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Abstract
In the path towards a muon collider with center of mass energy of 10 TeV or
more, a stage at 3 TeV emerges as an appealing option. Reviewing the physics
potential of such collider is the main purpose of this document. In order to
outline the progression of the physics performances across the stages, a few
sensitivity projections for higher energy are also presented.

There are many opportunities for probing new physics at a 3 TeV muon col-
lider. Some of them are in common with the extensively documented physics
case of the CLIC 3 TeV energy stage, and include probing higgsino thermal
dark matter, measuring the Higgs trilinear coupling and testing the possible
composite nature of the Higgs boson and of the top quark at the 20 TeV scale
or more.
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Other opportunities are unique of a 3 TeV muon collider, and stem from the
fact that muons are collided rather than electrons. This is exemplified by study-
ing the potential to explore the microscopic origin of the current g-2 and B-
physics anomalies, which are both related with muons.
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1 Introduction1

Muons can be accelerated in rings up to very high energies, without fundamental limitation from syn-2

chrotron radiation. The recently formed International Muon Collider Collaboration (IMCC) [1] targets3

the design of muon colliders with a center of mass energy Ecm of 10 TeV or slightly more (10+ TeV),4

which seem feasible with technologies that can be made available in the near future. The highest Ecm5

muon colliders can reach, possibly subject to more radical advances in accelerator technologies, is not6

yet known and will be assessed.7

The physics potential of 10+ TeV muon colliders has been investigated quite extensively over the8

past two years [?, 2–14]. While much is still to be done, the emerging picture [2–6] is that a 10+ TeV9

muon collider combines the advantages of proton and of e+e− colliders, thanks to the large energy10

available for direct exploration and to the perspectives for precise measurements within the Standard11

Model (SM) and beyond. Furthermore the simultaneous availability of energy and precision offers unique12

opportunities for new physics discovery and characterization. All this, at a single collider and on a13

feasible timescale. The extraordinary physics potential of a 10+ TeV muon collider unquestionably14

poses the urgency of investing in a complete design study [2].15

On the other hand, strategic considerations suggest that a first stage of the muon collider with16

lower Ecm could facilitate and accelerate the development of the project. It is worth emphasizing in this17

context that muon colliders can be built in stages, in spite of being circular colliders. Indeed, the muon18

production and cooling complex can be used at all energies, and the muon acceleration proceeds through19

a sequence of rings, which can be reused at higher energy. The final collider ring of the lower energy20

collider can not be reused for the higher energy stage, but this might have a minor impact on the total21

cost. The advantage of a low Ecm first stage mainly stems from the significant reduction of the initial22

investment. This could give easier and faster access to the necessary financial resources. Furthermore23

the reduced energy target allows, if needed, to make compromises on technologies that might not yet be24

fully developed, avoiding potential delays.25

When discussing the staging options it should be taken into account that lepton collisions at around26

250 GeV can be more easily obtained with circular or linear e+e− machines, and with a much higher27

luminosity than what muon colliders can achieve. So while there is evidently a compelling physics28

case for a leptonic 250 GeV “Higgs factory” at that energy, muon colliders are not the best option.29

Linear e+e− colliders can also reach the TeV scale, up the 3 TeV energy of the last stage of the CLIC30

project [15]. The luminosity attainable by a muon collider of 3 TeV is comparable to the one of CLIC.31

Therefore a muon collider with Ecm = 3 TeV, operating at the maximal energy for which an e+e−32

machine has ever been designed, emerges as a natural first stage of the muon collider project.33

A fascinating alternative for a first muon collider [16, 17] is to operate it very close to Higgs pole,34

Ecm=mH=125 GeV, in order to study the lineshape of the Higgs particle. The larger Yukawa coupling35

of the muon offers in this case a competitive advantage to muon colliders relative to e+e− machines at36

the same energy. However the Higgs is a rather narrow particle, with a width over mass ratio ΓH/mH as37

small as 3 ·10−5. The muon beams would thus need a comparably small energy spread ∆E/E=3 ·10−5
38

for the program to succeed. Engineering such tiny energy spread might perhaps be possible, however it39

poses a challenge for the accelerator design that is peculiar of the Higgs pole collider and of no relevance40

for higher energies, where a much higher permille-level spread is perfectly adequate for physics.41

For this reason, the Higgs pole muon collider is not among the targets of the IMCC. Nevertheless42

in this document we review its physics potential, assuming the feasibility of the small beam energy spread43

∆E/E =3 · 10−5. We also assume a relatively large integrated luminosity, to be however collected in44

a short enough time not to delay the upgrade to higher energy. We also assume that the Beam Induced45

Backgrounds (BIB) from muon decays can be mitigated, while the BIB impact at the Higgs pole muon46

collider has never been studied and is expected to be more severe than at 3 TeV.47
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The main goal of the present report is to review the physics potential of a 3 TeV muon collider, with48

1 ab−1 integrated luminosity if not otherwise specified. Results at 10+TeV energy are also described,49

occasionally, in order to outline the progression of the physics performances across the stages. The50

material is collected from different sources, including invited contributions that summarize, adapt and51

extend recent papers on muon collider physics. Some of these papers were initiated in preparation for52

this report, and part of the material results from dedicated work and appears here for the first time.53

The physics opportunities of the 3 TeV muon collider overlap in part with the ones of CLIC,54

extensively documented in Ref. [18] and summarized in [19, 20] in preparation for the 2020 update of55

the European Strategy for Particle Physics. There are however important differences between the two56

projects that need to be taken into account.57

First, the CLIC stage at 3 TeV is the last of a series of three, which include in particular a stage58

at 380 GeV that is quite effective for precise measurements of Higgs (and top) properties. The muon59

collider precision on the determination of the Higgs coupling should thus be reassessed and can not be60

inferred from CLIC results.61

Second, CLIC targets 5 ab−1 luminosity at 3 TeV, while only 1 ab−1 is currently foreseen for62

the 3 TeV muon collider in the baseline design target. This difference is partly compensated by the63

absence of beamstrahlung at the muon collider, which instead entails a significant reduction of the high-64

energy luminosity peak at CLIC. However it can result in a significant degradation of the muon collider65

performances for those studies that do not rely very strongly on collisions at the highest energy. On66

the contrary, for studies that do require high energy collisions and that are not strongly sensitive to the67

integrated luminosity, like direct searches, CLIC sensitivity projections generically apply.68

Third, muon colliders pose a novel challenge for detector design, due to the copious BIB from the69

decay products of the muons in the colliding beams. Since these challenges have never been encountered70

and addressed before, a design of the muon collider detector and an assessment of its performances is71

not yet available, unlike for CLIC. Promising preliminary results and directions for further progress,72

described in Ref.s [21,22], suggest that reconstruction efficiencies and resolutions comparable to the one73

of the CLIC detector should be achievable eventually. Most of the studies we present are based on these74

assumed performances, encapsulated in the muon collider Delphes card [?].75

Some results are instead obtained with the full simulation of a preliminary muon collider detector,76

under realistic BIB conditions. In particular, full simulation estimates of Higgs signal-strength mea-77

surements are described in Section 2 and compared with the estimates based on Delphes. Moreover78

in Section 5.1 we review a search for disappearing tracks that successfully implements a BIB mitiga-79

tion strategy for this challenging signal. The remarkable conclusion is that the 3 TeV muon collider is80

sensitive to the minimal higgsino dark matter candidate.81

The fourth and most obvious difference with CLIC is that the 3 TeV muon collider collides muons82

rather than electrons. Engineering muon anti-muon collisions for the first time is in itself a tremendous83

opportunity in the quest for generic exploration of new physics. Concretely, there are plenty of motivated84

scenarios where new physics couples more strongly to muons than to electrons. One of them might be85

waiting for a muon collider to be discovered.86

The current g-2 and B-physics anomalies offer additional motivations for muon-filic new physics87

scenarios, that result in several opportunities for the muon collider that are specific of muon collisions,88

to be reviewed in this document. Obviously the anomalies could be resolved by new experiments and89

theoretical calculations in few years, before the muon collider is built. Alternatively, they could be90

strengthened and become a primary driver of particle physics research. We will see that muon colliders91

offer excellent perspectives for progress on the muon anomalies already at 3 TeV, with a very competitive92

time scale. This further supports the urgency of investing now in a complete muon collider design study.93
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This report illustrates the 3 TeV muon collider physics case under three different perspectives, along the94

lines described below. A concise summary of our key findings is provided in Section 11.95

Higgs and effective field theory96

Editors: J. de Blas, P. Meade and E. Vryonidou97

While the direct search of new heavy particles is perhaps one of the main physics motivator of a multi-98

TeV muon collider, such a machine would also bring opportunities in terms of performing precise mea-99

surements of SM processes and thus explore new physics in an indirect way. This is of particular interest100

for Higgs physics, which is crucial from the point of view of learning about models addressing the hi-101

erarchy problem, as these tend to predict deviations on the Higgs interactions. At the HL-LHC these102

will be bounded to be below few percent, so a machine capable of bringing down such contraints to103

the permille level is needed to make substantial progress in this front. This is the target of most of the104

currently proposed Higgs factories, e+e− operating tipically at energies
√
s = 240 GeV. As we will see,105

such precision can also be obtained under certain assumptions via the Higgs measurements at a high en-106

ergy muon collider. In Section 2, we will discuss the current prospects for Higgs physics measurements107

at high-energy muon colliders, discussing also the potential of the low energy option operating at the108

Higgs pole. These prospects will be then used to estimate the projected reach in precision for single and109

multi-Higgs interactions.110

The programme of Higgs measurements that would be possible at a muon collider, with the pos-111

sibility of testing BSM deformations of the Higgs properties with a precision at the permile level, rep-112

resents however only part of the physics potential of a muon collider in terms of exploring new physics113

effects indirectly. The so-called SM Effective Field Theory (SMEFT) helps in putting these measure-114

ments into a more global context from the point of view of constraints on new physics. In the SMEFT,115

the SM is complemented by higher-dimensional gauge-invariant operators involving only SM fields, sup-116

pressed by the scale associated to new physics, typically denoted by Λ. The very minimal assumptions117

involved in its construction, makes the SMEFT a powerful tool in terms of parameterizing general BSM118

deformations that could show up in SM processes. It can also help in providing guiding principles in119

the design of observables to study, based on the type of new physics scenarios of interest and taking120

into account the technical capabilites of the experimental facilities. The access to very high energies at121

a muon collider brings additional physics opportunities in this regard. Indeed, the contributions of the122

SMEFT operators to physical processes are suppressed by (q/Λ)n with q = v,E. Thus, for those effects123

that growth with the energy in a given process, one could exploit the energy reach of a multi-TeV col-124

lider to set precision constraints in the corresponding operator, even if experimental accuracy is limited.125

In Section 3 of this report we will perform a global EFT interpretation of the projections available at126

muon colliders, where apart from the Higgs results we also discuss the gains that one could obtain with127

respect to the HL-LHC for a few of these high energy probes of new physics. These results will then be128

interpreted in terms of constraints over a few classes of new physics scenarios.129

Beyond the SM130

Editors: R. Franceschini, F. Meloni and S. Su131

A 3 TeV muon collider also serves as a direct discovery machine for new physics beyond the SM by132

searching for new particles that carry electroweak charges. In the simplest SM plus a real singlet exten-133

sion (Sec. 4.1.1), extra heavy singlet mixes with the SM Higgs. Single production of the heavy scalar134

with the subsequent decay into two SM Higgses provides the most sensitive channel, which can be used135

to explore the small mixing cases, exceeding the sensitivity of the Higgs factories for small mass region.136

Reaches at higher center of mass energy could be extended further. Such setup has also been studied137

under the consideration of strong first order electroweak phase transition. For the two Higgs doublet138

extension of the SM (Sec. 4.1.2), pair production of the BSM Higgses, as well as single production in139
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association with pair of fermions, and radiative production have been studied at a muon collider. At 3140

TeV, production via annihilation dominates, while VBF production becomes more important at higher141

center of mass energies. Reach up to the pair production threshold is possible when all four fermion final142

states channels are used. Single production modes can extend the reach further, especially in regions143

with enhanced Yukawa couplings. For the Inert Doublet Model (Sec. 4.1.3) with the light neutral BSM144

