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IMCC is preparing list of target parameters for the many systems 
that compose the muon collider facility. 
Converging on integrated tentative design, to start iterations

By this effort, we know today way more details on the muon 
collider than its energy and luminosity. 
In particular, beam properties/BIB levels and composition that 
impact experiment and detector design.

Physics targets are needed to evaluate performances of the whole 
chain, identify pitfalls and required improvements

We also need key studies in order to consolidate the physics case. 
Define the targets harmonising these different needs.
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Plain heavy BSM resonance searches are needed: 
Concrete BSM scenarios and models feature many particles, and many signatures. 
Detailed study will enable: 
• Comparative assessment of different Direct strategies and their complementarity, 

as well as Direct vs Indirect 
• Study muon collider discovery and characterisation perspectives 
• BSM characterisation is toy version of high-energy measurements 
• Sound comparison with FCC: not signature- but model-based 
Comprehensive and realistic signature survey, fertile ground for studies like: 
• Boosted hadronic objects, studied for FCC-hh as well, but our problem is not QCD 
• EW radiation, e.g., neutrino jet 
• 10TeV MuC detector specification requirement

A reasonable starting point is the HVT scenario: 
• All possible SM final states, from µµ and from VBF 
• Multiple BSM interpretations 
• Ongoing pheno studies, link 
• Experimental work needed

https://indico.cern.ch/event/1281449/


Long-Lived Particles

4

Called “unconventional” signatures at LHC, but MuC design will 
instead take them into account from Day 1 
Direct interplay with detector/technology, trigger and analysis.

Benchmarks under definiton: 
A survey from Zhen Liu: link 
• Disappearing tracks in good shape 
• Displaced decay vertices 
• Anomalous showers 
• Highly ionising particles 
• Delayed decays

19

Benchmarks
o Non-colored LLP

o (Higgsino, GMSB) 
o (decay via Higgs and Z, getting 

reach from both leptonic and 
hadronic decays) 

o (mass v.s. ctau)

o Colored LLP 
o (gluino, mini-split SUSY) 
o LSP mass 100 GeV (non-

compressed)
o 100 GeV mass gap (compressed)
o (mass v.s. ctau)

o Higgs portal 
o (Higgs to LLPs, neutral naturalness) 
o (LLP mass 50 GeV, 10 GeV, 1 GeV) 
o (Br v.s. ctau)

o Disappearing Track 
✓ Higgsino reach 
✓ Wino reach

o Light Dark Sector:
o HNL
o ALP
o Dark Photons
o Dark showers 

• Yellow: MuC excellence (to be demonstrated) 
• White: MuC pontential

https://indico.cern.ch/event/1281579/contributions/5412043/attachments/2654259/4596409/22_LLPbenchmarks_IMCCPhysicsgroup_May2023_ZhenLiu_20mins.pdf
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HL-LHC HL-LHC HL-LHC
+10 TeV +10 TeV

+ 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 µ collider
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FCC-hh

Fig. 5: Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV muon
collider with 10 ab�1 [18], 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 1.8 ab�1) is assumed [18].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of �� are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures �� at the 10% level [24], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [25]. A determination of �� 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.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, 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 amplitudes 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 measurements of the WW !HH process has been studied in [6, 19] (see also [2]) 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 [2,4] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ

+
µ

� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different 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 background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [26], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ are copiously produced at a muon collider. The electric charge mismatch with
the neutral µ

+
µ

� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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Fig. 5: Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV muon
collider with 10 ab�1 [18], compared with HL-LHC. The effect of measurements from a 250 GeV e
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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 1.8 ab�1) is assumed [18].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of �� are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures �� at the 10% level [24], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [25]. A determination of �� 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.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, 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 amplitudes 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 measurements of the WW !HH process has been studied in [6, 19] (see also [2]) 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 [2,4] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ

+
µ

� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different 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 background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [26], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ are copiously produced at a muon collider. The electric charge mismatch with
the neutral µ

+
µ

� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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Is the MuC (also) a Precision Machine?  
We have shown it has the statistical potential for that. 
And, low physics backgrounds. 
But: 
• Will per-mille class measurements for Higgs physics be 

possible? 
• And per-mille level predictions? 

