depth of 40 m 
(detailed studies will have to be performed). 

• Future upgrades towards a collider and HP-
SPL are in principle compatible with this 
layout.

17

TT10 line High Power option

Ionisation Cooling Demonstrator  / R. Losito / CERN

https://www.roma1.infn.it/conference/infn-espp-2024/
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High power option Roberto Losito
INFN e la strategia Europea per la Fisica delle Particelle

MUC Demonstrator VERY Conceptual layout

18

Conceptual layout
Target + horn (1st phase) / 
superconducting solenoid (2nd phase)

Momentum selection chicane 10x 4 m

Collimation and upstream 
diagnostics area: 10x4 m

Cooling area: 50x4 m

Downstream diagnostics 
area: 5x4 m

Injection 
from TT10

▪ The Facility is flexible enough to accommodate other 
experiments. 

▪ nuSTORM and potentially ENUBET could be branched from 
the MUC Demonstrator Facility.

▪ The same target complex would be used profiting from its 
shielding and general target systems infrastructure, utilities, 
and accesses. 

▪ The double deflection of the beamline could reduce 
radiation streaming towards the nuSTORM ring.

▪ Synergies between experiments would reduce costs on both 
sides.

▪ 26 GeV/c beam from the PS is appropriate for nuSTORM

Ionisation Cooling Demonstrator  / R. Losito / CERN

https://www.roma1.infn.it/conference/infn-espp-2024/
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It is super important to have support for these activities
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BACKUP
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Tentative Timeline (Fast-track for 𝑆=10 TeV) 

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 3

IMCC Internal means ”it is only a basis to start the discussion, it will be reviewed soon”

Detectors will be ready in time

Need at least two years of 
operation. Can continue as 

physics facility

2036
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Possible implementations

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

Study on how to use LHC tunnel and/or other infrastructures

𝑠 = 3 TeV 1 ab-1

𝑠 = 10 TeV 10 ab-1

Expected integrated luminosity in 
5 years one experiment 