Higgs being a possible dark matter candidate, the semileptonic final states with missing energy signal145

provides the best reach. Reach of charged Higgs mass up to 1 TeV is possible at a 3 TeV muon collider.146

Electroweak states of the Minimal Supersymmetric Standard Model (Sec. 4.1.4) can also be studied at a147

muon collider with the dominant pair production mode. For electroweakinos, as well as selectrons and148

smuons, reach up to half of the center of mass energy can be achieved even with small mass splittings.149

The reach for staus is slightly worse given the difficulty in identifying the hadronic tau final states.150

The possibility that dark matter is a weakly interacting particle has been a main driver for theory151

and experiments in search of physics beyond the Standard Model. Particle colliders have the unique152

capability to produce dark matter in a controlled environment and potentially study this new form of153

matter in great detail, testing fully its interactions with the SM and possible further new physics states.154

Among the most studied dark matter candidates there are general admixtures of weak doublets, triplets155

and uncharged weak singlets. Most notably this possibility arises in supersymmetric extensions of the156

SM. However, a weakly charged n-plet can also be added to the SM just to provide a dark matter can-157

didate, resulting in very sharply defined BSM scenarios with sharp predictions on the dark matter mass158

and on its other properties.159

The typical mass range for such dark matter candidates is around the TeV scale, therefore a muon160

collider at 3 TeV has a unique chance to produce and discover dark matter. Notable fermionic candidates161

are the 1.05 TeV pure doublet, the higgsino dark matter of supersymmetry, and the 2.9 TeV Majorana162

pure triplet, the wino dark matter of supersymmetry. Section 5.1 reports sensitivity to exclude pure163

higgsino dark matter at the 3 TeV muon collider searching for direct evidences of its very characteristic164

stub-track signature. A discovery can be attained running at a slightly higher center of mass energy165

around 3.5 TeV, still at the nominal 1 ab−1 luminosity, or by running for a longer period at 3 TeV until166

around 10 ab−1 are accumulated.167

The sensitivity to pure higgsino dark matter is a key result for physics potential of the 3 TeV168

muon collider, as this dark matter candidate yields spin-independent cross-sections on nuclei below the169

so-called neutrino floor of direct DM detection experiment.170

As discussed in Section 4.2.1 the direct search for dark matter can be carried out more generally171

looking for dark matter particles produced in association with SM states, that we denote asX . ForX = γ172

and X = W± the muon collider has a potential to put stringent bounds on dark matter candidates and173

can exclude, or add to the hints of discovery of, a higgsino dark matter running at 3 TeV and collecting174

around 5 ab−1.175

The picture is further enriched by the precision measurements that can be carried at the 3 TeV176

muon collider, as described in Sec. 4.2.2. Indeed, the precision measurements of angular distributions177

and total rates for simple processes µ+µ− → ff̄ , V V, V h +X can yield further evidence for dark matter178

production. E.g. a 3 TeV muon collider can exclude, or add to the hints of discovery of, a higgsino dark179

matter running at 3 TeV and collecting around 10 ab−1.180

The multi-channel sensitivity to higgsino dark matter of the 3 TeV muon collider is a showcase of181

the the muon collider potential to discover weakly charged dark matter. This potential extends to other182

weakly charged candidates. Indeed the precision measurements described in Sec. 4.2.2 offer sensitivity183

to further dark matter candidates, e.g. a fermionic Dirac weak triplet 2.0 TeV dark matter, already with184

1 ab−1 of integrated luminosity. Further dark matter candidates can be probed systematically in all the185

three modes described above by increasing the accumulated luminosity or increasing the center of mass186

energy, or both.187
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Muon-specific opportunities188

Editors: D. Buttazzo, R. Capdevilla and D. Curtin189

Lepton flavour universality is not a fundamental property of Nature. In fact, even in the SM, the only190

known non-gauge interactions – the Yukawa interactions with the Higgs field – violate flavour univer-191

sality maximally, both in the lepton and in the quark sector. The Higgs boson couples significantly to192

the third generation of fermions, while its couplings to lighter generations are negligible. It is therefore193

conceivable that new physics in the multi-TeV range, if it exists, also distinguishes the three families of194

fermions; this is even more the case if new physics is somehow related to the Higgs and to the physics195

of Electroweak symmetry breaking. If that is the case, a muon collider would be able to explore physics196

scenarios that are not accessible to any other machine that collides first-generation particles.197

Several hints of lepton flavour non-universality have been observed in the last decade. Intriguingly198

enough, most of these hints are observed in processes that involve muons. One is the muon anomalous199

magnetic moment (g-2), that shows an enduring discrepancy with the Standard Model prediction. An-200

other hint comes from b→ s transitions, with several semi-leptonic and leptonic decay rates ofB mesons201

that show a difference between electron and muon final states, thus providing evidence of flavored new202

interactions that violate lepton flavor universality. All these anomalies could be confirmed in the next203

few years, providing a clear evidence of new physics coupled to muons. Sections 6 and 7 report the204

sensitivity of a muon collider to new physics aiming to explain these anomalies, both from an effective205

field theory perspective and in the context of specific models.206

Section 6 covers the muon g-2. We will present the muon collider sensitivity to the various new207

physics scenarios that can explain the anomaly, which could have origin in a vast range of mass scales,208

from the GeV to a hundreds to TeV. By doing this we will be able to establish a no-lose theorem for a209

muon collider program, in case the presence of new physics in the g-2 will be confirmed in the forthcom-210

ing years. A 3 TeV muon collider could probe in a model-independent way scenarios where new physics211

interacts mainly with the second generation of fermions. At the same time, all the models with TeV-scale212

new physics can be probed via direct production. Further indirect constraints on well-motivated models213

with heavy new physics come from Higgs physics. The remaining possible new physics interpretations214

of the muon g-2 will be accessible to muon beam dumps experiments, that can efficiently discover light215

new particles, and to muon colliders of higher energy. A 10 TeV muon collider can fully test new physics216

in semi-leptonic interactions, and all models that respect minimal flavor violation and do not create a fine217

tuning problem in the muon mass. Finally, the endgame of this program is a 30 TeV muon collider218

that can directly probe the dipole operator responsible for the anomalous magnetic moment, closing the219

window on any possible heavy new physics that might be responsible for the anomaly.220

Section 7 covers the B-physics anomalies. We will study the sensitivity of a muon collider to221

the possible new physics interpretations. A muon collider running at an energy of about 6 TeV has the222

opportunity to provide a true no-lose theorem, being able to test the nightmare scenario where only the223

four-fermion interactions needed to explain the anomaly are present. This extreme scenario, although224

not truly motivated from a theoretical perspective, could not be tested by any other collider, including a225

100 TeV hadron machine. If some realistic flavor structure is assumed, the same result can be obtained226

already at an energy of 3 TeV or less. Both in a model-independent approach and in concrete motivated227

models, a muon collider would cover all corners of the parameter space that are not accessible to the228

HL-LHC.229

Finally, in sections 8, 9, and 10 we will study further muon-specific opportunities including lepton230

flavor violation, Higgs physics and extended Higgs sectors, and weakly interacting dark sectors. All231

these studies focus on scenarios where new physics communicates with the Standard Model through the232

muon portal, where muon colliders have a clear advantage over any other type of collider.233

234
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2 Higgs physics at muon colliders235

At high-energy muon colliders, as the virtual electroweak gauge boson content of the muon beam be-236

comes relevant, vector boson fusion (VBF) becomes the most important channel for production of SM237

particles. This is illustrated in Figure 1, which shows how the growth with the energy of VBF Higgs238

production clearly outmatches the usual higgsstrahlung process dominant at low-energy e+e− Higgs239

factories. An initial estimate for the precision that would be possible for Higgs measurements via W240

boson fusion (WBF, µ+µ− → hνν) and Z boson fusion (ZBF, µ+µ− → hµ+µ−) has been recently241

presented on [4]. These were obtaining including fast detector simulation but they neglect backgrounds,242

both physics as well as the beam-induced ones. The latter are however suppressed by a cut |η| < 2.5,243

equivalent to vetoing physics objects within 10 degrees of the beam, as suggested by 1.5 TeV muon244

collider studies [23]. These estimates are currently being extended to include the effects of physics back-245

grounds [24]. Note that in order to distinguish between WBF and ZBF, one must be able to tag the246

forward muons beyond |η| ≈ 2.5. The projected sensitivities for the main Higgs decays in single H247

production are estimated at the few percent level at 3 TeV with 1 ab−1, whereas at 10 TeV with 10 ab−1,248

precisions a t the permile level would be possible for the main decay channels (bb̄, WW ∗). While the249

3 TeV numbers could be considered comparable to the HL-LHC, the use of different production mech-250

anisms makes both machines quite complementary, as we will see in the Higgs coupling interpretation251

presented below. It must be noted that there are currently no available projections for sensitivities of ttH252

production and hence, for processes direct sensitivity to the Top Yukawa coupling, yt. As suggested by253

Fig. 1, V V → ttH would again dominate over the standard ttH production. In [4] only WBF ttH254

was used to infer an estimate precision in the rate at 10 TeV with 10ab−1, yielding an uncertainty of255

12%. Even if a combination of all VBF channels would return an estimate of ∼ 2500 events, as shown in256

Fig. 1, a proper study including backgrounds is required to extract a precision for yt which, in any case,257

does not seem to be far beyond the HL-LHC estimate of a few percent. This precision could benefit from258

a combination in global study including other VBF processes sensitive to yt, e.g. WW → tt̄.259

Fig. 1: Expected number of events for different processes at a muon collider, as a function of the centre-
of-mass energy, for integrated luminosities L = 10ab−1(Ecm[TeV]/10 TeV)2. Figure courtesy of A.
Wulzer.

Relatively high rates are also accesible to high-energy colliders for multi-Higgs processes via260

VBF production. This is particularly the case for µ+µ− → HHν̄ν at 10 TeV 10 ab−1, where a total of261

3 · 106 HH events would be produced. These could be used to obtain a determination of the triple Higgs262

coupling λ3. Assuming the uncertainties associated to single Higgs couplings are kept under control263

by single Higgs processes (see below), in table 1 we collect the expected precisions for the exclusive264

determination of the trilinear Higgs coupling, obtained using the likelihood from the recent study in265

Ref. [6]. This uses the information from the differential distribution in MHH in µ+µ− → HHν̄ν. (See266

also Ref. [25], which reports similar results). As can be seen, the trilinear Higgs coupling could be267
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Table 1: 68% probability sensitivity to the h3 coupling at a muon collider at different energies. Derived
using the likelihood from the study in [6]. (We note that the likelihood at 3 TeV is non-Gaussian, with
a second minimum for δκλ > 0, so the 68% probability interval is quite different from the 1-σ limits
computed with reference to the mode of the distribution δκ1σ, 3TeVλ ∈ [−0.17, 0.18]. See text for details.)