Could sound  ambitious at this stage to embark in fully realistic 
study, but assessment of possible showstoppers is needed



WIMP Dark Matter 
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Need feasibility assessment: 
• Experimental error 
• Theoretical predictions

91

Search for disappearing tracks
The pure higgsino consists of a Dirac doublet with hy-
percharge 1/2, with a thermal relic mass of 1.1 TeV.
Due to loop radiative corrections, the charged state �̃±

splits from the neutral one �̃0

1
by 344 MeV, giving rise to

a mean proper decay length of 6.6 mm for the charged
state [277]. The �̃± can thus travel a macroscopic dis-
tance before decaying into an invisible �̃0

1
and other

low-energy Standard Model particles.
Searches at the LHC are actively targeting this sce-

nario [278–282], but are not expected to cover the relic
favoured mass [24, 283]. A muon collider operating at
multi-TeV centre-of-mass energies could provide a per-
fect tool to look for these particles.

The production of �̃± pairs at a MuC proceeds via
an s-channel photon or Z-boson, with other processes,
such as vector boson fusion, being subdominant. The
prospects to observe the disappearing track signal of �̃±

were investigated in detail in Ref. [45] exploiting a de-
tector simulation based on Geant 4 [284] for the mod-
eling of the response of the tracking detectors, which are
crucial in the estimation of the backgrounds. The sim-
ulated events were overlaid with beam-induced back-
ground events simulated with MARS15 [152].

The analysis strategy relies on requiring one (SR�

1t
)

or two (SR�

2t
) disappearing tracks in each event in addi-

tion to a 25 GeV ISR photon. Additional requirements
are imposed on the transverse momentum and angular
direction of the reconstructed tracklet and on the dis-
tance between the two tracklets along the beam axis in
the case of events with two candidates. The expected
backgrounds are extracted from the full detector sim-
ulation and the results are presented assuming a 30%
(100%) systematic uncertainty on the total background
yields for the single (double) tracklet selections. The
corresponding discovery prospects and 95% CL exclu-
sion reach are shown in Figure 92 for each of the two
selection strategies discussed above, considering pure-
higgsino production cross sections and 10 TeV µ+µ�

collisions. The expected limits at 95% CL at the 3 TeV
MuC are also overlaid for comparison.

Both event selections are expected to cover a wide
range of higgsino masses and lifetimes, well in excess
of current and expected collider limits. In the most
favourable scenarios, the analysis of 10 ab�1 of 10 TeV
muon collisions is expected to allow the discovery �̃±

masses up to a value close to the kinematic limit of
5 TeV. The interval of lifetimes covered by the exper-
imental search directly depends on the layout of the
tracking detector, i.e. the radial position of the tracking
layers, and the choices made in the reconstruction and
identification of the tracklets, i.e. the minimum num-
ber of measured space-points. Considering the current
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Fig. 92 Expected sensitivity [45] to the higgsino, in the plane
formed by the �̃

± mass and lifetime. The lifetime that corre-
sponds to the thermal mass of 1.1 TeV, and to a mass-splitting
of 344 MeV as in the pure-higgsino scenario, is reported as an
horizontal dash-dotted line.
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Fig. 93 Expected sensitivity [45] to the wino, in the plane
formed by the �̃

± mass and lifetime. The lifetime that cor-
responds to the thermal mass of 2.86 TeV, and to a mass-
splitting of 166 MeV as in the pure-wino scenario, is reported
as an horizontal dash-dotted line.

detector design [148–151], the 10 TeV MuC is expected
to allow to discover the higgsino thermal target, though
only by a narrow margin.

An alternative tracking detector design, hard to re-
alise in the presence of the BIB, with tracking layers
significantly closer to the beam line would be needed
to significantly boost the detection of such a signal.
Other unconventional signatures, such as soft displaced
tracks [285] detected in combination with an energetic
ISR photon or kinked tracks should be investigated and
have the potential to strongly enhance the sensitivity.

