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µµ annihilation: production of EW-charged particles up to Ecm/2

Vector Bosons Fusion: sensitive to EW-neutral Higgs-Portal 
particles

These searches can, for instance, advance probes of (un)-Natural EWSB 
by one or two orders of magnitude

This will, for instance, probe conclusively extended Higgs sectors 
with strong first-order EW phase transition in early Universe
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Fig. 3: 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. [9]. Right:
exclusion contour [4] for a scalar singlet of mass m� mixed with the Higgs boson with strength sin �

small mass-splitting. WIMP DM can be studied at muon colliders in several channels (such as mono-
photon) without directly observing the charged state [7, 8]. Alternatively, one can instead exploit the
disappearing tracks produced by the charged particle [9]. The result is displayed on the left panel of
Figure 3 for the simplest candidates, known as Higgsino and Wino. A 10 TeV muon collider reaches
the “thermal” mass, marked with a dashed line, for which the observed relic abundance is obtained by
thermal freeze out. Other minimal WIMP candidates become kinematically accessible at higher muon
collider energies [7,8]. Muon colliders could actually even probe some of these candidates when they are
above the kinematical threshold, by studying their indirect effects on high-energy SM processes [10,11].

New physics particles are not necessarily coupled to the SM by gauge interaction. One setup
that is relevant in several BSM scenarios (including models of baryogenesis, dark matter, and neutral
naturalness) is the “Higgs portal” one, where the BSM particles interact most strongly with the Higgs
field. By the Goldstone Boson Equivalence Theorem, Higgs field couplings are interactions with the
longitudinal polarizations of the SM massive vector bosons W and Z, which enable Vector Boson Fusion
(VBF) production of the new particles. A muon collider is extraordinarily sensitive to VBF production,
owing to the large luminosity for effective vector bosons. This is illustrated on the right panel of Figure 3,
in the context of a benchmark model [4,12] (see also [13,14]) where the only new particle is a real scalar
singlet with Higgs portal coupling. The coupling strength is traded for the strength of the mixing with
the Higgs particle, sin �, that the interaction induces. The scalar singlet is the simplest extension of the
Higgs sector. Extensions with richer structure, such as involving a second Higgs doublet, are a priori
easier to detect as one can exploit the electroweak production of the new charged Higgs bosons, as well
as their VBF production. See Ref.s [15–17] for dedicated studies, and Ref. [18] for a review.

We have seen that in several cases the muon collider direct reach compares favorably to the one
of the most ambitious future proton collider project. This is not a universal statement, in particular it is
obvious that at a muon collider it is difficult to access heavy particles that carry only QCD interactions.
One might also expect a muon collider of 10 TeV to be generically less effective than a 100 TeV proton
collider for the detection of particles that can be produced singly. For instance, for additional Z

0 massive
vector bosons, that can be probed at the FCC-hh well above the 10 TeV mass scale. We will see in
Section 5 that the situation is slightly more complex and that, in the case of Z

0s, a 10 TeV muon collider
sensitivity actually exceeds the one of the FCC-hh dramatically (see the right panel of Fig. 6).
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Figure 1: Diagrammatic contributions to the qq ! q0q0WW process. On the left, the scattering
topology. On the right, one representative “radiation” diagram.

that factorization fails for massive vector particles. On the other, because it suggests that it

simply does not make sense, even in an ideal experimental situation, to extract in a model

independent way the on-shell hWWWW i correlator from experimental data: the interesting

physics of WW scattering would always be mixed up in an intricate way with SM e↵ects.

We thus believe that studying the conditions for the applicability of EWA is important, and

timely as well. Obviously the goal is not to find a fast and clever way to do computations.

One should view EWA as a selection tool that allows to identify the relevant kinematic region

of the complete process, the one which is more sensitive to the EWSB dynamics. One would

want to focus on the kinematics where EWA applies not to speed up the computations, but

to gain sensitivity to the relevant physics.

In this paper we shall analyze in detail the applicability of EWA. We will find, not

surprisingly, that, in the proper kinematic regime, factorization is valid and EWA works

egregiously. In order to prove that, we shall not need to focus, as KS did, on the case of

a heavy Higgs or a strongly interacting EWSB sector, actually we shall not even need to

restrict on the specific sub-process WW ! WW . Factorization indeed does not rely in any

way on the detailed nature of the hard sub-process. It relies instead on the existence of a

large separation of virtuality scales between the sub-process and the collinear W emission.

That only depends on kinematics and corresponds to requiring forward energetic jets and

hard high P? outgoing W ’s. When those conditions are imposed EWA works well, for both

longitudinally and transversely polarized W ’s, also including the case of weakly-coupled

EWSB (light and elementary Higgs) where all helicities interact with the same strength

⇠ gW at all energies.

One serious issue in the applicability of EWA is the size of the subleading corrections.
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Figure 1: Number of EW pair-production events, computed with MadGraph [12], using the E↵ective
Photon Approximation for the calculation of the neutral VBF production cross-section. Namely, neutral
VBF is evaluated as the sum of the 4 subprocess initiated by l+l�, l+�, �l�, and ��, with a

p
�Q2 >

30 GeV cut on the virtual photons and the correspondingQmax = 30 GeV cuto↵ in the photon distribution
function. The photon distribution function is the one for muons. The neutral VBF cross-section would
thus be larger than what shown in the figure at the e+e� VHEL because of the smaller electron mass.

models [9]. We see that the statistics is su�cient to discover all particles up around the collider
mass-threshold Ecm/2, provided they decay to energetic and easily detectable SM particles. By
comparing with the reach projections of other future collider projects (see [10]), this simple
plot is su�cient to qualify as striking the direct discovery potential of the VHEL, especially
for Ecm � 14 TeV. On the other hand, detailed detector-level studies including BIB mitigation
strategies are compulsory to assess the observability of BSM particles decaying to soft objects
(because of, e.g., a compressed spectrum), or displaying disappearing tracks signatures like the

Higgsino/Wino (eh/fW ) Minimal Dark Matter candidates. The possibility of observing these
candidates indirectly through their radiative e↵ects, bypassing all this kind of complications,
has been studied in Ref. [11]. The reach of mono-photon searches has been also studied [7].