3 TeV µ-coll. 10 TeV µ-coll. 14 TeV µ-coll. 30 TeV µ-coll.
L≈ 1 ab−1 L= 10 ab−1 L≈ 20 ab−1 L= 90 ab−1

68% prob. interval

δκλ [-0.27,0.35] ∪ [0.85,0.94] [-0.035, 0.037] [-0.024, 0.025] [-0.011, 0.012]
→[-0.15,0.16] (2× L)

determined at 68% probability at 3 TeV with a precision of several tenths of percent, but still better than268

the projected error from the HL-LHC of ∼ 50%. We also note that the presence of a second minimum269

in the κλ log-likelihood “deforms” the expected 68% probability intervals with respect to the standard270

1σ bounds, valid for a Gaussian distribution, which would suggest a more precise result of ≈ 18%. The271

influence of this second minimum could be easily alleviated by an increase in luminosity by roughly a272

factor of two. This would bring a similar improvement in the bounds, as opposed to the expected
√
2273

reduction in the size of the interval, and also single out the solution around δκλ = 0 at 68% probability,274

yielding a precision for κλ of 15%. On the other hand the higher energy and luminosity of the 10275

TeV options would bring a determination at the ∼ 5% level precision, better thant CLIC at 3 TeV, and276

comparable to what would be possible at a 100 TeV hadron collider [26]. For comparison, we also report277

the projected sensitivities at even higher centre-of-mass energies, 14 and 30 TeV, where a one percent278

level determination could be possible.279

Beyond double Higgs production, a multi-TeV µ+µ− collider could use triple-Higgs production280

to gain sensitivity to the quartic Higgs coupling, λ4, as recently explored in Ref. [27]. The cubic and281

quartic Higgs interaction are related in the SM and extensions were electroweak symmetry breaking is282

linearly realized (described at low energies by a SMEFT Lagrangian). If this is not the case, new physics283

could modify λ3 and λ4 indepedendently. The quartic coupling is directly tested at leading order via, e.g.284

µ+µ− → HHHν̄ν, which has a cross section of 0.31 (4.18) ab at
√
s = 3, (10) TeV [27]. For realistic285

luminosities, this makes a 3 TeV option unable to probe the quartic coupling, but this could be tested at286

10 TeV to a precision of tens of percent with integrated luminosities of several tens of ab.287

Finally, we comment on the possibility of, as a first stage before a high energy muon collider.288

operating at significantly low energies, as this could be advantageous from the accelerator perspectives.289

In particular, one could operate around the Higgs pole
√
s = 125 TeV, which also brings the question of290

what would be the physics benefits of performing s-channel Higgs measurements. Indeed, unlike other291

collider options, a
√
s = 125 GeV µ+µ− collider could perform on-shell Higgs physics directly via292

µ+µ− → H production which, in particular, brings the opportunity of a direct model-independent mea-293

surement of the Higgs width (as opposed to, e.g. e+e− Higgs factories where this could be determined294

indirectly, by exploiting the measurement of the inclusive ZH cross section in combination with all the295

other exclusive rates). With a resonant µ+µ− → H cross section of 70 pb, reduced to about 22 pb when296

taking into account a beam energy spread R = 0.003% together with the effects of initial state radiation,297

a luminosity at the level of several fb−1 would yield order 10−5 Higgses, limiting a priori the statistical298

reach in terms of precision Higgs physics compared to the Higgs factory runs at the different future col-299

liders that have been proposed, where an order of magnitude larger in the number of Higgs events are300

expected. The direct measurement of the width at the percent level can partially compensate this loss301

in terms of pure statistics, though, as it directly normalizes all rates, whereas the normalization at other302

future H factories comes from a direct measurement of a particular coupling. The expected precision in303

different channels, together with an optimized study of the determination of the Higgs lineshape from a304
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threshold scan have been performed in [28]. This includes the main physics backgrounds but ignores the305

beam-induced ones which, as in the high-energy case, are simply suppressed by a ten degree cut around306

the beam.307

In what follows we interpret the available projections for single Higgs processes at muon colliders308

in terms of sensitivity to modifications of the Higgs boson couplings, to illustrate the expected improve-309

ments at the different stages, and compared to the knowledge that will be available at the end of the LHC310

era.311

2.1 Higgs coupling precision312

To illustrate the potential of the muon collider in measuring the properties of the Higgs boson, we show313

in Table 2 the results of a series of fits to the single Higgs couplings in the so-called κ framework,* where314

the cross sections, decomposed as follows315

(σ · BR)(i→ H → f) =
σi · Γf

ΓH
, (1)

are parameterized in terms of scaling parameters κ,316

(σ · BR)(i→ H → f) =
σSMi κ2i · ΓSM

f κ2f

ΓSM
H κ2H

=
κ2i · κ2f
κ2H

, (2)

and where we will assume, for the purposes of this sections that the Higgs boson only into SM final317

states, i.e. κ2H ≡ ∑
j
κ2jΓ

SM
j /ΓSM

H . Note that the muon collider option operating at 125 GeV offers the318

possibility of a model-independent measurement of the Higgs width, allowing to close a fit where the319

Higgs width is a free parameter, ΓH = Γ
SM
H ·κ2

H
1−(BRnew) . A comparison of the results at the different machines320

releasing the constraint that ΓH contains only SM channels is thus not possible and here we will restrict to321

the case BRnew = 0. The results for the fits at different colliders are presented in Table 2 and illustrated322

in Figure 2. We compare with the expected precision at the HL-LHC†, which is also combined with323

the projections at the different variants of the muon colliders, to show the impact of the muon collider324

measurements in the knowledge of the different coupling modifiers.325

From the results, it is clear that any incarnation of a muon collider with the considered settings326

would be able to bring a significant improvement in the knowledge of the several of the Higgs couplings.327

This is particularly the case for the multi-TeV options for the couplings to vector bosons Z,W , where328

subpercent precisions could be achieved, reaching the permile level for the 10 TeV option. Compara-329

tively, the precision of the same couplings for the 125 GeV option is somewhat worse. The main gain330

from the 125 GeV setup, apart from the width which is not taken into account in these fits, would be331

a subpercent determination of the muon coupling. For any other coupling, it typically underperforms332

compared to the 3 TeV results, unless high luminosities are collected. (We show the 125 GeV results for333

both 5 and 20 fb−1, from [28].) It is also worth noting the complementarity with future e+e− factories,334

in particular with the 10 TeV option. Given the different main modes of electroweak production of the335

Higgs at each facility (ZH at e+e− and WBF at a multi-TeV µ+µ−), each are more sensitive to either336

κZ (for e+e−) or κW (for µ+µ−) and in combination are able to bring both to a precision of one permile337

(or even below if one assumes custodial symmetry relations).338

Finally, and as explained above, we should mention that the estimates for some couplings, in this339

case κt,Zγ , are limited by the lack of inputs for processes sensitive to them (ttH and H → Zγ) so340

the numbers presented here should not be taken as representative of the physics potential of the muon341

colliders.342

*The fits presented in this chapter have been performed using the HEPfit code [29].
†We use the same inputs as in [19], with the exception of the channels H →invisible. We use the S2 projections for

systematic uncertainties, as explained in [30].

11



Table 2: Results from the κ fit assuming no BSM contributions to the Higgs width.

HLLHC HLLHC HLLHC HLLHC HLLHC
+ 125 GeV µ-coll. + 3 TeV µ-coll. + 10 TeV µ-coll. + 10 TeV µ-coll.

5 / 20 fb−1 1 ab−1 10 ab−1 + e
+
e
−

H fact
Coupling (240/365 GeV)

κW 1.7 1.3 / 0.9 0.4 0.1 0.1 /

κZ 1.5 1.3 / 1.0 0.9 0.4 0.1

κg 2.3 1.7 / 1.4 1.4 0.7 0.6

κγ 1.9 1.6 / 1.5 1.3 0.8 0.8

κc - 12 / 5.9 7.4 2.3 1.1

κb 3.6 1.6 / 1.0 0.9 0.4 0.4

κµ 4.6 0.6 / 0.3 4.3 3.4 3.2

κτ 1.9 1.4 / 1.1 1.3 0.6 0.4 /

κ
†
t 3.3 3.1 / 3.1 3.1 3.1 3.1

κ
†
Zγ 10 10 / 10 10 10 10

Γ
‡
H 5.3 2.7 / 1.7 1.5 0.5 0.4

† No input used for µ collider.
‡ Prediction assuming only SM Higgs decay channels. Not a free parameter in the fits.

3 Effective Field Theory interpretations343

In this section we present a global interpretation of the projections for different types of measurements344

at a high-energy muon collider in terms of an effective field theory constructed assuming any new de-345

grees of freedom are much heavier than the electroweak scale and that at low energies the particles and346

symmetries are those of the SM, i.e. the so called SMEFT. While a full study in terms of the general347

SMEFT truncated at the dimension-6 level is not possible with the available set of projections for physics348

processes at a muon collider, a reasonably global fit can be closed when combining that information with349

the expected information that will be available by the end of the HL-LHC era, plus making a series of350

extra assumptions about the new physics. In particular, following what was done as part of the ESG351

studies [19, 20], we adopt the following dimension-6 EFT Lagrangian:352

LSILH =
cϕ

Λ2

1

2
∂µ(ϕ

†ϕ)∂µ(ϕ†ϕ) +
cT

Λ2

1

2
(ϕ†

↔
Dµϕ)(ϕ

†↔Dµϕ)− c6

Λ2λ(ϕ
†ϕ)3

+
∑
f

(
cyf

Λ2 y
f
ijϕ

†ϕψ̄LiϕψRj + h.c.

)

+
cW

Λ2

ig

2

(
ϕ†

↔
Da

µϕ

)
DνW

aµν +
cB

Λ2

ig′

2

(
ϕ†

↔
Dµϕ

)
∂νB

µν

+
cϕW

Λ2 igDµϕ
†σaDνϕW

aµν +
cϕB

Λ2 ig
′Dµϕ

†σaDνϕB
µν

+
cγ

Λ2 g
′ 2ϕ†ϕBµνBµν +

cg

Λ2 g
2
sϕ

†ϕGAµνGA
µν

− c2W

Λ2

g2

2
(DµW a

µν)(DρW
aρν)− c2B

Λ2

g′ 2

2
(∂µBµν)(∂ρB

ρν)

+
c3W

Λ2 g
3εabcW

a ν
µ W b ρ

ν W c µ
ρ .

(3)

While this just contains a subset of the operators of the more general dimension-six SMEFT, the operators353

in (3) are of special relevance for several BSM types of scenarios. For the purpose of this chapter we will354

focus, in particular, in the case of the Universal Composite Higgs scenarios and U(1) extensions of the355

SM.356

12



κW κZ κg κγ κZγ κc κt κb κμ κτκW κZ κg κγ κZγ κc κt κb κμ κτκW κZ κg κγ κZγ κc κt κb κμ κτ

1

10

1

10

κ
i[
%
]

HL-LHC HL+μ coll.3 TeV HL+μ coll.10 TeV HL+μ coll.125GeV

68% probability bounds on κi

κW κZ κg κγ κZγ κc κt κb κμ κτκW κZ κg κγ κZγ κc κt κb κμ κτκW κZ κg κγ κZγ κc κt κb κμ κτ

1

10

1

10

κ
i[
%
]

Improvement wrt. HL-LHC

Fig. 2: Sensitivity to modified Higgs couplings in the κ framework. We show the marginalized 68%
probability reach for each coupling modifier.

In the EFT fits to Eq. (3) we include the following set of experimental inputs and projections:357

– The complete set of electroweak precision measurements from LEP/SLD, including the projected358

measurements of the W mass at the HLLHC. We also include the aTGC constraints from LEP2.359

– The HLLHC projections for single Higgs signal strengths and double Higgs production from [30].360

We assume the S2 scenario for the projected experimental and theory systematics.361

– Also from the HLLHC, the projections from two to two fermion processes, expressed in terms of362

the W and Y oblique parameters, from Ref. [31], and the high energy diboson study from [32].363

– The expected precision for single-Higgs observables at the 3 and 10 TeV muon colliders from the364

preliminary results of [24].365

– As in the HLLHC case, we also include the projections from high-energy measurements in two366

to two fermion processes, expressed in terms of W and Y from [33], and in diboson processes367

µ+µ− → ZH,W+W−, µν →WH,WZ from Ref. [6, 33].368

– The expected precision for the Higgs self-coupling from the measurement of the di-Higgs invariant369

mass in µ+µ− → ν̄νHH from Ref. [6]. (See also [25].)370

In all cases we asume the projected experimental measurements to be centerd around the SM prediction.371

The assumptions in terms of theory uncertainties follow the same setup as in [19].372
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The results of these EFT fits are summarized in Table 3 and Figure 3. We also include in the table373

and figure the projections obtained from the HLLHC measurements (also included in the µ+µ− collider374

results), to show the improvement in the reach for the different operators, shown explicitly in the lower375

panel of Figure 3. This is clear for Oϕ due to the increase in precision in the knowledge of the HV V376

couplings and, in particular, for the operators OW,B and O2B,2W , which induce growing with energy377

effects in diboson and difermion processes, respectively, and thus benefit from the high energy reach of378

the 3 and 10 TeV muon colliders. As in the κ analysis, we must also note that the improvements in other379

operators, e.g. Oyu which modifies the Top Yukawa coupling, do not represent a fair assessment of the380

muon collider potential, due to the absence of projections for the processes that would impose the leading381

constraints on them, e.g. ttH . Finally, it should be noted that all projections included here correspond to382

the case where the muon collider beams are unpolarized. The presence of polarization could bring extra383

information, i.e. allow to test extra directions in the SMEFT parameter space, as it basically doubles384

the number of observables, e.g. solving flat directions that appear in unpolarized observables due to385

cancellations []. In particular, as explained in [6] it would benefit the reach of the OW,B operators from386

the diboson high-energy measurements.387

Table 3: 68% probability reach on the different Wilson coefficients in the Lagrangian Eq. (3) from the
global fit. In parenthesis we give the corresponding results from a fit assuming only one operator is
generated by the UV physics.

