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Quantum Mechanics

¿  ? Quantum Field Theory=

¿  ? The Standard Model=

No! Quantum fields with local Lagrangian and gauge theories are one implementation 
of QM+SR principles (the only one found so far). Its extra ingredients surely stem 
from an even deeper unknown underlying principle. 

+ Special Relativity

No, of course. The SM merely accommodates all fields we have 
observed and the corresponding particles. And, it seems, not 
all of them, like Dark Matter.
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The Higgs is revolutionary! 
One more direct experimental confirmation of the QFT implementation of 
QM+SR principles (and indirectly of the principles). 
The first manifestation of a new class of theories: massive gauge theories  
The Standard Higgs model is not unique, not even within the QFT machinery:  
We could “theoretically predict” it only because we knew all other particles 
experimentally and we relied on a field and particle “economy” principle.
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Higgs Physics questions in this talk: 
Is it the Standard Model Higgs Particle? 
• Single-Higgs couplings 
• Trilinear Higgs coupling 

What is it made of? 
• Composite Higgs 

Is it the Standard Model Higgs Theory? 
• High-energy EW (with Higgs) Physics

The Higgs is revolutionary! 
One more direct experimental confirmation of the QFT implementation of 
QM+SR principles (and indirectly of the principles). 
The first manifestation of a new class of theories: massive gauge theories  
The Standard Higgs model is not unique, not even within the QFT machinery:  
We could “theoretically predict” it only because we knew all other particles 
experimentally and we relied on a field and particle “economy” principle.



Introduction

7

Higgs Physics questions in this talk: 
Is it the Standard Model Higgs Particle? 
• Single-Higgs couplings 
• Trilinear Higgs coupling 

What is it made of? 
• Composite Higgs 

Is it the Standard Model Higgs Theory? 
• High-energy EW (with Higgs) Physics

The Higgs is revolutionary! 
One more direct experimental confirmation of the QFT implementation of 
QM+SR principles (and indirectly of the principles). 
The first manifestation of a new class of theories: massive gauge theories  
The Standard Higgs model is not unique, not even within the QFT machinery:  
We could “theoretically predict” it only because we knew all other particles 
experimentally and we relied on a field and particle “economy” principle.



Single-Higgs couplings

8

Coupling modifiers “ ” in front of SM interaction vertices 
Most basic stress test of the SM, where all . SM couplings prediction is 
intricate manifestation of massive gauge theory machinery. 

 are not vertices of SM Feynman rules, but are also left floating

κ
κ = 1

κg, κγ, κZγ
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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

lack of sensitivity are shown with a dash (-). Examples of this are kc, not accessible at HL-LHC and HE-LHC, and kt , only
accessible above the ttH/tH threshold. Not all colliders reported results for all possible decay modes in the original reference
documentation listed in Table1, the most evident example of this being the Zg channel. In this standalone collider scenario, the
corresponding parameters were left to float in the fits. They are indicated with ⇤ in the tables.

This kappa-0 scenario can be expanded to account for invisible decays (kappa-1) and invisible and untagged decays
(kappa-2), still considering individual colliders in a standalone way. The overall effect of this additional width is a slight
worsening of the precision of the kappa parameters from the kappa-0 scenario to the kappa-1, and further on to the kappa-2. It
is most noticeable for kW , kZ and kb. For comparison of the total impact, the kappa-2 scenario results can be found in Tables 28
and 29 in Appendix E.

Table 3. Expected relative precision (%) of the k parameters in the kappa-0 scenario described in Section 2 for future
accelerators. Colliders are considered independently, not in combination with the HL-LHC. No BSM width is allowed in the fit:
both BRunt and BRinv are set to 0, and therefore kV is not constrained. Cases in which a particular parameter has been fixed to
the SM value due to lack of sensitivity are shown with a dash (-). A star (?) indicates the cases in which a parameter has been
left free in the fit due to lack of input in the reference documentation. The integrated luminosity and running conditions
considered for each collider in this comparison are described in Table 1. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee240+FCC-ee365, FCC-eh and FCC-hh. In the case of HE-LHC, two theoretical uncertainty scenarios (S2
and S20) [13] are given for comparison.

kappa-0 HL-LHC LHeC HE-LHC ILC CLIC CEPC FCC-ee FCC-ee/eh/hh
S2 S20 250 500 1000 380 15000 3000 240 365

kW [%] 1.7 0.75 1.4 0.98 1.8 0.29 0.24 0.86 0.16 0.11 1.3 1.3 0.43 0.14
kZ [%] 1.5 1.2 1.3 0.9 0.29 0.23 0.22 0.5 0.26 0.23 0.14 0.20 0.17 0.12
kg [%] 2.3 3.6 1.9 1.2 2.3 0.97 0.66 2.5 1.3 0.9 1.5 1.7 1.0 0.49
kg [%] 1.9 7.6 1.6 1.2 6.7 3.4 1.9 98? 5.0 2.2 3.7 4.7 3.9 0.29
kZg [%] 10. � 5.7 3.8 99? 86? 85? 120? 15 6.9 8.2 81? 75? 0.69
kc [%] � 4.1 � � 2.5 1.3 0.9 4.3 1.8 1.4 2.2 1.8 1.3 0.95
kt [%] 3.3 � 2.8 1.7 � 6.9 1.6 � � 2.7 � � � 1.0
kb [%] 3.6 2.1 3.2 2.3 1.8 0.58 0.48 1.9 0.46 0.37 1.2 1.3 0.67 0.43
kµ [%] 4.6 � 2.5 1.7 15 9.4 6.2 320? 13 5.8 8.9 10 8.9 0.41
kt [%] 1.9 3.3 1.5 1.1 1.9 0.70 0.57 3.0 1.3 0.88 1.3 1.4 0.73 0.44

Table 4 shows the expected precision of the k parameters in the final benchmark scenario discussed in this paper in which
95% CL limits on BRunt and BRinv are set, for the three possibilities using the LHC tunnel: HL-LHC, LHeC, and HE-LHC.
The results correspond to the kappa-3 scenario.