The VHEL potential for indirect new physics discoveries is equally or perhaps even more
striking that the direct one, but it is slightly less trivial to assess and to illustrate. The present
paper aims at outlining the elements for this assessment, based on selected sensitivity estimates.

The indirect physics potential emerges from the combination of two items. The first one is
that indirect e↵ects of heavy new physics e↵ects are generically more pronounced on processes
that take place at higher energy, i.e. closer to the new physics scale. In the E↵ective Field
Theory (EFT) description this is merely the observation that the corrections from operators of
dimension larger than 4 can grow polynomially with the energy. The luminosity benchmark in
eq. (1) generically allows for measurements of 2 ! 2 short-distance electroweak scattering pro-
cesses with percent or few-percent (i.e., moderate) precision. Still, a dimension-6 EFT operator
displaying quadratic energy growth, inducing relative corrections to the SM of order E2

cm/⇤
2,

could be probed at the VHEL with Ecm � 10 TeV for an e↵ective interaction scale ⇤ in the
ballpark of 100 TeV. On a process occurring at the EW scale, of 100 GeV, ⇤ ⇠ 100 TeV would
instead contribute as an unobservable O(10�6) relative correction. The power of precision probes
based on high-energy cross-section measurements has been outlined extensively in the context
of CLIC studies [13]. They make, for instance, the highest energy stage of CLIC comparable
or superior to the other future colliders project on physics targets such as Higgs and Top com-
positeness [10]. By rescaling the highest CLIC available energy, of 3 TeV, to the lowest VHEL
energy of 10 TeV, we immediately conclude that the VHEL performances are expected to be
vastly superior to those of any other project currently under discussion.
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WIMP or WIMP-like DM search program:

• Disappearing tracks

• Mono-X and indirect searches

• Higgs-portal DM in VBF

• Thermal Wino and Higgsino discovery
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Fig. 3: 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. [9]. Right:
exclusion contour [4] for a scalar singlet of mass m� mixed with the Higgs boson with strength sin �

small mass-splitting. WIMP DM can be studied at muon colliders in several channels (such as mono-
photon) without directly observing the charged state [7, 8]. Alternatively, one can instead exploit the
disappearing tracks produced by the charged particle [9]. The result is displayed on the left panel of
Figure 3 for the simplest candidates, known as Higgsino and Wino. A 10 TeV muon collider reaches
the “thermal” mass, marked with a dashed line, for which the observed relic abundance is obtained by
thermal freeze out. Other minimal WIMP candidates become kinematically accessible at higher muon
collider energies [7,8]. Muon colliders could actually even probe some of these candidates when they are
above the kinematical threshold, by studying their indirect effects on high-energy SM processes [10,11].

New physics particles are not necessarily coupled to the SM by gauge interaction. One setup
that is relevant in several BSM scenarios (including models of baryogenesis, dark matter, and neutral
naturalness) is the “Higgs portal” one, where the BSM particles interact most strongly with the Higgs
field. By the Goldstone Boson Equivalence Theorem, Higgs field couplings are interactions with the
longitudinal polarizations of the SM massive vector bosons W and Z, which enable Vector Boson Fusion
(VBF) production of the new particles. A muon collider is extraordinarily sensitive to VBF production,
owing to the large luminosity for effective vector bosons. This is illustrated on the right panel of Figure 3,
in the context of a benchmark model [4,12] (see also [13,14]) where the only new particle is a real scalar
singlet with Higgs portal coupling. The coupling strength is traded for the strength of the mixing with
the Higgs particle, sin �, that the interaction induces. The scalar singlet is the simplest extension of the
Higgs sector. Extensions with richer structure, such as involving a second Higgs doublet, are a priori
easier to detect as one can exploit the electroweak production of the new charged Higgs bosons, as well
as their VBF production. See Ref.s [15–17] for dedicated studies, and Ref. [18] for a review.

We have seen that in several cases the muon collider direct reach compares favorably to the one
of the most ambitious future proton collider project. This is not a universal statement, in particular it is
obvious that at a muon collider it is difficult to access heavy particles that carry only QCD interactions.
One might also expect a muon collider of 10 TeV to be generically less effective than a 100 TeV proton
collider for the detection of particles that can be produced singly. For instance, for additional Z

0 massive
vector bosons, that can be probed at the FCC-hh well above the 10 TeV mass scale. We will see in
Section 5 that the situation is slightly more complex and that, in the case of Z

0s, a 10 TeV muon collider
sensitivity actually exceeds the one of the FCC-hh dramatically (see the right panel of Fig. 6).
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Fig. 3: 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. [9]. Right:
exclusion contour [4] for a scalar singlet of mass m� mixed with the Higgs boson with strength sin �

small mass-splitting. WIMP DM can be studied at muon colliders in several channels (such as mono-
photon) without directly observing the charged state [7, 8]. Alternatively, one can instead exploit the
disappearing tracks produced by the charged particle [9]. The result is displayed on the left panel of
Figure 3 for the simplest candidates, known as Higgsino and Wino. A 10 TeV muon collider reaches
the “thermal” mass, marked with a dashed line, for which the observed relic abundance is obtained by
thermal freeze out. Other minimal WIMP candidates become kinematically accessible at higher muon
collider energies [7,8]. Muon colliders could actually even probe some of these candidates when they are
above the kinematical threshold, by studying their indirect effects on high-energy SM processes [10,11].