HL-LHC + µ collider
HL-LHC 3 TeV 10 TeV

(1 ab−1) (10 ab−1)
cϕ

Λ
2 [TeV−2

] 0.52 0.12 0.039

(0.28)
†

(0.11) (0.029)
cT

Λ
2 [TeV−2

] 0.0056 0.0021 0.0019

(0.0019) (0.0019) (0.0019)
cW

Λ
2 [TeV−2

] 0.32 0.014 0.0012

(0.021) (0.0049) (0.00044)
cB

Λ
2 [TeV−2

] 0.33 0.022 0.0019

(0.026) (0.0079) (0.00073)
cϕW

Λ
2 [TeV−2

] 0.31 0.035 0.025

(0.033) (0.032) (0.019)
cϕB

Λ
2 [TeV−2

] 0.32 0.19 0.18

(0.19) (0.19) (0.18)
cγ

Λ
2 [TeV−2

] 0.0054 0.0047 0.0031

(0.0041) (0.0039) (0.0027)
cg

Λ
2 [TeV−2

] 0.0012 0.0011 0.00068

(0.00052) (0.00042) (0.00022)

HL-LHC + µ collider
HL-LHC 3 TeV 10 TeV

(1 ab−1) (10 ab−1)
cye

Λ
2 [TeV−2

] 0.25 0.2 0.1

(0.2) (0.18) (0.095)
cyu

Λ
2 [TeV−2

] 0.58 0.48 0.29

(0.24) (0.19) (0.088)
cyd

Λ
2 [TeV−2

] 0.46 0.15 0.06

(0.25) (0.12) (0.053)
c2B

Λ
2 [TeV−2

] 0.087 0.0036 0.00031

(0.075) (0.0029) (0.00026)
c2W

Λ
2 [TeV−2

] 0.0087 0.00097 0.000084

(0.0076) (0.00077) (0.00007)
c3W

Λ
2 [TeV−2

] 1.7 1.7 1.6

(1.7) (1.7) (1.6)
c6

Λ
2 [TeV−2

] 8.4 4.6 0.65

(7.8) (4.4) (0.6)

† As explained in [19], due to the treatment of systematics/theory uncertainties in the HLLHC inputs, this number must be taken with caution, as it would correspond to an effect below the

dominant theory uncertainties. A more conservative estimate accounting for 100% correlated theory errors would give cϕ/Λ
2 ∼ 0.42 TeV−2 .

3.1 Interpretation in terms of BSM benchmark scenarios388

For the case of composite Higgs scenarios we assume the new dynamics is parameterized in terms of389

a single coupling, g⋆, and mass, m⋆. As in [19], we use the following illustrative assumptions for the390

power counting and contributions of the new physics to the different Wilson coefficients in (3):391

cϕ,6,yf

Λ2 =
g2⋆

m2
⋆

,
cW,B

Λ2 =
1

m2
⋆

,
c2W,2B

Λ2 =
1

g2⋆

1

m2
⋆

,

cT

Λ2 =
y4t

16π2
1

m2
⋆

,
cγ,g

Λ2 =
y2t

16π2
1

m2
⋆

,
cϕW,ϕB

Λ2 =
g2⋆

16π2
1

m2
⋆

,
c3W

Λ2 =
1

16π2
1

m2
⋆

.

(4)
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Fig. 3: Global fit to the EFT operators in the Lagrangian (3). We show the marginalized 68% probability
reach for each Wilson coefficient ci/Λ

2 in Eq. (3) from the global fit (solid bars). The reach of the
vertical “T” lines indicate the results assuming only the corresponding operator is generated by the new
physics.

and projecting the EFT likelihood onto the (g⋆,m⋆) plane we obtain the exclusion regions in the right392

panel in Figure 4 for the different muon collider options, combined and in comparison with the HL-LHC393

reach. We also show the results interpreted in terms of extra vector bosons, using as a representative394

example the case of an universal Z ′ coupling to the hypercharge current, also considered in [20]. In395

this case the dimension-6 effective Lagrangian only receives tree-level contributions to the operator with396

coefficient c2B/Λ
2 = g2

Z
′/g′ 4M2

Z
′ . The corresponding indirect constraints in the (gZ′ ,MZ

′) plane are397

shown in the left panel of Figure 4.398

Whereas the bounds on the Z ′ example considered here are going to be clearly dominated by399

the high-energy measurements of the µ+µ− → ff̄ and the induced constraints on the Y parameter,400

the situation is more complex for the case of composite Higgses. The contributions from the different401

processes are shown separately in Figure 4, highlighting the complementarity of the different processes,402

which the diboson constraints setting the overall mass reach indepedendtly of g⋆, extended for low (high)403

values of g⋆ by the difermion (Higgs) bounds. Going back to Figure 4, it is clear that, while the 3 TeV404

option would clearly outperform the HLLHC, the real leap in terms of indirect sensitivity comes with the405

10 TeV option, thanks to the significantly higher energy reach, which boosts the constraining power of406

difermion and diboson processes on W,Y and CB,W , respectively.407

408
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Fig. 4: (Left) Comparison of the global reach for universal composite Higgs models at the HL-LHC and
the a high-energy muon collider (combined with the HL-LHC constraints). The figure compares the 2-σ
exclusion regions in the (g⋆,m⋆) plane from the fit presented in Figure 3, using the SILH power-counting
described in Eq. (4) (Right) The same for a BSM extension with a massive replica of the U(1)Y gauge
boson in the (gZ′ ,mZ

′) plane from the fit presented in Figure 3.

Fig. 5: (Left) 2-σ exclusion regions in the (g⋆,m⋆) plane from the fit presented in Figure 3, using the
SILH power-counting described in Eq. (4) and below (solid regions). The solid and dashed lines denote
the contributions to the constraints from different processes. The results correspond to the combination
of the HL-LHC with the 3 TeV muon collider. (Right) The same for the 10 TeV muon collider.

4 Direct Searches for New Physics409

4.1 Extended Higgs Sectors410

4.1.1 SM plus a singlet extension411

The simplest extension of the SM Higgs sector is the SM Higgs sector plus an extra real singlet. In the412

case when the extra singlet mixes with the SM Higgs doublet with mixing parameter sin γ, the SM-like413

Higgs couplings are modified, and the extra heavy scalar S can be singly produced, which decays to a pair414

of SM gauge bosons or SM-like Higgses. Considering the Vector Boson fusion production V V → S,415

the most sensitive channel at a high energy lepton collider is S → hh→ 4b [7]. The 95% C.L. exclusion416

reach for CLIC 3 TeV with 3 ab−1 luminosity is shown in Fig. 6 (taken from Ref. [20]) as blue solid417

curve, which is better than the direct reach of HL-LHC once sin2 γ < 0.1. Comparing to the sensitivity418

of indirect measurements of the SM-like Higgs couplings at future colliders, which are indicated by the419

dashed horizontal lines in the plot, 3 TeV CLIC can test new resonances down to couplings correlated to420
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Fig. 6: The direct (solid curves) and indirect (dotted curves) 95 % C.L. reach [20] of heavy singlet mixed
with the SM Higgs doublet at various future colliders.

a deviation in the Higgs couplings smaller than 0.1%. The sensitivity in sin2 γ is better than that of the421

Higgs precision measurements at mS < 2 TeV. 3 TeV muon collider reach would be slight worse given422

a smaller luminosity of 1 ab−1. Higher energy muon collider has better reach in both sin2 γ and mS ,423

surpassing that of Higgs precision measurements for mS < 4(10) TeV for 6(14) TeV muon collider.424

SM plus a real singlet extension can also provide a strong first order electroweak phase transition425

(FOEWPT), which is essential for the electroweak baryogenesis mechanism to explain the observed426

cosmological matter-antimatter asymmetry [8, 9]. In the left panel of Fig. 7, the colored solid curves427

show the muon collider 95% C.L. exclusion reach for VBF production with di-Higgs decay modes and428

4b final states. A 3 TeV muon collider (1 ab−1) has a sensitivity more than one order of magnitude better429

than the HL-LHC (13 TeV, 3 ab−1). It also covers most of the points that generate a strong FOEWPT,430

which are indicated by the dots. Comparing to the reach of future Gravitational Wave experiment LISA431

(red and green points), majority of those points falls with the 3 TeV muon collider reach. Furthermore,432

the muon colliders also have significant sensitivity to the blue data points which are beyond the reach of433

the LISA. Higher energy muon collider can extend the reach further. The reaches in the SM-like Higgs434

coupling measurements on δκ3 and δκV are shown in the right panel of Fig. 7 for muon collider with435

various center of mass energy as well as Higgs factory CEPC. While the reach of the 3 TeV muon collider436

is worse than that of the Higgs factory for δκV , the reach for muon collider with higher center of mass437

energy is better.438

4.1.2 Two Higgs Doublet Model439

In the framework of Two Higgs Doublet Model (2HDM) [34], the scalar sector consists of 5 physical440

scalars: the SM-like Higgs h, and the non-SM onesH,A,H± withmh = 125 GeV after the electroweak441

symmetry breaking. The tree-level couplings of Higgs bosons are determined by two parameters: the442

mixing angle between the neutral CP-even Higgs bosons α and tanβ = v2/v1, with v1,2 being the443

vacuum expectation value for two Higgs doublets. The un-suppressed gauge couplings of the Higgses444

with the SM gauge bosons typically involve two non-SM Higgses, for example, ZHA or W±H∓H .445

The Yukawa couplings of the non-SM like Higgses with the SM fermions depends on how the two Higgs446

doublets are coupled to the leptons and quarks, giving rise to four different types of 2HDMs, namely447

Type-I, Type-II, Type-L and Type-F.448
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Fig. 7: Direct (left panel) and indirect reach (right panel) on the SM plus real scalar singlet scenario
for muon colliders with various center of mass energy. Dots indicate points with successful FOEWPT,
while red, green and blue dots represent signal-to-noise ratio (SNR) for gravitational eave detection of
[50,+∞), [10, 50) and [0, 10), respectively. Results are taken from [8].
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Fig. 8: Cross sections versus the non-SM Higgs mass for
√
s = 3 TeV for pair production (left panel),

single production with a pair of fermions and radiative return production (right panel) for tanβ = 1
under the alignment limit of cos(α− β) = 0. Plot is produced by authors of Ref. [10].