As discussed before, for these hadron colliders a constraint on |kV |1 is applied in this case, as no direct access to the
Higgs width is possible.

Table 5 shows the corresponding kappa-3 scenario for the different lepton colliders and a final FCC-ee/eh/hh combination,
all combined with the HL-LHC results. The integrated luminosity and running conditions considered for each collider in this
comparison are taken for Table 1. The constraints on GH derived from the fit parameters using Eq. 4 are discussed in detail in
Section 7. In this case when HL-LHC is combined with a lepton collider the assumption |kV |1 is not longer necessary, and
therefore it is not used as a constrain in these kappa-3 fits. For those particular analyses not reported in the original reference
documentation listed in Table 1 (e.g. kZg ) the HL-LHC prospects drive the combination. They are indicated with ⇤ in the tables.

We have examined the correlations of the lepton collider kappa-3 fits. In the initial stage of ILC (ILC250), kW , kg, kb, kt and
kt show sizeable correlations (> 70%), with the largest corresponding to kb and kt (93%). There is practically no correlation
between kW and kZ (8%). The untagged branching fraction is not particularly correlated with the couplings, with the largest
correlation corresponding to kZ (50%), and an anti correlation (-20%) seen for kZg where the only information comes from
the HL-LHC data. In the case of FCC-ee365, we see a slight correlation between kZ and kW (30%), and a similar correlation
between these and the untagged branching fraction (30-50%). The correlations between kb, kt , kg and kW are mild, with the
largest value corresponding once again to kb and kt (74%). In this case there is also no strong correlation between the untagged
branching fraction and the couplings, with the largest correlation corresponding to kZ (50%), followed by kb (30%). Again an
anti correlation (-20%) is seen for kZg . For CLIC3000 the situation is markedly different, with large correlations between kZ and
kW (80%), and between the untagged branching fraction and kZ , kW and kb (90%, 80%, 70% respectively). The correlations
between kb, kZ , kt , kg and kW are not negligible, with the highest corresponding to kb and kW (70%). In this case, kb and kt
are correlated to 45%. These correlations can be seen graphically in Figure 14 in the Appendix.

The results of the kappa-3 benchmark scenario are also presented graphically in Figure 2. Note that while hadron colliders
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Adding muon collider 
 [2303.08533]

From ECFA 2019 report 
 [1905.03764]

In short: 
percent-level from HL-LHC 
permille-level with several future collider options
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BSM Interpretations: 
Not only a (fundamental) SM stress test. Higgs couplings are effective BSM probes 
A new sector with mass , mixed with Higgs, typically gives:M*
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Fig. 4 Left panel: exclusion and discovery mass reach on Higgsino and Wino dark matter candidates at muon colliders from
disappearing tracks, and at other facilities. The plot is adapted from Ref. [45]. Right: exclusion contour [22] for a scalar singlet
of mass m� mixed with the Higgs boson with strength sin �. More details in Section 5.1.3.

ment, without large physics backgrounds from QCD, a
10 TeV muon collider (over-)qualifies as a Higgs fac-
tory [22, 54–57]. Unlike e+e� Higgs factories, a muon
collider also produces Higgs pairs copiously, enabling
accurate and direct measurements of the Higgs trilinear
coupling [21,23,54] and possibly also of the quadrilinear
coupling [58].

The opportunities for Higgs physics at a muon col-
lider are summarised extensively in Section 5.1.1. In
Figure 6 we report for illustration the results of a 10-
parameter fit to the Higgs couplings in the -framework
at a 10 TeV MuC, and the sensitivity projections on
the anomalous Higgs trilinear coupling ��. The table
shows that a 10 TeV MuC will improve significantly and
broadly our knowledge of the properties of the Higgs
boson. The combination with the measurements per-
formed at an e+e� Higgs factory, reported on the third
column, does not affect the sensitivity to several cou-
plings appreciably, showing the good precision that a
muon collider alone can attain. However, it also shows
complementarity with an e+e� Higgs factory program.

On the right panel of the figure we see that the per-
formances of muon colliders in the measurement of ��

are similar or much superior to the one of the other
future colliders where this measurement could be per-
formed. In particular, CLIC measures �� at the 10%
level [59], and the FCC-hh sensitivity ranges from 3.5
to 8% depending on detector assumptions [60]. A de-
termination of �� that is way more accurate than the
HL-LHC projections is possible already at a low energy
stage of a muon collider with Ecm = 3 TeV as discussed
in Section 5.1.1.

The potential of a muon collider as a vector bo-
son collider has not been explored fully. In particular a
systematic investigation of vector boson scattering pro-

cesses, such as WW !WW , has not been performed.
The key role played by the Higgs boson to eliminate
the energy growth of the corresponding Feynman am-
plitudes could be directly verified at a muon collider
by means of differential measurements that extend well
above one TeV for the invariant mass of the scattered
vector bosons. Along similar lines, differential measure-
ments of the WW ! HH process has been studied
in [23, 54] (see also [21]) as an effective probe of the
composite nature of the Higgs boson, with a reach that
is comparable or superior to the one of Higgs coupling
measurements. A similar investigation was performed
in [21,22] (see also [21]) for WW!tt, aimed at probing
Higgs-top interactions.

2.4 High-energy measurements

Direct µ+µ� annihilation, such as HZ and tt produc-
tion, displays a number of expected events of the order
of several thousands, reported in Figure 5. These are
much less than the events where a Higgs or a tt pair
are produced from VBF, but they are sharply differ-
ent and easily distinguishable. The invariant mass of
the particles produced by direct annihilation is indeed
sharply peaked at the collider energy Ecm, while the
invariant mass rarely exceeds one tenth of Ecm in the
VBF production mode.