New physics particles are not necessarily coupled to the SM by gauge interaction. One setup
that is relevant in several BSM scenarios (including models of baryogenesis, dark matter, and neutral
naturalness) is the “Higgs portal” one, where the BSM particles interact most strongly with the Higgs
field. By the Goldstone Boson Equivalence Theorem, Higgs field couplings are interactions with the
longitudinal polarizations of the SM massive vector bosons W and Z, which enable Vector Boson Fusion
(VBF) production of the new particles. A muon collider is extraordinarily sensitive to VBF production,
owing to the large luminosity for effective vector bosons. This is illustrated on the right panel of Figure 3,
in the context of a benchmark model [4,12] (see also [13,14]) where the only new particle is a real scalar
singlet with Higgs portal coupling. The coupling strength is traded for the strength of the mixing with
the Higgs particle, sin �, that the interaction induces. The scalar singlet is the simplest extension of the
Higgs sector. Extensions with richer structure, such as involving a second Higgs doublet, are a priori
easier to detect as one can exploit the electroweak production of the new charged Higgs bosons, as well
as their VBF production. See Ref.s [15–17] for dedicated studies, and Ref. [18] for a review.

We have seen that in several cases the muon collider direct reach compares favorably to the one
of the most ambitious future proton collider project. This is not a universal statement, in particular it is
obvious that at a muon collider it is difficult to access heavy particles that carry only QCD interactions.
One might also expect a muon collider of 10 TeV to be generically less effective than a 100 TeV proton
collider for the detection of particles that can be produced singly. For instance, for additional Z

0 massive
vector bosons, that can be probed at the FCC-hh well above the 10 TeV mass scale. We will see in
Section 5 that the situation is slightly more complex and that, in the case of Z

0s, a 10 TeV muon collider
sensitivity actually exceeds the one of the FCC-hh dramatically (see the right panel of Fig. 6).

8

5 10 15 20 25 30
20

50

100

200

500

s� [TeV]

s p
[T
eV

]

5 10 15 20 25 30
20

50

100

200

500

s� [TeV]

s p
[T
eV

]

5 10 15 20 25 30
20

50

100

200

500

s� [TeV]

s p
[T
eV

]

q
q�

q

q�

V1

V2

1a

q
q�

q

q�
1b

Figure 1: Diagrammatic contributions to the qq ! q0q0WW process. On the left, the scattering
topology. On the right, one representative “radiation” diagram.

that factorization fails for massive vector particles. On the other, because it suggests that it

simply does not make sense, even in an ideal experimental situation, to extract in a model

independent way the on-shell hWWWW i correlator from experimental data: the interesting

physics of WW scattering would always be mixed up in an intricate way with SM e↵ects.

We thus believe that studying the conditions for the applicability of EWA is important, and

timely as well. Obviously the goal is not to find a fast and clever way to do computations.

One should view EWA as a selection tool that allows to identify the relevant kinematic region

of the complete process, the one which is more sensitive to the EWSB dynamics. One would

want to focus on the kinematics where EWA applies not to speed up the computations, but

to gain sensitivity to the relevant physics.

In this paper we shall analyze in detail the applicability of EWA. We will find, not

surprisingly, that, in the proper kinematic regime, factorization is valid and EWA works

egregiously. In order to prove that, we shall not need to focus, as KS did, on the case of

a heavy Higgs or a strongly interacting EWSB sector, actually we shall not even need to

restrict on the specific sub-process WW ! WW . Factorization indeed does not rely in any

way on the detailed nature of the hard sub-process. It relies instead on the existence of a

large separation of virtuality scales between the sub-process and the collinear W emission.

That only depends on kinematics and corresponds to requiring forward energetic jets and

hard high P? outgoing W ’s. When those conditions are imposed EWA works well, for both

longitudinally and transversely polarized W ’s, also including the case of weakly-coupled

EWSB (light and elementary Higgs) where all helicities interact with the same strength

⇠ gW at all energies.

One serious issue in the applicability of EWA is the size of the subleading corrections.
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Figure 1: Number of EW pair-production events, computed with MadGraph [12], using the E↵ective
Photon Approximation for the calculation of the neutral VBF production cross-section. Namely, neutral
VBF is evaluated as the sum of the 4 subprocess initiated by l+l�, l+�, �l�, and ��, with a

p
�Q2 >

30 GeV cut on the virtual photons and the correspondingQmax = 30 GeV cuto↵ in the photon distribution
function. The photon distribution function is the one for muons. The neutral VBF cross-section would
thus be larger than what shown in the figure at the e+e� VHEL because of the smaller electron mass.

models [9]. We see that the statistics is su�cient to discover all particles up around the collider
mass-threshold Ecm/2, provided they decay to energetic and easily detectable SM particles. By
comparing with the reach projections of other future collider projects (see [10]), this simple
plot is su�cient to qualify as striking the direct discovery potential of the VHEL, especially
for Ecm � 14 TeV. On the other hand, detailed detector-level studies including BIB mitigation
strategies are compulsory to assess the observability of BSM particles decaying to soft objects
(because of, e.g., a compressed spectrum), or displaying disappearing tracks signatures like the

Higgsino/Wino (eh/fW ) Minimal Dark Matter candidates. The possibility of observing these
candidates indirectly through their radiative e↵ects, bypassing all this kind of complications,
has been studied in Ref. [11]. The reach of mono-photon searches has been also studied [7].

The VHEL potential for indirect new physics discoveries is equally or perhaps even more
striking that the direct one, but it is slightly less trivial to assess and to illustrate. The present
paper aims at outlining the elements for this assessment, based on selected sensitivity estimates.