Once crossing the pair production threshold, the heavy Higgs bosons can be produced in pair via449

the µ+µ− annihilation as well as Vector Boson Fusion (VBF):450

µ+µ− → γ∗, Z∗ → H+H−, µ+µ− → Z∗ → HA, (5)

µ+µ− → V1V2 µ
+(ν̄)µ−(ν), V1V2 → H+H−, HA,H±H/H±A,HH/AA, (6)

The production cross section as a function of the non-SM like Higgs masses for
√
s = 3 TeV for var-451

ious channels are shown in the left panel of Fig. 8 under the alignment limit of cos(α − β) = 0. The452

annihilation processes dominate at
√
s = 3 TeV. For higher center of mass energies, VBF channels be-453

come more and more important [10], especially for light scalar masses. The annihilation process can be454

separated from the VBF process by comparing the invariant mass distribution of the Higgs pair, which is455

approximately equal to the collider c.m. energy mΦ1Φ2
≈ √

s for the direct annihilation process, while456

peaked near the threshold mΦ1Φ2
≈ mΦ1

+mΦ2
for the VBF process. Considering the dominant decay457
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channel of non-SM Higgs into third generation fermions, the SM backgrounds can be sufficiently sup-458

pressed. Reach up to pair production threshold is possible at all tanβ region, when all four fermion final459

states channels are used. Comparing with HL-LHC reach for Type-II 2HDM, 3 TeV muon collider reach460

exceeds that of the HL-LHC [35], except for very small value of tanβ < 2 above the pair production461

mass threshold.462

In the parameter region with enhanced Higgs Yukawa couplings or beyond the Higgs pair produc-463

tion threshold, single production of non-SM Higgs with a pair of fermions could play an important role.464

The production cross section for fermion associated production are shown in the right panel of Fig. 8 for465

both the annihilation and VBF processes, with tanβ = 1 and cos(α− β) = 0. The dominant channel is466

tbH±, followed by tt̄H/A. Note that there are strong tanβ dependence on the production cross section,467

depending on the types of 2HDM [10].468

Radiative return µ+µ− → γH offers another production channel for the non-SM Higgs, espe-469

cially in regions with enhanced Hµ+µ− coupling. The cross section increases as the heavy Higgs mass470

approaches the collider c.m. energy, closer to the s-channel resonant production. The production cross471

section is shown as the black curves in the right panel of Fig. 8.472

In summary, non-SM Higgses can be copiously produced at 3 TeV muon collider. For pair produc-473

tion, 95% C.L. exclusion reaches in the Higgs mass up to the production threshold of
√
s/2 are possible474

when channels with different final states are combined. Including single production modes can extend the475

reach further. With the combination of both the production mechanisms and decay patterns, we found476

that the intermediate and large tanβ values offer great discrimination power to separate Type-I and477

Type-L from Type-II/F. To further identify either Type-II or Type-F, we need to study the subdominant478

channels with τ final states, which could be sizable in the signal rate in Type-II [10].479

4.1.3 Inert Doublet Model480

Inert Doublet Model (IDM) is an extension of the SM with the second Higgs doublet carries an extra481

discrete Z2 symmetry and couples to the SM gauge boson only. The lightest of the extra neutral scalars482

is a good candidate for a Dark Matter particle. The production of IDM scalars at lepton colliders is483

dominated by production of neutral scalar pair µ+µ− → HA or charged scalar pair µ+µ− → H+H−
484

via the SM gauge interactions. The subsequent decay of A → HZ and H± → HW± leads to HHZ485

and HHW+W− final states, with H being identified as the dark matter particle of missing energy486

signal. The leptonic final states have limited reach at high energy lepton colliders. The discovery reach487

is only about 500 GeV for scalar mass at 3 TeV collider, given the small leptonic final states branching488

fractions, and the decreasing of production cross section with the increasing center of mass energy [36,489

37]. Considering the semi-leptonic final states [38], the signal statistical significance for charged Higgs490

pair production is shown in Fig. 9 for CLIC 1.5 TeV and 3 TeV with 4 ab−1 integrated luminosity. Most491

of the scenarios considered in the study with m±
H up to about 1 TeV can be be discovery at more than 5492

σ level for a 3 TeV collider. The 3 TeV muon collider reach is similar.493

4.1.4 MSSM electroweak states494

Electroweak states in supersymmetric models can be pair produced at a muon collider. The dominant495

production for Wino-like NLSP with Bino-like LSP are µ+µ− → χ+
1 χ

−
1 , χ

2
0χ

0
1, with χ±

1 and χ0
2 being496

Wino-like states. Sensitivity up to pair production mass threshold of
√
s/2 are possible even for m

χ
±
1
−497

m
χ
0
1

as low as 1 GeV, with no loss in acceptance [18]. In comparison, the HL-LHC reach is about 1 TeV498

for the Wino NLSP, with Bino-LSP mass up to about 500 GeV [39].499

For the case when the Higgsino-like states are the NLSP and LSP, the electroweakinos exhibit500

a compressed spectrum with a production cross section smaller than that of the Wino case. The high501

energy lepton collider allow a reach close to the pair production threshold: about 1.3 TeV for CLIC3000502

with the mass splitting down to about 0.5 GeV. The muon collider 3 TeV reach would be similar [20].503
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Fig. 9: Signal statistical significance for various IDM benchmark points [38] at high energy lepton
collider for charged Higgs pair production and semi-leptonic final states.

Table 4: Thermal mass, in TeV, for pure SU(2) n-plet dark matter WIMP. Effects of bound states and
Sommerfeld enhancement of the annihilation cross-section are included from Ref. [11, 40]. The neutral
component of complex scalars and Dirac fermions can have a tiny electric charge. In some cases it is
also possible to assign a non-zero hypercharge consistently with direct searches of dark matter.

n Dirac Majorana Complex Scalar Real Scalar
2 1.08 - 0.58 -
3 2.0 & 2.4 2.86 1.6 & 2.5 2.53
4 4.79(9) - 4.98(5) -
5 8.8(4) 13.6(5) 11.5(7) 15.4(7)

In comparison, the HL-LHC reach highly depends on the mass splitting, only about 350 GeV for mass504

splitting between 1.6 to 50 GeV [39]. Searches based on the disappearing charge tracks for pure Higgsino505

states will be covered in Section 5.1.506

The reach for selectron and smuon is about its pair production kinematic threshold of 1.5 TeV507

for a 3 TeV muon collider. The reach for stau is slightly worse, given the identification of hadronically508

decaying τ . CLIC3000 can reach up to stau of about 1.25 TeV and ∆m(τ̃ , χ0
1) = 50 GeV [20]. The509

muon collider reach is similar.510

4.2 Dark Matter511

The possibility that Dark Matter is a massive particle charged under electroweak interactions is one of512

the major themes of research in Dark Matter. Cosmogenic Dark Matter can be observed in ultra-low513

noise underground detectors into which it is possible to detect directly the DM interaction with the SM514

matter in the detector. Additionally, DM can be searched in DM-rich astrophysical environments, where515

the DM pairs can annihilate and give rise to observables signals in cosmic ray observatories. These ex-516

perimental investigation are promising and actively pursued, but suffer few potential roadblocks. Cosmic517

rays observation can be hampered by large uncertainties about astrophysical quantities and astrophysical518

processes that can mimic dark matter signals. Furthermore, the unknown density distribution of the dark519

matter that undergoes annihilation brings in additional uncertainty. Lab-based direct detection of cosmo-520

genic dark matter has the inherent problem of being a very low momentum transfer process even when521

Dark Matter is quite heavy, hence background rejection is very challenging.522

The possibility to produce dark matter particles in the laboratory and study them with precise523

particle detectors is a unique capability of particle colliders. The great challenge for particle colliders is524
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to produce these particles with sufficient rate to result in a statistically significant observation. The case525

of Weakly Interacting Massive Particles (WIMPs) dark matter is particularly useful to gauge the efficacy526

of particle colliders to test dark matter. In fact WIMPs must feel the weak interactions of the SM, as they527

use them to be in equilibrium in the early Universe plasma. The WIMP relic abundance is set by the528

(known) strength of the weak interactions coupling and the (unknown) mass of the WIMP. Therefore, for529

simple models in which the WIMP is a pure SU(2)W n-plet it is possible to sharply predict the mass of530

the dark matter particle, see Tab. 4 for some examples. As a general rule, the larger the n-plet the larger531

the mass of the WIMP. Smaller masses can be attained for a mixture of an n-plet e.g. with a state not532

charged under SU(2)W . Therefore, testing the reach for pure SU(2)W n-plet is an excellent benchmark533

for particle colliders, as it demands to reach the highest mass for a given class of dark matter candidates.534

A crucial phenomenological parameter for the detection of WIMP dark matter at colliders is the535

mass splitting between the neutral component of the dark matter n-plet and other electrically charged and536

neutral components of the multiplet. When this mass splitting is comparable or greater than the detector537

threshold, typically around 10 GeV, there is a good chance that the production of states furnishing the538

n-plet will give detectable signals, one example is the iDM of Section 4.1.3.539

4.2.1 Mono-X540

When the mass-splitting between the dark matter particle and the other states of the multiplets is below
the detectable threshold, none of the particles in the dark matter multiplet leaves a detectable trace in the
detector. This makes the production of dark matter observable only “by contrast”, e.g. observing a bunch
of particles apparently recoiling against nothing. At a muon collider the reaction is

µ+µ− → χχ+X ,

where X denotes any particle or set of particles allowed by the interactions and χ is a generic state541

belonging to the dark matter n-plet.542

Searches for general electroweak states have been studied for several types of observables particles543

X accompanying the production of Dark Matter. The signal for X = γ,W,Z, µ±, µµ have been studied544

in [11, 12], finding that the a 3 TeV muon collider is in general very sensitive to the production of new545

electroweak matter.546

Figure 10 summarizes the reach illustrating in the left panel the luminosity needed to reach the547

95% CL exclusion of electroweak matter of a given mass in several production modes X = γ, µ, µµ.548

Among these, the mono-γ search is the one placing the best bound for states heavier than about 500 GeV.549

The right panel shows the mass reach at fixed luminosity 1 ab−1 and includes the mono-W channel,550

which is most effective for the same mass range in which mono-γ leads the exclusion and in some cases551

exceeds mono-γ results. All in all, the combination of these two channels, especially thanks to different552

levels of signal-over-background ratio and sources of possible systematics, can provide best mass reach553

for some DM candidates.554

4.2.2 Indirect reach through SM rates555

Pure WIMP DM n-plets for n ≥ 3 are too heavy to be directly produced in pairs at the 3 TeV muon556

collider at their thermal mass, see Tab. 4. However, these heavy DM candidates can leave observable557

effects as their off-shell propagation modifies the rate and the distributions of SM processes such as558

µ+µ− → ff̄ , (7)

µ+µ− → Zh , (8)

µ+µ− → W+W− , (9)

and possible higher order processes such as µ+µ− → WWh. Measuring the total rate of eqs.(7-9) and559

using differential information on the angular distribution of the channels in which the charge of the final560
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reach on a fermionic DM candidate (assumed Majorana when Y = 0, Dirac otherwise) at fixed 1 ab−1
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states f = e, µ can be tagged reliably, it is possible to put bounds at 95% CL for the existence of new561

matter n-plets (see Refs. [13, 41] for muon collider specific studies).562

In Fig. 11 we report the minimal luminosity necessary to exclude a thermal pure Wino dark matter563

(brown bands) as a function of the collider center of mass energy. These studies are helped by the564

presence of left-handed fermions initial states, which source larger weak-boson mediated scattering.565

Therefore it is interesting to study the effect of beam polarization. In the figure the lighter colored lines566

give the necessary luminosity for an exclusion at a machine capable of 30% left-handed polarization on567

the µ− beam and -30% for the µ+ beam. Even this modest polarization of the beams can cut significantly568

the luminosity required for the exclusion.569

Figure 11 also shows the reach for a Dirac doublet with zero hyper-charge through the same570

observables. Neglecting hyper-charge contributions this is the same as the reach for a Higgsino. This571

reach is complementary to that from direct searches of all sorts, as it does not depend on the Higgsino572

mass splitting and the search final states that it results into. Thus the indirect search can complement the573

reach discussed in Section 5.1 from stub-tracks as it has no dependence on the Higgsino life-time.574

The shaded area indicates that the search for new electroweak matter is based on such a luminosity575

high enough to have statistical uncertainties at the 0.1% level for some channel. This may require a576

careful evaluation of possible systematics.577
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Fig. 11: Minimal luminosity to exclude a thermal pure Higgsino or Wino dark matter (left panel) a 2.0
TeV Dirac triplet or 4.8 TeV Dirac 4-plet as function of the collider center of mass energy [41] (hyper-
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5 Unconventional signatures579

The search for long-lived particles (LLPs) has recently become a priority in the particle physics com-580

munity [42, 43]. LLPs appear in a variety of models and yield a large range of signatures at colliders.581

Depending on the LLP quantum numbers and lifetime, these can span from LLP decay products appear-582

ing in the detector volume, even outside of the beam crossings, to metastable particles with anomalous583

ionisation disappearing after a short distance.584

This wide range of experimental signatures is strongly intertwined with the development of de-585

tector technologies and the design of the final detector layout. For example, the development of timing-586

sensitive detectors is crucial both to suppress the abundant beam-induced backgrounds and to detect587

the presence of heavy, slow-moving, particles that are traveling through the detector. A lively R&D pro-588

gramme is ongoing to develop the reconstruction algorithms that will profit from these new technologies.589

For heavy particles, whose production cross sections are dominated by the annihilation s-channel,590

there are two main features that make searches for unconventional signatures particularly competitive at591

a muon collider when compared to other future proposed machines like the FCC-hh. The produced parti-592

cles tend to be more centrally distributed, impinging on the regions of the detector where reconstruction593

is comparatively easier, and furthermore tend to have more “mono-chromatic” Lorentz boosts which can594

lead to effectively larger average observed lifetimes for the produced BSM states.595