The good statistics and the limited or absent back-
ground thus enables few-percent level measurements of
SM cross sections for hard scattering processes of en-
ergy Ecm = 10 TeV at the 10 TeV MuC. An incomplete
list of the many possible measurements is provided in
Ref. [61], including the resummed effects of EW radia-
tion on the cross section predictions. It is worth empha-
sising that also charged final states such as WH or `⌫

δκ
[1%]

≃ ( g*

gw )
2

( M*

[TeV] )
2

Need < % to start testing well 
above LHC direct reach for 
EW-like  couplingg*
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The first (Scalar)3 vertex to be ever seen at work 
HL-LHC will perhaps demonstrate its existence 
Low-energy e+e- could see its indirect effect through loops 
A direct measurement requires high energy: FCC-hh, CLIC-3, MuC
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly

36/75

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

<latexit sha1_base64="8RLmpAJ4CPiKR4h/1t/OFVZrXME=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LvSh4qGA/YLuUbJq2odlkSbJCWfZnePGgiFd/jTf/jWm7B219MPB4b4aZeWHMmTau++0U1tY3NreK26Wd3b39g/LhUVvLRBHaIpJL1Q2xppwJ2jLMcNqNFcVRyGknnDRmfueJKs2keDTTmAYRHgk2ZAQbK/lpT0Vp4/6ukWX9csWtunOgVeLlpAI5mv3yV28gSRJRYQjHWvueG5sgxcowwmlW6iWaxphM8Ij6lgocUR2k85MzdGaVARpKZUsYNFd/T6Q40noahbYzwmasl72Z+J/nJ2Z4HaRMxImhgiwWDROOjESz/9GAKUoMn1qCiWL2VkTGWGFibEolG4K3/PIqaV9Uvctq7aFWqd/kcRThBE7hHDy4gjrcQhNaQEDCM7zCm2OcF+fd+Vi0Fpx85hj+wPn8ATTtkTc=</latexit>

CLIC

<latexit sha1_base64="bIp/zZIofHgtYS9eH8iBKNDDTp8=">AAAB+nicdVDJSgNBEO2JW4xbokcvjUHwYugJISa3YEA8RjALJCH0dHoyTXoWumvUMOZTvHhQxKtf4s2/sbMIKvqg4PFeFVX1nEgKDYR8WKmV1bX1jfRmZmt7Z3cvm9tv6TBWjDdZKEPVcajmUgS8CQIk70SKU9+RvO2M6zO/fcOVFmFwDZOI9306CoQrGAUjDbK5pAf8DpSfXNTrp543nQ6yeVIgBuUynhG7QmxDqtVKsVjF9twiJI+WaAyy771hyGKfB8Ak1bprkwj6CVUgmOTTTC/WPKJsTEe8a2hAfa77yfz0KT42yhC7oTIVAJ6r3ycS6ms98R3T6VPw9G9vJv7ldWNwK/1EBFEMPGCLRW4sMYR4lgMeCsUZyIkhlClhbsXMo4oyMGllTAhfn+L/SatYsMuF0lUpXztfxpFGh+gInSAbnaEaukQN1EQM3aIH9ISerXvr0XqxXhetKWs5c4B+wHr7BLoklFQ=</latexit>

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
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Fig. 87 Direct (left panel) and indirect (right panel) reach on the SM plus real scalar singlet scenario at the muon collider. Dots
indicate points with successful first-order EWPT, while red, green and blue dots represent signal-to-noise ratio for gravitational
eave detection in the ranges [50,+1), [10, 50) and [0, 10), respectively. Results adapted from [27].

sible for the matter-antimatter asymmetry in the Uni-
verse. Following [27] (see also [26]), we illustrate below
the muon collider potential to probe this scenario.

In the left panel of Figure 87, the coloured solid
curves show the muon collider 95% C.L. direct exclu-
sion reach in the plane formed by the singlet mass
and the product sin2 � ⇥ BR(S ! hh).9 The points
marked on the figure are obtained from a scan over
the microscopic parameters of the specific model con-
sidered in Ref. [27], and they correspond to configura-
tions where the EWPT is of the first order and strong
enough for electroweak baryogenesis. The 3 TeV MuC
covers several of the relevant points, while the 10 TeV
MuC enables an almost complete coverage. The points
marked in red or in green (unlike those in blue) could
perhaps also produce observable gravitation waves at
LISA. Strong first order EWPT requires a modification
of the Higgs potential. Therefore sizeable departures of
the trilinear Higgs coupling with respect to the SM are
expected in this scenario. This is shown on the right
panel of Figure 87, in the plane formed by a universal
modifier � that affects all the single-Higgs couplings,
and the trilinear coupling modifier ��. We see that the
muon collider, already at the 3 TeV stage, has consider-
able chances to be sensitive to the predicted single- or
triple-Higgs coupling modifications. It is in fact likely
to observe correlated modifications in both couplings.

9The latter quantity, and not only sin
2

�, is what controls the
events yield in the di-Higgs final state. The branching ratio is
set to 1/4 in Figure 86, which is a good approximation when
the singlet is heavy but not so in the mass range of Figure 87.

Two Higgs Doublet Model
Models with two Higgs doublets (2HDM) are another
important target for muon colliders. 10 While much
work is still to be done for the detailed assessment of the
muon collider potential, a rather complete characteri-
sation of the relevant phenomenology was provided in
Ref. [48], whose findings are briefly summarised below.
Like in the case of the singlet model, very significant
progress on the 2HDM parameters space is possible al-
ready at the first 3 TeV stage of the muon collider. In
what follows we stick to this energy for definiteness.
At the higher energies muon colliders, which are also
considered in [48], the performances improve.