The indirect physics potential emerges from the combination of two items. The first one is
that indirect e↵ects of heavy new physics e↵ects are generically more pronounced on processes
that take place at higher energy, i.e. closer to the new physics scale. In the E↵ective Field
Theory (EFT) description this is merely the observation that the corrections from operators of
dimension larger than 4 can grow polynomially with the energy. The luminosity benchmark in
eq. (1) generically allows for measurements of 2 ! 2 short-distance electroweak scattering pro-
cesses with percent or few-percent (i.e., moderate) precision. Still, a dimension-6 EFT operator
displaying quadratic energy growth, inducing relative corrections to the SM of order E2

cm/⇤
2,

could be probed at the VHEL with Ecm � 10 TeV for an e↵ective interaction scale ⇤ in the
ballpark of 100 TeV. On a process occurring at the EW scale, of 100 GeV, ⇤ ⇠ 100 TeV would
instead contribute as an unobservable O(10�6) relative correction. The power of precision probes
based on high-energy cross-section measurements has been outlined extensively in the context
of CLIC studies [13]. They make, for instance, the highest energy stage of CLIC comparable
or superior to the other future colliders project on physics targets such as Higgs and Top com-
positeness [10]. By rescaling the highest CLIC available energy, of 3 TeV, to the lowest VHEL
energy of 10 TeV, we immediately conclude that the VHEL performances are expected to be
vastly superior to those of any other project currently under discussion.
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Huge rate, from VBS/VBF, for EW-scale processes
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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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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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Many discoveries came neither from new particle detection, nor 
from extreme precision, but needed energy. E.g.:


Neutral Currents

Proton Compositeness

Proton compositeness discovery:

Order 10% departure from point-like prediction.

Visible form-factor effects required large energy


                                                   E ↗ Λ ∼ 1/rp
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Proton Compositeness

Higgs 

F(E/m*)

, Z*, W*

= 1/rH

Composite Higgs
rH = 1/m*rH = 1/m*

Higgs compositeness ?

Might happen just the same, with larger energy


                                                   E ↗ m* ∼ 1/rH
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Neutral Currents

Proton Compositeness

A new Z’ force carrier?

New Neutral Currents

minimal Z’
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Rare phenomena from very heavy physics

Competing with hyper-precise low-en  864 Page 94 of 110 Eur. Phys. J. C           (2023) 83:864 

Fig. 99 Summary of MuC and low-energy constraints on flavor-
violating 3-body lepton decays. The colored horizontal lines show
the sensitivity to the τ3µ operator at various energies, all assuming
1 ab−1 of data. The dashed horizontal (vertical) lines show the current
or expected sensitivity from τ → 3µ (µ → 3e) decays for compari-

son. The diagonal black lines show the expected relationship between
different Wilson coefficients with various ansatz for the scaling of the
flavor-violating operators (e.g., “Anarchy” assumes that all Wilson coef-
ficients are O(1))

Effective LFV contact interactions

In this section, we study MuC bounds on µµ"i" j -type con-
tact interactions, and demonstrate the complementarity with
precision experiments looking for lepton-flavor violating
decays, as first studied in [23]. We will focus on τ3µ and
µ3e operators, since constraints on them can be compared
directly with the sensitivity from τ → 3µ and µ → 3e
decays. We parametrise the four-fermion operators relevant
for the τ → 3µ decay via

L ⊃ V τ3µ
LL

(
µ̄γ µPLµ

)(
τ̄ γµPLµ

)

+V τ3µ
LR

(
µ̄γ µPLµ

)(
τ̄ γµPRµ

)

+
(
L ↔ R

)
+ h.c., (69)

with an equivalent set for the µ → 3e decay. In what fol-
lows, we will assume all the V τ3µ

i j coefficients are equal to
cτ3µ/Λ2, where cτ3µ is a dimensionless coefficient and Λ is
to be interpreted as the scale of new physics, and similarly
for µ3e coefficients.

At a MuC, the τ3µ coefficients are probed via the
µ+µ− → µτ scattering process. Our analysis closely fol-
lows an analogous study at an e+e− collider in Ref. [336].
As discussed in [23], the SM backgrounds from τ+τ− and
W+W− production can be substantially mitigated by a sim-
ple set of cuts, whereas the signal can be largely retained up
to ∼ 10% effects due to initial state radiation. The result-
ing bounds, assuming fixed integrated luminosities of 1 ab−1

at 0.125, 3, 10 and 30 TeV are shown in Fig. 99, alongside
current and future sensitivities of τ → 3µ and µ → 3e
experiments. A 3 TeV machine would set a direct bound at

the same level as the future Belle II sensitivity. The sensi-
tivity of higher energy MuCs is underestimated in Fig. 99
because the expected luminosity is higher, and vice versa for
the 125 GeV MuC.

Given an ansatz regarding the flavour structure, the con-
straints on the τ3µ operators can be compared to the con-
straints on the analogous µ3e operator in the µ → 3e decay.
The diagonal lines in Fig. 99 show the expected relation-
ship between the two Wilson coefficients for several different
ansatz, including flavor anarchy (where all coefficients ∼ 1),
Minimal Leptonic Flavor Violation [337], or scalings with
different powers of the involved Yukawa couplings. While
muon decays set the strongest limits assuming anarchical
coefficients, a MuC could set competitive constraints for
other ansatz: in the most extreme case, where the Wilson
coefficients scale like the product of the Yukawas, a 3 TeV
machine would have sensitivity comparable to the final Mu3e
sensitivity.