Searches for LLPs that decay within the volume of the tracking detectors (e.g. decay lengths be-596

tween 1 mm and 500 mm) are particularly interesting as they directly probe the lifetime range motivated597

by compelling dark matter models.598

5.1 Search for disappearing tracks599

The higgsino is among the most compelling dark matter candidates, with tight connections to the natu-600

ralness of the weak scale, which could lead to LLPs being produced in particle collisions. In scenarios601

where all other supersymmetric partners are decoupled, the higgsino multiplet consists of an SU(2)-602

doublet Dirac fermion. Due to loop radiative corrections, the charged state χ̃± splits from the neutral603

one χ̃0
1 by 344 MeV, giving rise to a mean proper decay length of 6.6 mm for the relic favoured mass of604

1.1 TeV [44]. The χ̃± can then travel a macroscopic distance before decaying into an invisible χ̃0
1 and605

other low-energy Standard Model fermions.606

Searches at the LHC are actively targetting this scenario [45–49], but are not expected to cover the607

relic favoured mass [20, 50]. A muon collider operating at a multi-TeV centre-of-mass energies would608

provide a perfect tool to look for these particles.609

The production of pairs of electroweakinos at a MuC proceeds mainly via an s-channel photon or610

off-shell Z-boson, with other processes, such as vector boson fusion, being subdominant. The prospects611

for such a search were investigated in detail in Ref. [14] exploiting a detector simulation based on GEANT612

4 [51] for the modelling of the response of the tracking detectors, which are crucial in the estimation of613

the backgrounds. The simulated events were overlaid with beam-induced background events simulated614

with the MARS15 software [52].615

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

2t) disappearing tracks in each event616

in addition to a 25 GeV ISR photon. Additional requirements are imposed on the transverse momentum617

and angular direction of the reconstructed tracklet and on the distance between the two tracklets along618

the beam axis in the case of events with two candidates. The expected backgrounds are extracted from619

the full detector simulation and the results are presented assuming a 30% (100%) systematic uncertainty620

on the total background yields for the single (double) tracklet selections. The corresponding discovery621

prospects and 95% CL exclusion reach are shown in Figure 12 for each of the two selection strategies622

discussed above.623

Both event selections are expected to cover a wide range of higgsino masses and lifetimes, well in624

excess of current and expected collider limits. In the most favourable scenarios, the analysis of 1 ab−1 of625
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3 TeV muon collisions is expected to allow the discovery χ̃± masses up to a value close to the kinematic626

limit of
√
s/2. The interval of lifetimes covered by the experimental search directly depends on the627

layout of the tracking detector, i.e. the radial position of the tracking layers, and the choices made in the628

reconstruction and identification of the tracklets, i.e. the minimum number of measured space-points.629

Considering the current detector design [53], 1 ab−1 of 3 TeV muon collisions would be allow to exclude630

the higgsino thermal target at 95% but not to discover it. Approximately 10 ab−1 are necessary to631

discover the thermal higgsino at 5σ, if no improvements on the background rejection are made, as show632

in Figure 13. Figure 14 extends the result of Ref. [14] exploring the possibilities of collecting data at a633

modified centre-of-mass energy, or assuming an improved background rejection in SRγ
1t by one order of634

magnitude. A pure higgsino with a mass of 1.1 TeV can be probed at the 5-σ level by a 2.85 TeV muon635

collider with 1 ab−1 of data and better background rejection, or by a 3.55 TeV collider with the nominal636

background expectation, guaranteeing the discovery of thermal higgsino dark matter, if present in nature.637

638
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luminosity for 3 TeV µ+µ− collisions.

6 The muon anomalous magnetic moment639

The anomalous magnetic moment of the muon has provided, over the last ten years, an enduring hint640

for new physics (NP). The experimental value of aµ = (gµ−2)/2 from the E821 experiment at the641

Brookhaven National Lab [54] was recently confirmed by the E989 experiment at Fermilab [55, 56],642

yielding the experimental average aEXP

µ = 116592061(41)×10−11. The comparison of this value with643

the Standard Model (SM) prediction aSM

µ =116591810(43)× 10−11 [57–67] shows an interesting 4.2σ644

discrepancy645

∆aµ = aEXP

µ − aSM

µ = 251 (59)× 10−11 . (10)

In the following, we refer to this as the g-2 anomaly. Current and forthcoming plans to unveil this646

anomaly include reducing the experimental uncertainty by a factor of four at E989, comparisons be-647

tween phenomenological and Lattice determinations of the Hadronic Vacuum Polarization contribution648

to g-2 [68–78], and new experiments aiming to probe the same physics [79, 80]. If all these efforts649

confirm the presence of NP, given the huge level of precision in the muon g-2 measurement, it would650

be highly desirable to have an independent test of the same NP effects not affected by the hadronic651

and experimental uncertainties entering the low-energy determination of the muon g-2. The MuC is an652

appropriate laboratory for this task.653

There are several ways in which a MuC can provide a powerful high-energy test of the muon g-2:654

– If the physics responsible for ∆aµ is heavy enough, an Effective Field Theory (EFT) description655

holds up to the high energies of a MuC. In this case, scattering cross-sections induced by the NP ef-656

fective operators grow at high energies (analogously to the case of weak-interaction cross-sections657

below theW boson mass), so that a measurement with O(1) precision at a sufficiently high energy658

will be sufficient to disentangle NP effects from the SM background. These considerations are659

completely independent from the specific underlying model.660

– In most motivated models of NP, new particles responsible for ∆aµ are light enough to be directly661

produced in µ+µ− collisions at the typical MuC energies. In this case, a MuC would be able to662

discover NP by directly looking for the new states. Under conservative assumptions, a complete663
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Fig. 14: Expected sensitivity to the higgsino relic favoured mass using 1 ab−1 of µ+µ− collision data as
a function of the collision energy.

classification of the particles that are able to give rise to the observed value of ∆aµ, and of their664

experimental signatures, is possible.665

– Additional effects in muon couplings to SM gauge and Higgs bosons, correlated with the muon666

g-2, can also be present at a level that can be probed by precision measurements at a MuC. Some667

of these effects can be predicted in a model-independent way, others arise in specific, motivated668

models.669

These three strategies together allow us to formulate a no-lose theorem for a high-energy MuC,670

in case the experimental anomaly in the muon g-2 is really due to NP. The physics case of a high-671

energy determination of ∆aµ, which is unique of a MuC, thus represents a striking example of the672

complementarity and interplay of the high-energy and high-intensity frontiers of particle physics, and it673

highlights the far reaching potential of a MuC to probe NP.674

6.1 High-energy probes of the muon g-2675

Heavy NP contributions to g-2 arise from the dimension-6 dipole operator
(
µ̄LσµνµR

)
HFµν , [81]676

whereH is the neutral component of the Higgs field and Fµν is the electromagnetic field strength tensor.677

After electroweak (EW) symmetry breakingH is replaced by its vacuum expectation value v=174 GeV,678

and one obtains the prediction ∆aNP

µ ∼ (g2NP/16π
2) × (mµv/Λ

2), where gNP is the typical coupling of679

the NP sector. Therefore, the NP chiral enhancement v/mµ ∼ 103 with respect to the SM weak contri-680

bution, together with the assumption of a new strong dynamics with gNP ∼ 4π, bring the sensitivity of681

the muon g-2 to NP scales of order Λ ∼ 100TeV [82, 83]. Directly detecting new particles at such high682

scales is far beyond the capabilities of any foreseen collider. Nevertheless, a MuC running at energies of683

several TeV would enable to probe NP in the muon g-2 in a completely model-independent way. Indeed,684

the very same dipole operator that generates ∆aµ unavoidably induces also a NP contribution to the685

scattering process µ+µ− → hγ. Measuring the cross-section for this process would thus be equivalent686

to measuring ∆aµ. This would however be a direct determination of the NP contribution, not hampered687

by the hadronic uncertainties that affect the SM prediction of aµ.688
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New interactions emerging at a scale Λ larger than the EW scale can be described at energies
E ≪ Λ by an effective Lagrangian containing non-renormalizable SU(3)c⊗SU(2)L⊗U(1)Y invariant
operators. The relevant effective Lagrangian contributing to g-2, up to one-loop order, reads [81]

L =
Cℓ
eB

Λ2

(
ℓ̄Lσ

µνeR
)
HBµν +

Cℓ
eW

Λ2

(
ℓ̄Lσ

µνeR
)
τ IHW I

µν +
Cℓ
T

Λ2 (ℓLσµνeR)(QLσ
µνuR) + h.c. (11)

The Feynman diagrams relevant g-2 are displayed in figure 15. They lead to the following result

∆aℓ ≃
4mℓv

eΛ2

(
Cℓ
eγ −

3α

2π

c2W−s2W
sW cW

Cℓ
eZ log

Λ

mZ

)
−
∑
q=c,t

4mℓmq

π2
Cℓq
T

Λ2 log
Λ

mq
, (12)

where sW , cW are the sine and cosine of the weak mixing angle, Ceγ = cWCeB − sWCeW and CeZ =

−sWCeB − cWCeW . Additional loop contributions from the operators H†HW I
µνW

Iµν , H†HBµνB
µν ,

and H†τ IHW I
µνB

µν can be neglected because they are suppressed by the lepton Yukawa couplings. We
assume for simplicity CeB , CeW and CT to be real. We also include the one-loop renormalization effects
to Cℓ

eγ , which is the only operator that generates electromagnetic dipoles at tree-level

Cℓ
eγ(mℓ) ≃ Cℓ

eγ(Λ)

(
1− 3y2t

16π2
log

Λ

mt
− 4α

π
log

mt

mℓ

)
. (13)

Numerically, we find that

∆aµ

3×10−9 ≈
(
250TeV

Λ

)2(
Cµ
eγ−0.2Cµt

T −0.001Cµc
T −0.05Cµ

eZ

)
.

A few comments are in order:689

– The ∆aµ discrepancy can be solved for a NP scale up to Λ ≈ 250 TeV. This requires a strongly690

coupled NP sector where Cµ
eγ and/or Cµt

T ∼ g2NP/16π
2 ∼ 1 and a chiral enhancement v/mµ691

compared with the weak SM contribution. As we shall see, this NP can be tested through high-692

energy processes such as µ+µ−→ hγ or µ+µ−→ qq̄ (with q = c, t) at a MuC.693

– If the underlying NP sector is weakly coupled, gNP ≲ 1, then Cµ
eγ and Cµt

T ≲ 1/16π2, implying694

Λ ≲ 20 TeV to solve the g-2 anomaly. In this case, a MuC could still be able to directly produce695

NP particles [82]. Yet, the study of the processes µ+µ− → hγ and µ+µ− → qq̄ could be crucial696

to reconstruct the effective dipole vertex µ+µ−γ.697

28



– If the NP sector is weakly coupled, and further ∆aµ scales with lepton masses as the SM weak698

contribution, then ∆aµ ∼ m2
µ/16π

2Λ2. Here, the experimental value of ∆aµ can be accommo-699

dated only provided that Λ ≲ 1 TeV. For such a low NP scale the EFT description breaks down at700

the typical multi-TeV MuC energies, and new resonances cannot escape from direct production.701

The main contribution to ∆aµ comes from the dipole operator Oeγ =
(
ℓ̄LσµνeR

)
HFµν . The

same operator also induces a contribution to the process µ+µ− → hγ that grows with energy, and thus
can become dominant over the SM cross-section at a very high-energy collider. Neglecting all masses,
we find the following total µ+µ−→ hγ cross-section