The scalar sector of the 2HDM consists of 5 physical
particles: the SM-like Higgs h with mh = 125 GeV and
the non-SM ones H, A, H±. The tree-level couplings of
the Higgs bosons are determined by the mixing angle
between the neutral CP-even Higgs bosons, ↵, and by
a second parameter tan � = v2/v1, with v1,2 being the
vacuum expectation value for two Higgs doublets. The
dominant couplings of the Higgses with the SM gauge
bosons typically involve two non-SM Higgses, for ex-
ample, ZHA or W±H⌥H. The Yukawa couplings of
the non-SM like Higgses with the SM fermions depends
on how the two Higgs doublets are coupled to the lep-
tons and quarks via Yukawa couplings. Four different
patterns of Yukawa couplings are typically considered
in the literature, giving rise to four different types of

10Other extensions of the Higgs sector, in particular those
featuring a doubly-charged scalar, were studied in [51,52]
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

Complementary role of precision and energy 
Direct Searches   vs   Higgs Couplings   vs   High-Energy Probes
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We can probe Higgs form-factors by virtual s-channel EW bosons 
Same as proton, with larger energy 
                             
HZ and HW at cross-section measurement  
at a very high energy collider
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.

��-��� ��-��� ������ ������ ������� ������� �������� �������� ���� ���-�����-��/��/��
�

�

��

��

��

��

��

���

���

���

�/
� �

[�
��

]

�
ϵ

Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

Direct test of Higgs Compositeness at FCC-hh, CLIC, and MuC
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

Direct test of Higgs Compositeness at FCC-hh, CLIC, and MuC
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Fig. 10. UA1 distribution of the missing transverse momentum (called EMIS
T in this plot) for

equal bins of (EMIS
T )2. The events shown as dark areas in this plot contain a high pT electron.

from momentum conservation that !pmiss
T is equal to the neutrino transverse

momentum.
Figure 10 shows the |!pmiss

T | distribution, as measured by UA1 from the 1982
data.9 There is a component decreasing approximately as |!pmiss

T |2 due to the effect
of calorimeter resolution in events without significant |!pmiss

T |, followed by a flat
component due to events with genuine |!pmiss

T |. Six events with high |!pmiss
T | in the

distribution of Fig. 10 contain a high-pT electron. The !pmiss
T vector in these events

is almost back-to-back with the electron transverse momentum vector, as shown in
Fig. 11. These events are interpreted as due to W → eνe decay. This result was first
announced at a CERN seminar on January 20, 1983. Figure 12 shows the graphics
display of one of these events.

The results from the UA2 search for W → eν events10 was presented at a
CERN seminar on the following day (January 21, 1983). Six events containing an
electron with pT > 15GeV/c were identified among the 1982 data. Figure 13 shows
the distribution of the ratio between |!pmiss

T | and the electron pT for these events.
Also shown in Fig. 13 is the electron pT distribution for the events with a |!pmiss

T |
value comparable to the electron pT (four events). These events have the properties
expected from W → eν decay.
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 all other channels (H WW(*) lνlν, H ττ, WH lνbb, ZH llbb, ZH ννbb,   
    ZZ  llνν, H ZZ  llqq; H WWlνqq): full 2011 dataset (up to 4.9 fb-1)  
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Fig. 10. UA1 distribution of the missing transverse momentum (called EMIS
T in this plot) for

equal bins of (EMIS
T )2. The events shown as dark areas in this plot contain a high pT electron.

from momentum conservation that !pmiss
T is equal to the neutrino transverse

momentum.
Figure 10 shows the |!pmiss

T | distribution, as measured by UA1 from the 1982
data.9 There is a component decreasing approximately as |!pmiss

T |2 due to the effect
of calorimeter resolution in events without significant |!pmiss

T |, followed by a flat
component due to events with genuine |!pmiss

T |. Six events with high |!pmiss
T | in the

distribution of Fig. 10 contain a high-pT electron. The !pmiss
T vector in these events

is almost back-to-back with the electron transverse momentum vector, as shown in
Fig. 11. These events are interpreted as due to W → eνe decay. This result was first
announced at a CERN seminar on January 20, 1983. Figure 12 shows the graphics
display of one of these events.

The results from the UA2 search for W → eν events10 was presented at a
CERN seminar on the following day (January 21, 1983). Six events containing an
electron with pT > 15GeV/c were identified among the 1982 data. Figure 13 shows
the distribution of the ratio between |!pmiss

T | and the electron pT for these events.
Also shown in Fig. 13 is the electron pT distribution for the events with a |!pmiss

T |
value comparable to the electron pT (four events). These events have the properties
expected from W → eν decay.
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 all other channels (H WW(*) lνlν, H ττ, WH lνbb, ZH llbb, ZH ννbb,   
    ZZ  llνν, H ZZ  llqq; H WWlνqq): full 2011 dataset (up to 4.9 fb-1)  
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Fig. 10. UA1 distribution of the missing transverse momentum (called EMIS
T in this plot) for

equal bins of (EMIS
T )2. The events shown as dark areas in this plot contain a high pT electron.

from momentum conservation that !pmiss
T is equal to the neutrino transverse

momentum.
Figure 10 shows the |!pmiss

T | distribution, as measured by UA1 from the 1982
data.9 There is a component decreasing approximately as |!pmiss

T |2 due to the effect
of calorimeter resolution in events without significant |!pmiss

T |, followed by a flat
component due to events with genuine |!pmiss

T |. Six events with high |!pmiss
T | in the

distribution of Fig. 10 contain a high-pT electron. The !pmiss
T vector in these events

is almost back-to-back with the electron transverse momentum vector, as shown in
Fig. 11. These events are interpreted as due to W → eνe decay. This result was first
announced at a CERN seminar on January 20, 1983. Figure 12 shows the graphics
display of one of these events.