In addition to the τ3µ operators considered here, similar
sensitivity should be attainable for the process µ+µ− →
µ±e∓, as well as for the processes such as µ+µ− → τ±e∓

that violate lepton flavor by two units. Overall, we see that
a MuC would be capable of directly probing flavor-violating
interactions that are quite complementary to future precision
constraints.

Direct probes: LFV in the MSSM

An exciting possibility is that the flavor-changing processes
that might be observed in low-energy experiments arise from
loops of new particles near the TeV scale. As a motivated

123
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Fig. 95 Reach on the muon anomalous magnetic moment ∆aµ and
muon EDM dµ, as a function of the MuC collider center-of-mass energy√
s, from the labeled processes. Figure taken from [98]

baseline luminosity (1), one gets about 60 total hγ events at√
s = 30 TeV. As it is discussed below, this is a signal that

the MuC is sensitive to.
The SM irreducible µ+µ− → hγ background is small,

σ SM
hγ ≈ 2 × 10−2 ab

(
30 TeV/

√
s
)2, with the dominant con-

tribution arising at one-loop [316] due to the muon Yukawa
coupling suppression of the tree-level diagrams. The main
source of background comes from Zγ events, where the Z
boson is incorrectly reconstructed as a Higgs. This cross sec-
tion is large, due to the contribution from transverse polar-
isations. There are two ways to isolate the hγ signal from
the background: by means of the different angular distribu-
tions of the two processes – the SM Zγ peaks in the forward
region, while the signal is central – and by accurately distin-
guishing h and Z bosons from their decay products, e.g. by
precisely reconstructing their invariant mass. To estimate the
reach on ∆aµ a cut-and-count experiment was considered
in the bb̄ final state, which has the highest signal yield. The
significance of the signal is maximised in the central region
|cos θ | ! 0.6. At 30 TeV one gets

σ cut
hγ ≈ 0.53 ab

(
∆aµ

3 × 10−9

)2

, σ cut
Zγ ≈ 82 ab. (51)

Requiring at least one jet to be tagged as a b, and assuming a
b-tagging efficiency εb = 80%, one finds that a value ∆aµ =
3×10−9 can be tested at 95% C.L. at a 30 TeV collider if
the probability of reconstructing a Z boson as a Higgs is less
than 10%. The resulting number of signal events is NS = 22,
and NS/NB = 0.25. Figure 95 shows as a black line the 95%
C.L. reach from µ+µ− → hγ on the anomalous magnetic
moment as a function of the collider energy. Note that since
the number of signal events scales as the fourth power of the
center-of-mass energy, only a collider with

√
s " 30 TeV will

have the sensitivity to test the g-2 anomaly in this channel.

Semi-leptonic interactions. If the anomalous magnetic moment
arises at one loop from one of the other operators in (48), their

Wilson coefficients must be larger to reproduce the observed
signal, and the new physics will be easier to test at a MuC.
We now derive the constraints on the semi-leptonic opera-
tors. The operator Oµt

T that enters ∆aµ at one loop can be
probed by µ+µ− → t t̄ (Fig. 94). Its contribution to the cross
section is

σt t̄ =
s

6π

|Cµt
T |2
Λ4 Nc ≈ 58ab

( √
s

10 TeV

)2(
∆aµ

3 × 10−9

)2

(52)

where the last equality assumes Λ ≈ 100 TeV and uses
|∆aµ| ≈ 3 × 10−9 (100 TeV/Λ)2 |Cµt

T |. We estimate the
reach on ∆aµ assuming an overall 50% efficiency for recon-
structing the top quarks, and requiring a statistically signifi-
cant deviation from the SMµµ → t t̄ background, with cross
section σ SM

t t̄ ≈ 1.7 fb
(
10 TeV/

√
s
)2.

A similar analysis can be performed for semi-leptonic
operator involving charm quarks. If the contribution from
the charm loop dominates, we can probe |∆aµ| ≈ 3 ×
10−9(10 TeV/Λ)2|Cµc

T | through the process µµ → c̄c. In
this case, unitarity constraints on the new physics coupling
Cµc
T require a much lower new physics scale Λ ! 10 TeV,

so that our effective theory analysis will only hold for lower
centre of mass energies. Combining Eqs. (48) and (52), with
c ↔ t , we find

σcc̄ ≈ 100 fb
( √

s
3 TeV

)2(
∆aµ

3 × 10−9

)2

. (53)

The SM cross section for µ+µ− → cc̄ at
√
s = 3 TeV is

∼ 19 fb. In Fig. 95 we show the 95% C.L. constraints on the
top and charm contributions to ∆aµ as red and orange lines,
respectively, as functions of the collider energy. Notice that
the charm contribution can be probed already at

√
s = 1 TeV,

while the top contribution can be probed at
√
s = 10 TeV.

Electric dipole moments. So far, CP conservation has been
assumed. If however the coefficientsCeγ ,CeZ orCT are com-
plex, an electric dipole moment (EDM) dµ is unavoidably
generated for the muon. Since the cross sections in Eqs. (50)
and (52) are proportional to the absolute values of the same
coefficients, a MuC offers a unique opportunity to test also
dµ. The current experimental limit dµ < 1.9 × 10−19 e cm
was set by the BNL E821 experiment [317] and the new E989
experiment at Fermilab aims to decrease this by two orders
of magnitude [318]. Similar sensitivities could be reached
also by the J-PARC g-2 experiment [319].

From the model-independent relation [320]

dµ
tan φµ

= ∆aµ
2mµ

e ( 3 × 10−22
(

∆aµ
3×10−9

)
e cm, (54)

where φµ is the argument of the dipole amplitude, the bounds
on ∆aµ in Fig. 95 can be translated into a nearly model-
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Muons!! Muons colliding for first time

Self-evident potential of exploration. 

Novelty and challenge for accelerator physics, technology, 
and detector, make such big-scale project plausible!