Figure 93 shows the expected sensitivity when con-
sidering a pure-wino scenario. The much longer pre-

Unanimously recognised as important target 
Higgsino and Wino as specific benchmark models for all 
colliders.  
We have great perspectives, but: 
• Higgsino from disappearing tracks lives dangerously 
• Mono-X “direct” searches are in fact precision measurements 

of the X kinematics. 1% systematics affect reach strongly 
• So-called “indirect” probes from loops are less demanding.        

on uncertainties, but still… 89
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Fig. 91 Minimal luminosity to exclude a thermal pure higgsino or wino dark matter (left panel) a 2.84 TeV Dirac triplet,
4.79 TeV Dirac 4-plet, a 13.6 TeV Majorana 5-plet (right panel) as function of the collider center of mass energy [47]. Lighter
color lines are for polarized beams. The thickness of the wino, Dirac 3-plet, Dirac 4-plet, and Majoarana 5-plet bands covers
the uncertainty on the thermal mass calculations. Diagonal lines mark the precision at which the total rate of the labeled
channels are going to be measured. The shaded area indicates that at least one channel is going to be measured with 0.1%
uncertainty and systematic uncertainties need to be evaluated.

to one of the two other final state particles, which are
instead energetic and central. The EW radiation en-
hancement offers novel opportunities to search for new
physics. In the case at hand, it enables the high-rate
production of new hard 2-body final states (namely
Wh and ff̄ 0 for eq. (44) and (45), respectively) to be
exploited for WIMP searches. However, EW radiation
effects also challenge theoretical predictions as they re-
quire not yet available systematic resummation tech-
niques, as discussed in Section 2.5. The estimates that
follow do not include resummation. More work will thus
be needed to turn them into fully quantitative sensitiv-
ity projections.

In Figure 91 (left panel) we report the minimal lu-
minosity needed to exclude a thermal pure wino DM
(i.e., a Majorana triplet with 2.9 TeV mass) and the
higgsino (a Dirac doublet of 1.1 TeV) as a function
of the collider centre of mass energy. The luminosity
curves feature a minimum around the direct produc-
tion threshold Ecm = 2M�, which provides the optimal
energy for detection. For smaller Ecm, more luminos-
ity is needed as the effect of virtual n-plets decreases
as E2

cm
/M2

�
below the production threshold. A larger

luminosity is also needed moving above the threshold
because the loop function (see [46]) that describes the
virtual DM exchange in the di-fermion final state hap-
pens to cross zero for some value of Ecm above 2 M�.

After crossing this second threshold, the required lumi-
nosity smoothly decreases with Ecm as the figure shows.
A similar behaviour is observed for the other candidates
considered in the right panel of Figure 91.

These studies are helped by the presence of left-
handed fermions initial states, which source larger weak-
boson mediated scattering. Therefore it is interesting to
study the effect of beam polarization. In Figure 91 the
lighter colored lines give the necessary luminosity for an
exclusion at a machine capable of 30% left-handed po-
larization on the µ� beam and -30% for the µ+ beam.
Even this modest polarization of the beams can reduce
significantly the luminosity required for the exclusion.

When precision studies are involved it is important
to keep in sight a possible bottleneck from systematic
uncertainties. The origin of systematic uncertainties is
difficult to assess at this stage, as there is not yet a fully
developed experiment design. We identify the 0.1% level
as a possible reasonable level at which systematic un-
certainties will need to be discussed. With this reference
in mind we draw the shaded area of Figure 91, which
indicates that the search for new electroweak matter is
based on a high enough luminosity to have a statistical
uncertainties of 0.1% in the qq̄ channel. As other chan-
nels are expected to be cleaner, and less statistically
abundant, we reckon that in the shaded region of the
plane a more careful evaluation of possible systemat-



Forward Muon Detector
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Possible benchmarks:[link] 
• Higgs couplings: Kw vz Kz, CP violating couplings 
• Higgs to invisible  
• Higgs portal models 
• Pheno work done or in progress. Experimental work needed

One specific sub-system for Effective Vectors 
tagging and reconstruction, through fwd µ  
• Unique of the MuC 
• Further boost VBS/VBF MuC potential

https://indico.cern.ch/event/1281579/contributions/5412042/attachments/2654186/4596236/forward_muon_detector_BM.pdf
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Evolving Delphes card with detector performances   
• Best way to communicate our findings 
• Easy for newcomers to make semi-realistic sensitivity projections 
• Should integrate state-of-the-art and aspirational performances 
• Let the community at large evaluate performances and identify key improvements