The results from the UA2 search for W → eν events10 was presented at a
CERN seminar on the following day (January 21, 1983). Six events containing an
electron with pT > 15GeV/c were identified among the 1982 data. Figure 13 shows
the distribution of the ratio between |!pmiss

T | and the electron pT for these events.
Also shown in Fig. 13 is the electron pT distribution for the events with a |!pmiss

T |
value comparable to the electron pT (four events). These events have the properties
expected from W → eν decay.
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Combining all channels together: 
 H γγ, 4l: full 2011 and 2012 datasets (~ 10.7 fb-1 ) and improved analyses 
 all other channels (H WW(*) lνlν, H ττ, WH lνbb, ZH llbb, ZH ννbb,   
    ZZ  llνν, H ZZ  llqq; H WWlνqq): full 2011 dataset (up to 4.9 fb-1)  

Ju
ly

 4
th

 2
01

2 
 T

he
 S

ta
tu

s 
of

 th
e 

H
ig

gs
 S

ea
rc

h 
   

J.
 In

ca
nd

el
a 

fo
r t

he
 C

M
S

 C
O

LL
A

B
O

R
AT

IO
N

 

In%summary%

 [GeV]4lm

Ev
en

ts
 / 

3 
G

eV
0

2

4

6

8

10

12

 [GeV]4lm

Ev
en

ts
 / 

3 
G

eV
0

2

4

6

8

10

12 Data

Z+X

*,ZZ�Z

=126 GeVHm

µ, 2e2µ7 TeV 4e, 4
µ, 2e2µ8 TeV 4e, 4

CMS Preliminary -1 = 8 TeV, L = 5.26 fbs ; -1 = 7 TeV, L = 5.05 fbs

 [GeV]4lm
80 100 120 140 160 180

E ≫ mW

The Higgs particle shows up here 
but theory needs it in order to go there

Most direct theory implications are at high En. 
The role of the Higgs as part of the microscopic description  
of the EW force must be verified by high energy experiments
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Is the Higgs alone? (100 GeV — TeV energy) 
No prior theoretical reason for the Higgs to be minimal. Extended Higgs sectors 
must be investigated, also in connection with broader BSM questions, e.g. SUSY 
Relevant mass-range not much above order TeV. LHC can do quite a lot. Progress 
requires high-energy collider like CLIC-3, FCC-hh, or MuC
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Is the Higgs alone? (100 GeV — TeV energy) 
No prior theoretical reason for the Higgs to be minimal. Extended Higgs sectors 
must be investigated, also in connection with broader BSM questions, e.g. SUSY 
Relevant mass-range not much above order TeV. LHC can do quite a lot. Progress 
requires high-energy collider like CLIC-3, FCC-hh, or MuC

Is the EW symmetry restored? ( > TeV energy) 
Restoration is direct prediction of the massive gauge theory formalism. A vastly 
non-trivial one that we can verify directly by high-energy measurements. 
Higgs should be part of a doublet: symmetry relations between H and VL amplit.
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EW Radiation (10 TeV energy): 
Transition to masseless vector bosons regime:    −g2/16π2 log2(E2

cm/m2
w) × Casimir ≈ 1

γ, W, Z

γ, W, Z

γ, W, Z

γ, W, Z

e, ν, t, b , …

e, ν, t, b , …

e, ν, t, b , …

e, ν, t, b , …

h

t

t

Is the Higgs alone? (100 GeV — TeV energy) 
No prior theoretical reason for the Higgs to be minimal. Extended Higgs sectors 
must be investigated, also in connection with broader BSM questions, e.g. SUSY 
Relevant mass-range not much above order TeV. LHC can do quite a lot. Progress 
requires high-energy collider like CLIC-3, FCC-hh, or MuC

Is the EW symmetry restored? ( > TeV energy) 
Restoration is direct prediction of the massive gauge theory formalism. A vastly 
non-trivial one that we can verify directly by high-energy measurements. 
Higgs should be part of a doublet: symmetry relations between H and VL amplit.

QED  
Radiation

EW  
Radiation



Conclusions

The Standard Model Higgs Particle is very new! 
• First direct manifestation of massive gauge theory formalism 
• First elementary scalar particle 
• We must test if it has SM properties, or not, as precisely as we can

30

Per-mille level Single-Higgs couplings: 
• Possible at several future facilities, including a 10 TeV MuC 
• Inform us on Extended Higgs sectors, Composite Higgs, and many other BSM

Learning more requires access to order 10 TeV energies 
• The direct (and most effective) probe of Higgs compositeness 
• The Higgs trilinear (and possibly 4-linear) coupling 
• Searching for other Higgses/composite resonances 
• Observing the restoration of the EW symmetry 
• Directly probe the SM description of short-distance EW force!
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Single-Higgs couplings + Width

33

Could the Higgs decay to invisible or untagged BSM states?

width measurement, since any changes in the width are completely correlated with shifts
in the couplings. Nevertheless, this may be too strong of an assumption, but then how well
can you measure the properties of the Higgs without having to specify all possible BSM
decay modes of the Higgs? If we remain agnostic about new contributions to Higgs decays,
then treating Higgs precision with coupling modifiers is still valid as long as the total width
is also left as a free parameter. However, to then extract the precision on individual Higgs
couplings requires additional information since any on-shell exclusive measurement is only
sensitive to the combination

�(i ! H ! j) ⇠
g
2
i
g
2
j

�H

. (1.1)

Therefore, extracting the couplings in full generality requires either an independent width
measurement or an absolute measurement of one of the couplings. Without this, one can
in principle confound precision measurements of couplings by hiding it in a flat direction
where the couplings and the Higgs width are increased such that naively it looks like the
SM, but there are actually large deviations to its properties [20].

Fortunately, there are both measurements that can be made and theoretical considera-
tions which can be applied to understand whether the Higgs is SM-like and what its width
is. For example, at the LHC, one can exploit gauge invariance of the SM to measure the
effects of modified Higgs couplings from a highly off-shell Higgs contribution [21, 22] to V V

scattering. This is independent of the Higgs width in the off-shell regime and therefore
can provide an absolute measurement of a coupling which removes the ambiguity. This
has been carried out by ATLAS [23] and CMS [24] thus far and there are projections that
with the HL-LHC [25] that claim a 17% measurement uncertainty on the SM width can be
achieved. While this is a remarkable achievement for the LHC, given that a direct width
measurement is not remotely possible at the O(1) level1, it ultimately sets a ceiling for how
well you can interpret a measurement of Higgs couplings.