σhγ=
s

48π

|Cµ
eγ |2

Λ4 ≈ 0.7 ab

( √
s

30TeV

)2( ∆aµ

3× 10−9 ,

)2
(14)

where in the last equation we assumed no contribution to ∆aµ other than the one from Cµ
eγ . Moreover,702

we included running effects for Cµ
eγ , see eq. (13), from a scale Λ ≈ 100 TeV. Notice that there is an703

identical contribution also to the process µ+µ− → Zγ since H contains the longitudinal polarizations704

of the Z. Given the scaling with energy of the reference integrated luminosity for a MuC [84] one gets705

about 60 total hγ events at
√
s = 30 TeV.706

The SM irreducible µ+µ− → hγ background is small, σSMhγ ≈ 2 × 10−2 ab
(
30TeV√

s

)2, with the
dominant contribution arising at one-loop [85] due to the muon Yukawa coupling suppression of the
tree-level part. The main source of background comes from Zγ events, where the Z boson is incorrectly
reconstructed as a Higgs. This cross-section is large, due to the contribution from transverse polariza-
tions. There are two ways to isolate the hγ signal from the background: by means of the different angular
distributions of the two processes – the SM Zγ peaks in the forward region, while the signal is central
– and by accurately distinguishing h and Z bosons from their decay products, e.g. by precisely recon-
structing their invariant mass. To estimate the reach on ∆aµ we consider a cut-and-count experiment in
the bb̄ final state, which has the highest signal yield. The significance of the signal is maximized in the
central region |cos θ| ≲ 0.6. At 30 TeV one gets

σcuthγ ≈ 0.53 ab

(
∆aµ

3× 10−9

)2
, σcutZγ ≈ 82 ab . (15)

Requiring at least one jet to be tagged as a b, and assuming a b-tagging efficiency ϵb = 80%, we find707

that a value ∆aµ = 3× 10−9 can be tested at 95% C.L. at a 30 TeV collider if the probability of708

reconstructing a Z boson as a Higgs is less than 10%. The resulting number of signal events is NS = 22,709

and NS/NB = 0.25. In figure 16 we show as a black line the 95% C.L. reach from µ+µ− → hγ on the710

anomalous magnetic moment as a function of the collider energy. Note that since the number of signal711

events scales as the fourth power of the center-of-mass energy, only a collider with
√
s ≳ 30 TeV will712

have the sensitivity to test the g-2 anomaly in this channel.713

If the magnetic moment arises at one loop from one of the other operators in (12), their Wilson
coefficients must be larger to reproduce the observed signal, and the NP will be easier to test at a MuC.
In particular, we now derive the constraints on the semi-leptonic operators. The operator Oµt

T that enters
∆aµ at one loop can be probed by µ+µ− → tt̄ (Fig. 15). Its contribution to the cross-section is

σtt̄ =
s

6π

|Cµt
T |2

Λ4 Nc ≈ 58 ab

( √
s

10TeV

)2( ∆aµ

3× 10−9

)2
(16)

where in the last equality we have again taken Λ ≈ 100 TeV so that |∆aµ| ≈ 3×10−9 (100TeV/Λ)2 |Cµt
T |.714

We estimate the reach on ∆aµ simply assuming an overall 50% efficiency for reconstructing the top715

quarks, and requiring a statistically significant deviation from the SM µ+µ− → tt̄ background, which716
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Fig. 16: 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.

has a cross-section σSMtt̄ ≈ 1.7 fb
(
10TeV√

s

)2. In Fig. 16 we show the 95% C.L. constraints on the top717

contributions to ∆aµ as red lines as a function of the collider energy. Note that this scenario can be718

probed at
√
s = 10 TeV. A similar analysis can be performed for semi-leptonic operator involving charm719

quarks. This case can be probed already at
√
s = 1 TeV as we can see in Fig. 16, orange line.720

So far, we assumed CP conservation. If however the coefficients Ceγ , CeZ or CT are complex, the721

muon electric dipole moment (EDM) dµ is unavoidably generated. Since the cross-sections in eq. (14)722

and (16) are proportional to the absolute values of the same coefficients, a MuC offers a unique op-723

portunity to test also dµ. The current experimental limit dµ < 1.9 × 10−19 e cm was set by the BNL724

E821 experiment [86] and the new E989 experiment at Fermilab aims to decrease this by two orders of725

magnitude [87]. Similar sensitivities could be reached also by the J-PARC g-2 experiment [88].726

From the model-independent relation [89]

dµ
tanϕµ

=
∆aµ
2mµ

e ≃ 3× 10−22

(
∆aµ

3×10−9

)
e cm , (17)

where ϕµ is the argument of the dipole amplitude, the bounds on ∆aµ in figure 16 can be translated727

into a model-independent constraint on dµ. We find that already a 10 TeV MuC can reach a sensitivity728

comparable to the ones expected at Fermilab [87] and J-PARC [88], while at a 30 TeV collider one gets729

the bound dµ ≲ 3× 10−22 e cm.730

6.2 Direct searches731

Here we show a model-exhaustive analysis of all possible BSM solutions to the g-2 anomaly to study732

production of the associated new states at future MuC. We then formulate a no-lose theorem for the733

discovery of new physics if the g-2 anomaly is confirmed and weakly coupled solutions below the GeV734

scale are excluded. We first find the highest possible mass scale of new physics subject only to pertur-735

bative unitarity, and optionally the requirements of minimum flavour violation and/or naturalness. Our736

results show that a 3 TeV MuC can discover all new physics scenarios in which ∆aµ is generated by SM737

singlets with masses above ∼ GeV (lighter singlets will be discovered by upcoming low-energy exper-738

iments). This includes the case when the singlets decay invisible, a scenario that can be challenging to739

probe at hadron colliders and low energy leptons colliders. Now, If new states with electroweak quantum740

numbers contribute to g-2, the minimal requirements of perturbative unitarity guarantee new charged741

states below (∼ 100 TeV), but this is strongly disfavoured by stringent constraints on charged lepton742

flavour violating (LFV) decays. Reasonable new physics theories that satisfy LFV bounds by obeying743

Minimal Flavour Violation (MFV) and that avoid generating a hierarchy problem, not only for the Higgs744
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Fig. 17: Singlet models for g-2 and their probes at different masses, assuming 100% branching ratio to
di-muons (top) and the minimum branching ratio to di-muon allowed by perturbativity [90].

but also for the muon mass, require the existence of at least one new charged state below ∼ 10 TeV. This745

strongly motivates the construction of high-energy MuC.746

Our model-exhaustive analysis starts with the question What is the highest mass that new particles747

could have while still generating the measured BSM contribution to g-2? Answering this question is748

important because knowing the highest mass scale can set the target for the center of mass energy of749

the MuC needed to detect these new particles. We assume that one-loop effects involving BSM states750

are responsible for the anomaly, since scenarios where new contributions only appear at higher loop751

order require a lower BSM mass scale to generate the required new contribution. We can, thus, organize752

all possible one-loop BSM contributions to ∆aµ into two classes: Singlet Scenarios: in which each753

BSM g-2 contribution only involves a muon and a new SM singlet boson that couples to the muon, and754

Electroweak (EW) Scenarios: in which new states with EW quantum numbers contribute to g-2.755

Singlet mediators756

Throughout this section Singlet Models refers to the family of models where ∆aµ is generated by a muon757

philic singlet, either scalar or vector (where µL and µc are the muon Weyl spinors)758

gSS(µLµ
c + µc†µ†L), gV Vν(µ

†
Lσ̄

νµL + µc†σ̄νµc) . (18)

Realizations of these scenarios appear in multiple contexts. For example, vector singlets can be759

classified either into dark photon or Lµ − Lτ like [91]. The former are solutions to g-2 where couplings760

between the vector and first generation fermions are generated via loop-induced kinetic mixing. These761
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scenarios are all excluded [92, 93] or soon to be [94]. The second, Lµ − Lτ like scenarios, are vectors762

that do not couple to first generation fermions. These are highly constrained and a combination of fixed763

target experiments and muon beam dumps could probe the remaining parameter space [95, 96]. As764

per singlet scalar UV completinos, one can have models with extra scalars and/or fermions that, after765

being integrated out, generate the dimension 5 operator (S/Λ)H†Lµc. Once the higgs gets a vev one766

reproduces the interaction in 18. These models are disfavored for large singlet masses [90].767

Figure 17 shows the limits and projections on muon-philic vector (left) and scalar (right) singlets,768

assuming only di-muon decays where kinematically allowed. The green/orange bands represent the769

parameter space for which singlet scalars/vectors resolve g-2 within 2σ. Existing experimental limits770

are shaded in gray, while projections are indicated with colored lines. The M3 [97], NA64µ [98], and771

ATLAS fixed-target [99] experiments probe invisibly-decaying singlets; projections here assume a 100%772

invisible branching fraction. The LHC limits and HL-LHC projections are obtained from 3µ/4µ muon773

searches. The purple muon collider projections are obtained from a combination of singlet+photon774

searches, and from deviations in angular observables of Bhabha scattering [83]. For scalar singlets775

whose width is determined entirely by the muon coupling (top right), we also show the projections for a776

beam dump search for S → γγ [100] on the minimal assumption that the scalar-photon coupling arises777

solely from integrating out the muon. Similar beam dump searches involving S → e+e− decays below778

the mS < 2mµ threshold have also been proposed, but are not shown here because the signal is, in779

principle, unrelated to the singlet-muon coupling that resolves g-2. The bottom row shows same as the780

top row, but assuming that for mS,V > 2mµ, the singlets have the minimum di-muon branching fraction781

consistent with unitarity. The curves which are unaffected by this change of muonic branching fraction782

correspond to searches that are insensitive to the singlet’s decay modes. Projections for M3, NA64µ,783

and ATLAS fixed-target experiments assume a ≃ 100% invisible branching fraction for mS/V > 2mµ,784

which is model-dependent.785

Electroweak mediators786

Electroweak Scenarios can generate the necessary g-2 contribution even for NP much above the TeV787

scale. In particular, we carefully study simplified models featuring new scalars and fermions that yield788

the largest possible BSM mass scale able to account for the anomaly [82, 83]. Careful analysis of these789

scenarios allow us to derive our model-exhaustive upper bound on BSM particle masses responsible790

for ∆aµ. We also account for the possibility of many new states contributing to ∆aµ by considering791

NBSM ≥ 1 copies of each BSM model being present simultaneously. Our results show that EW Scenarios792

must always have at least one new charged state lighter than the following upper bound:793

Mmax,X
BSM,charged ≈

(
2.8× 10−9

∆aµ

) 1
2

×



(100 TeV) N
1/2
BSM for X = (unitarity*)

(20 TeV) N
1/2
BSM for X = (unitarity+MFV)

(20 TeV) N
1/6
BSM for X = (unitarity+naturalness*)

(9 TeV) N
1/6
BSM for X = (unitarity+naturalness+MFV),

(19)
where this upper bound is evaluated under four assumptions that the BSM solution to the g-2 anomaly794

must satisfy: perturbative unitarity only; unitarity + MFV; unitarity + naturalness (specifically, avoiding795

fine-tuning the Higgs and the muon mass); and unitarity + naturalness + MFV. The unitarity-only bound796

represents the very upper limit of what is possible within Quantum Field Theory, but realizing such high797

masses requires severe alignment, tuning or another unknown mechanism to avoid stringent constraints798

from charged lepton flavour-violating (CLFV) decays [101, 102]. We have therefore marked every sce-799
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nario without MFV with a star (*) above, to indicate additional tuning or unknown flavour mechanisms800

that have to also be present.801

Our results and those from the previous section have profound implications for the physics moti-802

vation of MuC. They allow us to formulate a no-lose theorem that can be broken down in chronological803

progression:804

1. Present day: Confirmation of the g−2 anomaly.805

2. Discover or falsify low-scale Singlet Scenarios ≲ GeV: If Singlet Scenarios with BSM masses806

below ∼ GeV generate the required ∆aµ contribution, multiple fixed-target and B-factory experi-807

ments are projected to discover new physics in the coming decade.808

3. Discover or falsify all Singlet Scenarios ≲ TeV: If fixed-target experiments do not discover new809

BSM singlets that account for ∆aµ, a 3 TeV MC with 1 ab−1 would be guaranteed to directly810

discover these singlets if they are heavier than ∼ 10 GeV. Even a lower-energy machine can be811

useful: a 215 GeV muon collider with 0.4 ab−1 could directly observe singlets as light as 2 GeV.812

4. Discover non-pathological Electroweak Scenarios (≲ 10 TeV): If TeV-scale muon colliders do813

not discover new physics, the g-2 anomaly must be generated by EW Scenarios. In that case, all814

of our results indicate that in most reasonably motivated scenarios, the mass of new charged states815

cannot be higher than few × 10 TeV.816

5. Unitarity Ceiling (≲ 100 TeV): Even if such a high energy muon collider does not produce new817

BSM states directly, as we saw in the previous section, a 30 TeV machine would detect deviations818

in µ+µ− → hγ, which probes the same effective operator generating g-2 at lower energies. This819

would provide high-energy confirmation of the presence of new physics.820

If the g-2 anomaly is confirmed, our analysis and the results of the previous section show that821

finding the origin of this anomaly should be regarded as one of the most important physics motivations822

for an entire muon collider program. Indeed, a series of colliders with energies from the test-bed-scale823