Muons decay to neutrinos:

Collimated, perfectly known, TeV-energy neutrino beams!

Neutrino Flux Mitigation

D. Schulte Muon Collider, Collider Forum 1, October 2021

Need mitigation of arcs at 10+ TeV: idea of Mokhov, Ginneken to move beam in aperture
Our approach: move collider ring components, e.g. vertical bending with 1% of main field

Need to study mover system, 
magnet, connections 
and impact on beam

15 cm

~2 x 600 m Opening angle ± 1 mradian

14 TeV, in 200 m deep tunnel 
comparable to LHC case

14

t1

t2
s1

neutrinos

Neutrino Hazard “Ring” dose and “straight section” 
dose
(plot from B.King, hep-ex/005006)

4

Expected scaling laws:
Ring:          N * E3, from Energy*cross section*1/
Straight: : N *E4, from Energy*cross section*1/ *1/

arc

Concentrate neutrino cone from arcs 
can approach legal limits for 14 TeV

Goal is to reduce to level similar to LHC

3 TeV, 200 m deep tunnel is about OK

Working on different 
approaches for experimental 
insertion

Less than 1m3 water target
Preliminary/unofficial / 
probably wrong
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Improving confidence or outline challenges on projections

With reasonably defined detector performance requirements, to inform design

Dark Matter physics case

• Mono-X searches for small non-resonant 

signal on large background distribution. 

• Systematics at ‰ can spoil termal target. 

Investigation needed.

• Thermal Higgsino in disappearing track barely 

visible at 10 TeV. Can we improve? 
At 3TeV, we produce it but not (yet) see it.Eur. Phys. J. C           (2023) 83:864 Page 85 of 110   864 

Fig. 92 Expected sensitivity [47] to the higgsino, in the plane formed
by the χ̃± mass and lifetime. The lifetime that corresponds 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

tracking detectors, which are crucial in the estimation of the
backgrounds. The simulated events were overlaid with beam-
induced background events simulated with MARS15 [154].

The analysis strategy relies on requiring one (SRγ
1t ) or

two (SRγ
2t ) disappearing tracks in each event in addition to a

25 GeV ISR photon. Additional requirements are imposed on
the transverse momentum and angular direction of the recon-
structed tracklet and on the distance between the two tracklets
along the beam axis in the case of events with two candidates.
The expected backgrounds are extracted from the full detec-
tor simulation 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 exclusion reach are shown
in Fig. 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 χ̃± masses up to a value close to the
kinematic limit of 5 TeV. The interval of lifetimes covered by
the experimental 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 number of measured space-
points. Considering the current detector design [150–153],
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 realise
in the presence of the BIB, with tracking layers significantly
closer to the beam line would be needed to significantly boost

Fig. 93 Expected sensitivity [47] to the wino, in the plane formed by
the χ̃± mass and lifetime. The lifetime that corresponds 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

the detection of such a signal. Other unconventional signa-
tures, such as soft displaced tracks [287] detected in combi-
nation 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 consider-
ing a pure-wino scenario. The much longer predicted life-
time of the charged state significantly increases the likeli-
hood of detecting at least one disappearing track, dramati-
cally extending the reach.

In summary, the pure higgsino with thermal mass can be
probed at the 5-σ level by a 10 TeV MuC. Pure wino dark
matter scenarios are well within the reach of a 10 TeV MuC
and could be also probed at lower centre of mass energies.

5.3 Muon-specific opportunities

We conclude our survey by reviewing a number a studies
targeting new physics that preferentially couples to muons,
entailing an inherent advantage of muon colliders over other
facilities. As discussed in Sect. 2.6, this scenario is, in the first
place, a logical possibility that muon collisions will enable
to probe for the first time systematically and effectively. Fur-
thermore, it is motivated by the stronger coupling of second-
generation particles to the Higgs, which typically results into
a stronger coupling to new physics related with the breaking
of the EW symmetry. New physics explaining the structure of
leptonic flavour might also be probed more effectively with
muons than with electrons.

We start by reviewing the work done in connection with
the anomalous magnetic moment of the muon and its ten-
sion with the Standard Model (SM) prediction. Possible new
physics explaining the anomaly definitely couples to muons
and it preferentially couples to muons more strongly than to
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FIG. 9. Di↵erent bars show the 2 �(solid wide) and 5� (hatched thin) reach on the fermionic WIMP mass at a muon
collider for di↵erent search channels. The first three bars show the channels discussed in Sec. IV where DM would
appear as missing invariant mass (MIM) recoiling against one or more SM objects: mono-�, inclusive mono-W , and
the combination of all these MIM channels (blue). The mono-Z channel is not reported since it gives results below
the minimum mass shown. The last two bars show the reach of disappearing tracks, requiring at least 1 disappearing
track (red), or at least 2 tracks (orange). All the results are shown assuming systematic uncertainties to be 0 (light),
1‰(medium), or 1% (dark). The vertical red bands show the freeze-out prediction. Tracks have been computed assuming
minimally split neutral states, and a charged-neutral splitting �m+ equal to the gauge contribution for the 21/2 and 31.
For the 41/2 and 51 the splitting-inducing couplings y0 and y+ have been tuned so that �m+ = �m� (up to minimal �m0

corrections), which represents a least favorable condition for DT searches. Top Left: Dirac 21/2 for
p
s = 6 TeV and

L = 4 ab�1. Top Right: Dirac 31 for
p
s = 10 TeV and L = 10 ab�1. Bottom Left: Dirac 41/2 for

p
s = 14 TeV

and L = 20 ab�1. Bottom Right: Dirac 51 for
p
s = 30 TeV and L = 90 ab�1.
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Improving confidence or outline challenges on projections
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Higgs physics case

• Detector requirements for relevant measurements:  

single/double/compositeness   

• Outline case for Higgs tagging/discrimination  

beyond state of art
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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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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
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� 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
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� 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. 58 Jet pT resolution as a function jet pT for b-jets, c-jets and light
jets in the central region 0.44 < θ < 2.70. The differences between the
jet flavours are mainly due to different jet θ distributions in the three
samples

Fig. 59 Fitted dijet invariant mass distributions for H → bb̄ and Z →
bb̄. The distributions are normalised to the same area

The jet pT resolution as a function of the true jet pT is
shown in Fig. 58 for different jet flavours. The resolution
goes from 35% for jet pT around 20 GeV to 20% for high jet
pT.