The difficulty of having a “width” measurement with a substantially worse uncertainty
than exclusive signal strengths is that a global fit will naturally have uncertainties on the
couplings inherited from the width measurement. In particular, in the  framework one can
treat all couplings as independent2 and define the deviation from the standard model by a
modifier i ⌘ gi/g

SM

i
such that the on-shell signal strength of any given Higgs production

and decay channel may be written

µi!H!j ⌘
�i!H!j

�
SM

i!H!j

=


2
i


2
j

�H/�SM

H

=


2
i


2
j


2
H

(1 � BRBSM ), 
2
H ⌘

X

i


2
i
�i

�SM

H

, (1.2)

where �i!H!j is the on-shell Higgs cross section in production channel i and decay channel
j, BRBSM is the sum of all BSM branching ratios of the Higgs, and �i is the partial width
for the standard model decay H ! i. In this framework, if only exclusive signal strengths

1There is an additional LHC method exploiting interference in the H ! �� on-shell rate [26] that likewise
gives a subdominant precision.

2Throughout this paper, we will consider the loop induced coupling modifiers g, � , and Z� as inde-
pendent parameters to be fully agnostic to new states running in the loops. Specifying these in terms of
the other ’s would strictly increase precision.

– 2 –

We probe  just 
as precisely as we probe , with 
the same measurements

BRBSM = ΓBSM /ΓH
δκ

“Direct” searches for exotic or invisible Higgs decay, at e.g. FCC-hh are also 
possible and worthy.

Signal-strength measurements do answer this question:
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Figure 8: 1- and 2-� contours from the two-parameter Higgs fit for the three CLIC energy stages.

in addition to the universal coupling scale parameter here referred to as g (the analog of  in the previous
paragraph). Analogously to the model-independent fit described in Ref. [9], the total cross section for
the e+e�

! ZH process obtained using the recoil method is directly proportional to g2. This provides
sensitivity to �H from a global fit to the measurements of individual Higgs decay modes in ZH and WW
fusion events.

The middle panel of Table 6 gives the expected statistical precisions of the g and �H parameters.
The accuracy of disentangling both parameters is limited by the measurement of the total ZH cross sec-
tion at the first CLIC stage and hence only improves marginally when including the higher energy stages;
this is manifest in the contour plots of g versus �H as shown in Figure 8. The systematic uncertainties
are expected to be small compared to the expected statistical precisions for this two-parameter fit.

If all Standard Model couplings of the Higgs boson are fixed to their default values, the precision
on the total Higgs width improves considerably. The result of such a fit is shown in the right panel of
Table 6. In contrast to the two parameter fit, the width is not limited by the ZH measurement at the first
CLIC stage and its projected precision improves with energy.

2.2 Determination of the Higgs trilinear self-coupling
In this section we perform a detailed analysis of measurements that aim at identifying effects from
the operator O6, which modifies the SM triple Higgs coupling. In Section 2.2.1 we present a parton-
level analysis that includes all possible BSM contributions (in the form of the dimension-6 operators
from Table 2). Yet, this analysis is not optimised and neglects detector effects, as well as ISR and
beamstrahlung. For this reason, we present in Section 2.2.2 a more detailed study that focusses on the
effects of c6 (or �) only and should be thought as an illustration of how much additional reach can be
gained by a dedicated study. Section 2.2.3 is dedicated to discuss other interesting BSM effects that enter
in di-Higgs processes.5

2.2.1 Global perspective on the Higgs self-coupling6

High-energy
The optimal way to measure the Higgs trilinear self coupling at high-energy lepton colliders is through
the exploitation of Higgs pair production processes, whose cross section is affected by the Higgs self
coupling at tree level. An electron-positron collider like CLIC offers two main di-Higgs production
modes [9], namely double Higgsstrahlung (e+e�

! Zhh) and vector boson fusion (e+e�
! ⌫⌫̄hh),

see Figure 9 for representative diagrams. The cross section for the two channels has different scaling as
a function of the centre-of-mass energy of the collider (see Figure 10). Double Higgsstrahlung reaches
a maximum not far from threshold (at

p
s ⇠ 500 GeV) and then decreases due to the s-channel Z

5These three sections, utilise a CLIC running scenario that differs slightly from that of Table 3: Stage 1 runs at 350 GeV,
while Stage 2 runs at

p
s = 1.4 TeV.

6Based on a contribution by S. Di Vita, G. Durieux, C. Grojean, J. Gu, Z. Liu, G. Panico, M. Riembau, T. Vantalon.
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There is a flat direction in the global fit to couplings+width 
In a very tuned configuration  
where all couplings conspire with  
Is not really very important to resolve  
this degeneracy.  
So, don’t use the coupling+width fit  
to rank Higgs factories.

ΓBSM
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Table 1: Tentative target parameters for MuCs of di↵erent energies based on the MAP design with modifications.

Parameter Symbol Unit Target value

Centre-of-mass energy Ecm TeV 3 10 14
Luminosity L 1 ⇥ 1034 cm�2 s�1 1.8 20 40

Collider circumference Ccoll km 4.5 10 14

Muons/bunch N 1 ⇥ 1012 2.2 1.8 1.8
Repetition rate fr Hz 5 5 5
Beam power Pcoll MW 5.3 14.4 20

Longitudinal emittance "l MeVm 7.5 7.5 7.5
Transverse emittance "? µm 25 25 25

IP bunch length �z mm 5 1.5 1.07
IP beta-function � mm 5 1.5 1.07
IP beam size � µm 3 0.9 0.63

by particles that are not at the focus. For example,
when the RMS bunch length is not zero, but �z = �⇤

?,
eq. (11) is replaced by

�? =
r

mµc�z"?
pfhg

, (12)

with a hourglass factor fhg ⇡ 0.76. The RMS longitudi-
nal emittance is "l = �mµc2���z where �� is the RMS
energy spread, so the luminosity may be expressed as

L ⇡
e⌧µ

(4⇡mµc)2
fhg��B̄

"?"L
Eµ

2N+N�nbfr , (13)

where Eµ = �mµc2 is the energy of the collding muons.1196

Naively, the number of muons reaching the accel-1197

erator may be obtained from the number and energy1198

of protons, i.e. from the proton beam power. This as-1199

sumes proton energy is fully converted to pions and1200

the capture and beam cooling systems have no losses.1201

In reality pion production is more complicated; practi-1202

cal constraints such as pion reabsorption, other particle1203

production processes and geometrical constraints in the1204

target have a significant e↵ect. Decay and transmission1205

losses occur in the ionisation cooling system that sig-1206

nificantly degrades the e�ciency.1207

The final number of muons per bunch in the collider,
N±, can be related to the proton beam power on target
Pp and the conversion e�ciency per proton per unit
energy ⌘± by

N± =
⌘⌧⌘±Pp

nbfr
. (14)

Overall the luminosity may be expressed as

L ⇡
e⌧µ

(4⇡mµc)2
| {z }

KL

fhg��B̄

"?"Lnbfr
⌘+⌘�(⌘⌧PpEµ)2

| {z }
P+P�

, (15)

where P± is the muon beam power per species and1208

KL = 4.38 ⇥ 1036 MeV MW�2 T�1 s�2.1209

This luminosity dependence yields a number of con-1210

sequences. The luminosity improves approximately with1211

the square of energy at fixed average bending field. We1212

thus find the desired scaling in eq. (15) that entails,1213

as discussed in the previous section, a constant rate1214

for very massive particles pair-production, as well as1215

a growing VBF rate for precision measurements. The1216

quadratic scaling of the luminosity with energy is pe-1217

culiar of muon colliders and it is not present, for ex-1218

ample, in a linear collider. This is because the beam1219

can be recirculated many times through the interaction1220

point. This yields an improvement in power e�ciency1221

with energy.1222

The luminosity is highest for collider rings having1223

strong dipole fields (large B̄), so that the circumference1224

is smaller and muons can pass through the interaction1225

region many times before decaying. For this reason a1226

separate collider ring with the highest available dipole1227

fields is proposed after the final acceleration stage, as1228

in Figure 9.1229

The luminosity is highest for a small number of very1230

high intensity bunches. The MAP design demanded a1231

single muon bunch of each charge, which yields the1232

highest luminosity per detector. Such a design would1233

preclude more than 2 interaction points for geometric1234

reasons.1235

The luminosity decreases linearly with the facility1236

repetition rate, assuming a fixed proton beam power.1237

For the baseline design, a low repetition rate has been1238

chosen relative to equivalent pulsed proton sources.1239

The luminosity decreases with the product of the1240

transverse and longitudinal emittance. It is important1241

to achieve a low beam emittance in order to deliver1242

satisfactory luminosity, while maintaining the highest1243

possible e�ciency ⌘± of converting protons to muons.1244

Based on these considerations, an approximate guide1245

to the luminosity normalised to beam power is shown1246

in Figure 10 and compared with the one of CLIC.1247

4

The path to a new generation of experiments200

The main challenge to operating a detector at a201

muon collider is the fact that muons are unstable parti-202

cles. As such, it is impossible to study the muon inter-203

actions without being exposed to decays of the muons204

forming the colliding beams. From the moment the col-205

lider is turned on and the muon bunches start to cir-206

culate in the accelerator complex, the products of the207

in-flight decays of the muon beams and the results of208

their interactions with beam line material, or the detec-209

tors themselves, will reach the experiments contributing210

to polluting the otherwise clean collision environment.211

The ensemble of all these particles is usually known as212

“Beam Induced Backgrounds”, or BIB. The composi-213

tion, flux, and energy spectra of the BIB entering a214

detector is closely intertwined with the design of the215

experimental apparatus, such as the beam optics that216

integrate the detectors in the accelerator complex or the217

presence of shielding elements, and the collision energy.218

However, two general features broadly characterise the219

BIB: it is composed of low-energy particles with a broad220

arrival time in the detector.221

The design of an optimised muon collider detector222

is still in its infancy, but the work has initiated and223

it is reviewed in Section 4. It is already clear that the224

physics goals will require a fully hermetic detector able225

to resolve the trajectories of the outgoing particles and226

their energies. While the final design might look similar227

to those taking data at the LHC, the technologies at the228

heart of the detector will have to be new. The large flux229

of BIB particles sets requirements on the need to with-230

stand radiation over long periods of time, and the need231

to disentangle the products of the beam collisions from232

the particles entering the sensitive regions from uncom-233

mon directions calls for high-granularity measurements234

in space, time and energy. The development of these235

new detectors will profit from the consolidation of the236

successful solutions that were pioneered for example in237

the High Luminosity LHC upgrades, as well as brand238

new ideas. New solutions are being developed for use239

in the muon collider environment spanning from track-240

ing detectors, calorimeters systems and dedicated muon241

systems. The whole e↵ort is part of the push for the242

next generation of high-energy physics detectors, and243

new concepts targeted to the muon collider environ-244

ment might end up revolutionising other future pro-245

posed collider facilities as well.246

Together with a vibrant detector development pro-247

gram, new techniques and ideas needs to be developed248

in the interpretation of the energy depositions recorded249

by the instrumentation. The contributions from the BIB250

add an incoherent source of backgrounds that a↵ect dif-251

ferent detector systems in di↵erent ways and that are252

unprecedented at other collider facilities. The extreme253

multiplicity of energy depositions in the tracking de-254

tectors create a complex combinatorial problem that255

challenges the traditional algorithms for reconstruct-256