Simulated event samples of H → bb̄ and Z → bb̄ are
used to evaluate the dijet invariant mass reconstruction. The
invariant mass separation between these two processes is of
paramount importance for physics measurements at the muon
collider. In this study both jets are required to have pT >

40 GeV and 0.44 < θ < 2.70. The distributions for the two
processes are fitted with double Gaussian functions, and the
shapes are compared in Fig. 59. A relative width, defined as
the standard deviation divided by the average value of the
mass distribution, of 27% (29%) for H → bb̄(Z → bb̄) is
found.

Future prospects on jet reconstruction

Several ongoing studies are aimed at improving the jet recon-
struction performance targeting several aspects, such as:

Fig. 60 H → bb̄ dijet invariant mass, reconstructed without the pres-
ence of the BIB and with 2 MeV and 200 keV calorimeter hit energy
thresholds

– track filter: the track filter has a different impact in the
central and the forward region, in particular the efficiency
in the forward region is lower. An optimised selection will
be defined to mitigate the efficiency loss in the forward
region;

– cell energy threshold: the hit energy threshold has been
set to the relatively high value of 2 MeV, as a compromise
between computing time and jet reconstruction perfor-
mance. This is a major limitation in the jet performance as
can be seen in Fig. 60, where the H → bb̄ dijet invariant
mass, reconstructed without the BIB overlay, is compared
between 2 MeV and 200 keV thresholds. Reducing this
threshold is not an easy task, given the large number of
calorimeter hits selected from the BIB that contaminate
the jet reconstruction.

To tackle this problem an optimised algorithm should
be developed: as an example thresholds that depend on
the sensor depth could by applied, since the longitudinal
energy distribution released by the BIB is different from
the signal jets as shown in Fig. 61. A generalisation of this
idea could be the application of a multivariate-algorithm
trained to select signal hits and reject BIB hits;

– fake jet removal: the fake jet removal applied in this
study has an impact in reducing the jet efficiency in the
forward region. Moreover this issue is highly dependent
from the calorimeter thresholds. A fake removal tool
based on machine learning and with jet sub-structure
observables as input could be developed to solve this
task.

Jet flavour identification

The b-jet identification algorithm described in this section
relies on the reconstruction of the secondary vertices that are

123
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Improving confidence or outline challenges on projections

With reasonably defined detector performance requirements, to inform design

“Simple” resonances?

• A 10 TeV di-lepton resonance will look like this: 


• How we will search for it? 
   Will we resolve the vector bosons? 
   Need new concept of electroweak jets? 
   Can we tell if decays to lepton or neutrino? 
   Can we tell if is neutral or charged resonance?


• Nobody looked into that!

+ …
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Improving confidence or outline challenges on projections

With reasonably defined detector performance requirements, to inform design

“Simple” resonances?

• A 10 TeV di-lepton resonance will look like this: 


• Plenty of questions: 
   Will we resolve the vector bosons? 
   Need new concept of electroweak jets? 
   Can we tell if decays to lepton or neutrino? 
   Can we tell if is neutral or charged resonance?


• Nobody looked into that!

+ …
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Improving confidence or outline challenges on projections

With reasonably defined detector performance requirements, to inform design

BSM particles survey

See Rodolfo’s talk 
Long-lived particles offer broad spectrum of signatures  

Karri Folan DiPetrillo 5

This talk

slow moving/ 
highly ionizing

Heavy meta-stable charged 
particles (HSCPs) 

Displaced tracks

displaced  
jets

displaced  
leptons

Consider a range of well motivated track-based LLP signatures 
Map challenges posed by beam induced background to signal sensitivity 

Assuming 3 TeV detector design as a baseline

Following strategy of [2211.05720] 

Disappearing
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EW theory is weakly coupled, but observables are not IR safe

Scale separation entails enhancement of Radiation effect.

Large muon 
collider energy

Small IR 
cutoff scale

Ecm ≫ mW



Benchmarks II: Calculation Challenges

26

EW theory is weakly coupled, but observables are not IR safe

EW symmetry is broken:

EW color is observable ( ).

KLN Theorem non-applicable.

(inclusive observables not safe)


EW theory is Weakly-Coupled 

The IR cutoff is physical

W ≠ Z

First-Principle predictions

must be possible


For arbitrary multiplicity final state

Practical need of computing 

EW Radiation effects 


Enhanced by  log(2) E2/m2
EW

Scale separation entails enhancement of Radiation effect.

Like QCD ( ) and QED ( ), but:E ≫ ΛQCD E ≫ mγ = 0

Large muon 
collider energy

Small IR 
cutoff scale

Ecm ≫ mW
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EW theory is weakly coupled, but observables are not IR safe

Scale separation entails enhancement of Radiation effect.

Quantitatively, resummation is needed.
exp [−g2/16π2 log2(E2

cm/m2
w) × Casimir] ≈ exp[−1]

10 TeV MuC
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3rd family O(1)
qD = (q̄�µq) (@⌫Bµ⌫) O0(1)

qD = (q̄�µ�aq) JY,µ

OtD = (t̄�µt) (@⌫Bµ⌫) O0

tD = (t̄�µ�at) JY,µ

Table 2: The operators under consideration in their “SILH” [73] form and, after using the
equations of motion, expressed as a linear combination of Warsaw [74] operators. Yf is the
hypercharge of the fermionic field f . In the operators involving the 3rd family the fields t and q
denote respectively the right-handed and left-handed top quark.

Process N (Ex) N (S-I) E↵. O0

2W O0

2B O0

W O0

B O0(3)
qD O0(1)

qD O0

uD

e+ e� 6794 9088 100% X X
e⌫e — 2305 100% X X

µ+ µ� 206402 254388 100% X X
µ ⌫µ — 93010 100% X X
⌧+ ⌧� 6794 9088 25% X X
⌧⌫⌧ — 2305 50% X X

jj (Nt) 19205 25725 100% X X
jj (Ch) — 5653 100% X X

c c̄ 9656 12775 25% X X
cj — 5653 50% X X
b b̄ 4573 6273 64% X X X X
t t̄ 9771 11891 5% X X X X X
b t — 5713 57% X X X X X
Z0h 680 858 26% X X

W+
0 W�

0 1200 1456 44% X X
W+

T W�

T 2775 5027 44%

W±h — 506 19% X X
W±

0 Z0 — 399 23% X X
W±

T ZT — 2345 23%

Table 3: The exclusive and semi-inclusive processes employed for the sensitivity projections.
The operators that give a growing-with-energy contribution to each operator are labeled with a
check mark. The expected number of events (before e�ciencies) is for Ecm = 10 TeV with the
integrated luminosity (35). 21
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= charged
Semi-Inclusive X-S

Two hard bodies of 
definite EW color.

EW bosons allowed.

Exclusive X-S

Two hard bodies with 
definite EW color.

Veto on EW bosons.

Ecm ≫ mWLarge muon 
collider energy

Small IR 
cutoff scale
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Benchmark predictions we must learn how to make:

• Direct 2→2 annihilation: 

 
 
 
 
 
need X-S calculations and modelling of radiation (showering)


• EW-scale VBS: single Higgs production: 
 
 
 
 
 
same scale of radiation emission as of scattering

̂s = Ecm ≫ mw

̂s = mh ≃ mw
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What is a SM physics case?

We tend to considers our daily work (in spite of loving it!) an uninteresting 
technicality towards the (unspecified) Big Thing.

Other communities are more successful, enthusiastic and appealing because 
they value their “everyday work” as physicists. 

We must learn to spell out the excitement of predicting and observing new 
phenomena, in SM.
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What is a SM physics case?

We tend to considers our daily work (in spite of loving it!) an uninteresting 
technicality towards the (unspecified) Big Thing.

Other communities are more successful, enthusiastic and appealing because 
they value their “everyday work” as physicists. 

We must learn to spell out the excitement of predicting and observing new 
phenomena, in SM.

Can we convincingly argue for future colliders with SM alone?

With BSM exploration only icing on the cake?

MuC physics is so new. We could succeed.
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The muon collider will probe a new regime of EW force: 




Plenty of cool things will happen:

Electroweak Restoration. The  group emerging, finally!

Electroweak Radiation in nearly massless broken gauge theory. 
Never observed, never computed (and we don’t know how!)

The partonic content of the muon: EW bosons, neutrinos, gluons, tops, … 
Copious scattering of 5 TeV neutrinos!

The particle content of partons: e.g., find Higgs in tops, or in W’s, etc 
Neutrino jets will be observed, and many more cool things 

E ≫ mW

SU(2) × U(1)

ν W
e

<latexit sha1_base64="hc7ANWJbAF+kqxEZfICI9UBRO+o="></latexit>

W
W

h

ν

μ

μ

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
—μ
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The muon collider will probe a new regime of EW force: 




Plenty of cool things will happen:

Electroweak Restoration. The  group emerging, finally!

Electroweak Radiation in nearly massless broken gauge theory. 
Never observed, never computed (and we don’t know how!)

The partonic content of the muon: EW bosons, neutrinos, gluons, tops, … 
Copious scattering of 5 TeV neutrinos!

The particle content of partons: e.g., find Higgs in tops, or in W’s, etc 
Neutrino jets will be observed, and many more cool things 

E ≫ mW

SU(2) × U(1)

How to translate this into SM physics benchmarks?



Conclusions
MuC is great option for the future of high-energy physics:

• Direct access to what most of us want to study: EW and Higgs

• Energy and Precision at once. And, Precision at High Energy

•  is a theoretically and experimentally unexplored regime of QFTE ≫ mW
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MuC is great option for the present of high-energy physics:

• The first collider of its species. All is new, for ACC, PH, TH, EXP!

• MuC physics requires and enables innovative research of self-standing relevance  

This work must start today: 

“We are not waiting for the muon collider, we are working on it” 


F. Maltoni


A lot of cool LHC physics was done decades before the LHC started 
And LHC physics was built on decades of previous proton collider experience! 
Twenty years is barely enough to be ready!
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MuC is great option for the present of high-energy physics:

• The first collider of its species. All is new, for ACC, PH, TH, EXP!

• MuC physics requires and enables innovative research of self-standing relevance  

This work must start today: 

“We are not waiting for the muon collider, we are working on it” 


F. Maltoni


A lot of cool LHC physics was done decades before the LHC started 
And LHC physics was built on decades of previous proton collider experience! 
Twenty years is barely enough to be ready!

New enthusiasm on muon collider physics:

• In spite of (actually, because of!) the risk of failure

• Scientists like working on what is new and difficult

• Opportunity, not threat(!) for collider physics at large



Thank You
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