ing the trajectories of the charged particles, as these257

were designed for collisions where sprays of particles258

propagate outwards from the centre of the detector. At259

the same time, the potentially groundbreaking reach260

into the high-energy frontier will lead to strongly col-261

limated jets of particles that need to be resolved by262

the calorimeter systems, while being able to subtract263

with precision the background contributions. The chal-264

lenging environment of the muon collider o↵ers fertile265

ground for the development of new techniques, from266

traditional algorithms to applications of artificial intel-267

ligence and machine learning, to brand new computing268

technologies such as quantum computers.269

Muon collider plans270

The ongoing reassessment of the muon collider de-271

sign and the plans for R&D allow us to envisage a pos-272

sible path towards the realisation of the muon collider273

and a tentative technically-limited timeline, displayed274

in Figure 12.275

The goal [8] is a muon collider with a centre of mass
energy of 10 TeV or more (a 10+ TeV MuC). Passing
this energy threshold enables, among other things, a
vast jump ahead in the search of new heavy particles
relative to the LHC. The target integrated luminosity
is obtained by considering the cross-section of a typical
2 ! 2 scattering processes mediated by the electroweak
interactions, � ⇠ 1 fb ·(10 TeV)2/E2

cm
. In order to mea-

sure such cross-sections with good (percent-level) preci-
sion and to exploit them as powerful probes of short dis-
tance physics, around ten thousand events are needed.
The corresponding integrated luminosity is

Lint = 10 ab�1

✓
Ecm

10 TeV

◆2

. (1)

The luminosity requirement grows quadratically with276

the energy in order to compensate for the cross-section277

decrease. We will see in Section 3 that achieving this278

scaling is indeed possible at muon colliders.279

Assuming a muon collider operation time of 107 sec-
onds per year, and one interaction point, eq. (15) cor-
responds to an instantaneous luminosity

L =
5 years

time

✓
Ecm

10 TeV

◆2

2 · 1035cm�2s�1 . (2)

The current design target parameters (see Table 1) en-280

able to collect the required integrated luminosity in281

5 years of run, ensuring an appealingly compact tem-282

poral extension to the muon collider project even in283

5 yrs run, 1 IP:

Natural quadratic lumi scaling at MuC

Cost and Sustainability
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CLIC is highest energy proposal with CDR
• No obvious way to further improve 

linear colliders (decades of R&D)
• Cost 18 GCHF, power approx. 500 MW

Rough rule of thumb:
• cost proportional to energy
• power proportional to luminosity

Muon Collider goals (10 TeV), challenging but reasonable:

• Much more luminosity than CLIC at 3 TeV (L=20x1034, CLIC: 

L=2x1034/6x1034)

• Lower power consumption than CLIC at 3 TeV (Pbeam,MC=0.5Pbeam,CLIC)
• Lower cost
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Staging is possible
Synergies exist (neutrino/higgs)
Unique opportunity for a high-energy, high-luminosity lepton collider
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Fig. 9 A conceptual scheme for a muon collider.

3.1.1 Luminosity1173

The muon collider benefits from significant luminosity1174

even at high energies. Many of the design parameters1175

for a muon collider are driven by the need to achieve1176

a good luminosity. An approximate expression for lu-1177

minosity may be derived to inform design choices and1178

highlight the critical parameters for optimisation. In1179

particular proton sources are a relatively well-known1180

technology, with examples such as SNS and JPARC1181

in a similar class to the proton driver required for the1182

muon collider. Muon beam facilities comparable to the1183

muon collider have instead never been constructed. In1184

order to quantify the required performance for a muon1185

collider facility, it is convenient to express the lumi-1186

nosity in terms of the proton source parameters and1187

muon facility performance indicators, for example the1188

final muon energy, muon collection e�ciency and muon1189

beam quality.1190

In each beam crossing in a collider the integrated
luminosity increases by [88]

�L =
N+,jN�,j

4⇡�2

?
, (6)

where N±,j are the number of muons in each positively1191

and negatively charged bunch on the jth crossing and1192

�? is the geometric mean of the horizontal (x) and ver-1193

tical (y) RMS beam sizes, assumed to be the same for1194

both charge species.1195

The number of particles in each beam on the jth

crossing decreases due to muon decay as

N±,j = N± exp(�2⇡Rj/(c�⌧µ)) , (7)

where R is the collider radius and � the Lorentz factor
of the muons. If the facility has a repetition rate of fr

acceleration cycles per second and nb bunches circulate
in the collider, the luminosity will be

L = frnb

N+N�
4⇡�2

?

jmaxX

j=0

exp

✓
�

4⇡R

�c⌧µ
j

◆
. (8)

For the designs discussed here the muon passes around
the collider ring many times (jmax ! 1) so we can sum
the geometric series. Furthermore, 2⇡R/(c�⌧µ) ⌧ 1,
therefore to a good approximation

L ⇡ frnb

N+N�
(4⇡)2�2

?

�c⌧µ
R

. (9)

The average collider radius R, in terms of the average
bending field B̄, is R = p/(eB̄) ⇡ �mµc/(eB̄) and

L ⇡ frnb

N+N�
(4⇡)2�2

?

⌧µeB̄

mµ

. (10)

The transverse beam size �? may be expressed in
terms of the beam quality (emittance) and the focusing
provided by the magnets. "? and "l are the normalised
emittances in transverse and longitudinal coordinates; a
small " indicates a beam occupying a small region in po-
sition and momentum phase space. To a good approx-
imation " is conserved during acceleration. The degree
to which the beam is focused is denoted by the lattice
Twiss parameter �⇤

?. For a short bunch

�? =

s
mµc�⇤

?"?
p

. (11)

Stronger lenses create a tighter focus and make the
beam size smaller at the interaction point, reducing �⇤

?.
The minimum beam size is practically limited by the
“hourglass e↵ect”; when the focal length of the lensing
system is much shorter than the length of the beam it-
self, the average beam size at the crossing is dominated

MuC now part of European Roadmap for Accelerator R&D 
International Muon Collider Collaboration working full steam 
Also financed by European Union 
Aim is establish maturity for CDR/Demonstrator program 
after 2026 ESPPU 
No showstopper identified  
Might have technology ready in ‘30s and operation in ‘40s
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