O(100 GeV) to the far more ambitious but still imaginable O(10 TeV) scale and beyond has excellent824

prospects to discover the new particles necessary to explain this mystery.825

6.3 Vector-like fermions826

Simple explanations for g-2 involve extensions of the SM with new vector-like fermions (VLF) where the827

corrections to the muon magnetic moment are mediated by the SM Higgs and gauge bosons [103, 104].828

These models generate effective interactions between the muon and multiple Higgs bosons leading to829

predictions for di- and tri-Higgs production at a MuC that are directly correlated with the corrections to830

∆aµ [105]. Here we consider extensions of the SM with VLF doublets, LL,R, and singlets EL,R with831

massesML,E , respectively. While in our main results we will assume that new LL andER have the same832

quantum numbers as the SM leptons, we will comment on other possibilities later.833

The Yukawa interactions of interest are the following

L ⊃− yµ l̄LµRH − λE l̄LERH − λLL̄LµRH − λL̄LERH − λ̄H†ĒLLR + h.c., (20)

where lL = (νµ, µL)
T , LL,R = (L0

L,R, L
−
L,R)

T , and H = (0, v + h/
√
2)T with v = 174 GeV. In the834

limit v ≪ML,E , after integrating out the heavy leptons at tree level, Eq 20 becomes835

L ⊃ −yµ l̄LµRH − mLE
µ

v3
l̄LµRH(H†H) + h.c., (21)

where836

mLE
µ ≡ λLλ̄λE

MLME
v3 (22)
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Fig. 18: Left: Cross sections for hh (cyan) and hhh (green) production as a function of
√
s in models

with VLF. Right: Cross sections for hh (left axis) and hhh (right axis) production as a function of tanβ
in models with VLF and 2HDM for ML,E ≃ m

H,A,H
± . The dot-dashed and dashed lines correspond to

the predictions corresponding to the central value of ∆aµ andm
H,A,H

± = 3×ML,E andm
H,A,H

± = 5×
ML,E , respectively. Both panels assume ∆aµ is within 1σ of the measured value (shaded ranges) [105].

is the contribution to the muon mass from mixing with new leptons. Mixing of the muon with heavy837

leptons also leads to modifications of the muon couplings to W , Z, and h, and generates new couplings838

of the muon to new leptons. Assuming that v ≪ ML,E , the total one-loop correction to g-2 induced by839

these effects is well approximated by [103, 104]840

∆aµ = − 1

16π2
mµm

LE
µ

v2
. (23)

The explanation of the measured value of ∆aµ within 1σ requires that841

mLE
µ /mµ = −1.07± 0.25. (24)

For couplings of O(1), Eq (24) can be achieved for new lepton masses even as heavy as 7 TeV while842

simultaneously satisfying current relevant constraints [106]. For couplings close to the limit of pertur-843

bativity,
√
4π, this range extends to close to 50 TeV. This far exceeds the reach of the LHC and even844

projected expectations of possible future proton-proton colliders, such as the FCC-hh. However, there845

are related signals that could be fully probed at, for example, a 3 TeV MuC through the effective inter-846

actions generated between the muon and multiple Higgs bosons. These interactions are all generated by847

Eq. 21 [105] and they lead to the following predictions848

σ
µ
+
µ
−→hh

=

∣∣∣λhhµµ∣∣∣2
64π

=
9

64π

(
mLE

µ

v2

)2

, (25)

σ
µ
+
µ
−→hhh

=

∣∣∣λhhhµµ

∣∣∣2
6144π3

s =
3

4096π3

(
mLE

µ

v3

)2

s. (26)

Thus, considering Eq 23, we see that the effective interactions of the muon with the Higgs are completely849

fixed by the muon mass and the predicted value of ∆aµ. In Fig 18, we show the total µ+µ− → hh and850

µ+µ− → hhh cross sections at a MuC as a function of
√
s calculated from the effective lagrangian851

and assuming that ∆aµ is achieved within 1σ (shaded ranges). Cross sections for a 3 TeV MuC are852

highlighted with the red line. We see that, for example, a MuC running at
√
s = 3 TeV with 1 ab−1 of853

integrated luminosity would see about 240 di-Higgs events and about 35 tri-Higgs events. It should be854
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noted that already at
√
s = 1 TeV this is roughly 4 (3) orders of magnitude larger than µ+µ− → hh and855

µ+µ− → hhh in the SM. Note that di- and tri-Higgs signals produced from vector boson fusion in the856

SM appear with additional particles in the final state and can be easily vetoed in a dedicated analysis.857

Similarly, backgrounds involving the Z-boson which may be comparable at the level of cross sections,858

e.g. µ+µ− → Zh or µ+µ− → ZZ, can also be easily suppressed via invariant mass cuts on the Z-boson859

masses once the relevant decays are taken into account in a given analysis.860

Models with more exotic quantum numbers can also generate a similar correction to ∆aµ and,861

hence, similar predictions for di- and tri-Higgs cross sections. In total there are 5 different combinations862

of new lepton fields that can lead to mass-enhanced corrections to ∆aµ mediated by the SM Higgs. In863

each case, the correction as given in Eq 23 is simply multiplied by a corresponding c-factor. The resulting864

cross sections are then rescaled by a factor of 1/c2 compared to those in Fig 18. In Table 5, we list the865

5 possible models, c-factor multiplying Eq 23, and corresponding predictions for di- and tri-Higgs cross866

sections for a MuC running at
√
s = 3 TeV, assuming ∆aµ ± 1σ. A MuC running even at moderate867

center-of-mass energies,
√
s ∼ 1− 3 TeV, can fully probe these scenarios.868

Vector-like fermions and Two-Higgs-Doublet models869

It is straightforward to extend the discussion from the previous section to a 2HDM (or any model where870

the Higgs acts as one component of the sector triggering EWSB) [106, 107]. For instance, in a type-II871

2HDM where charged leptons couple exclusively to one Higgs doublet, Hd, (which can be achieved872

by assuming a Z2 symmetry) the lagrangian in Eq. 1 from the previous section, is simply modified873

with the replacement H → Hd. In this case both Higgs doublets develop a vev
〈
H0

d

〉
= vd and874 〈

H0
u

〉
= vu, where

√
v2d + v2u = v = 174 GeV and tanβ = vu/vd. The effective interactions generated875

by integrating out heavy leptons is then876

L ⊃ yµµ̄LµRHd −
mLE

µ

v3d
µ̄LµRHd(H

†
dHd). (27)

Similar modifications to Z, W , and the SM-like Higgs couplings to the muon are also generated after877

EWSB. Including the additional corrections to ∆aµ from heavy charged and neutral Higgs bosons leads878

to [106, 107]879

∆aµ = −1 + tan2 β

16π2
mµm

LE
µ

v2
, mLE

µ ≡ λLλ̄λE
MLME

v3d, (28)

where we have assumed ML,E ≃ m
H,A,H

± for simplicity. The first term in Eq 28 results from the880

same loops as in the SM, i.e. involving the Z, W , and SM-like Higgs, whereas the second term, en-881

hanced in comparison by tan2 β, results from the additional contributions from the heavy Higgses. The882

corresponding requirement to satisfy ∆aµ within 1σ then becomes883

mLE
µ /mµ = (−1.07± 0.25)/(1 + tan2 β). (29)

Just as in the previous section, effective interactions between the muon and multiple Higgs bosons are884

generated via the single dimension-six operator in Eq 21. Thus, predictions for di- and tri-Higgs cross885

sections follow in the same way simply by replacing mLE
µ with the corresponding definition in Eq 28.886

Considering Eq 29, it follows that σ
µ
+
µ
−→hh

and σ
µ
+
µ
−→hhh

cross sections in a type-II 2HDM decrease887

as 1/ tan4 β.888

In Fig 18, we show the tanβ dependence of σ
µ
+
µ
−→hh

and σ
µ
+
µ
−→hhh

/s calculated from the889

effective lagrangian when ∆aµ is achieved within 1σ (shaded range) and ML,E ≃ m
H,A,H

± . The dot-890

dashed and dashed lines correspond to the predictions corresponding to the central value of ∆aµ and891

m
H,A,H

± = 3×ML,E and m
H,A,H

± = 5×ML,E , respectively. Its expected that future measurements892

of h→ µ+µ− will probe tanβ up to ∼ 5 and the inset zooms into this region [105].893
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Table 5: Quantum numbers of LL,R⊕EL,R under SU(2)×U(1)Y , corresponding c-factor for ∆aµ, and
predictions for di- and tri-Higgs cross sections running at

√
s = 3 TeV, assuming ∆aµ ± 1σ.

SU(2)× U(1)Y c σhh(3 TeV)[ab] σhhh(3 TeV)[ab]
2−1/2 ⊕ 1−1 1 244+141

−109 35.8+20.8
−15.9

2−1/2 ⊕ 3−1 5 10+6
−4 1.43+0.8

−0.6

2−3/2 ⊕ 1−1 3 27+16
−12 4.0+2.3

−1.8

2−3/2 ⊕ 3−1 3 27+16
−12 4.0+2.3

−1.8

2−1/2 ⊕ 30 1 244+141
−109 35.7+20.7

−15.9

For a MuC running at center-of-mass energy of 3 TeV with, for example, 1 ab−1 of luminosity 3894

di-Higgs events are expected in these scenarios for tanβ ≃ 3. For tri-Higgs the same sensitivity does895

not extend MCh above tanβ ≃ 1. Whenm
H,A,H

± = 5×ML,E , the corresponding sensitivities to tanβ896

increase to about tanβ ≃ 5 and 2.5 for di-Higgs and tri-Higgs signals, respectively.897

These conclusions also extend to models with additional scalars where the SM Higgs is only one898

component of the scalar sector responsible for EWSB. Mixing within the Higgs sector (e.g. tanβ in899

a 2HDM) introduces a free parameter to the predictions and correlations between the muon magnetic900

moment and effective Higgs couplings. Thus, the corresponding predictions for di- and tri-Higgs signals901

at a MuC are not as sharp in these scenarios as compared to the SM. Though in a 2HDM the observables902

parametrically interpolate between the SM and models with scalars that do not participate in EWSB.903

7 Lepton Flavour Universality and B physics904

The rich set of observed deviations from SM predictions in rare semileptonic B-meson decays, induced
by the b → sµ+µ− partonic transition, represent a compelling hint for new physics. The ratios RK and
RK

∗ , relevant for testing Lepton Flavour Universality in B-meson decays, are defined as

RK =
BR(B+ → K+µ+µ−)

BR(B+ → K+e+e−)
, RK

⋆ =
BR(B0 → K⋆0µ+µ−)

BR(B0 → K⋆0e+e−)
. (30)

Due to highly suppressed hadronic uncertainties, such ratios are supposed to be theoretically clean and905

could thus be a clean signal of BSM-physics. Very recently, the LHCb collaboration reported the results906

of RK-measurement (in the region q2 ∈ [1.1, 6] GeV2) as [108]907

RLHCb
K = 0.846+0.042+0.013

−0.039−0.012 , (31)

which indicates a 3.1σ discrepancy from its SM prediction [109, 110]908

RSM
K = 1.0003± 0.0001 . (32)

Similarly, the LHCb Collaboration has also reported the results of RK
∗-measurement in two low-q2909

bins [111] (q2 ∈ [0.045, 1.1] GeV2 and q2 ∈ [1.1, 6] GeV2):910

RLHCb
K

∗ =

{
0.660+0.110

−0.070 ± 0.024 ,

0.685+0.113
−0.069 ± 0.047 ,

(33)

which shows 2.2σ and 2.4σ deviations, respectively from their corresponding SM-predictions in each q2911

bin [112, 113]:912

RSM
K

⋆ =

{
0.92± 0.02 ,

1.00± 0.01 .
(34)
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Furthermore, Belle has also presented their results on RK [114] and RK
∗ [115]. However, there are913

comparatively larger uncertainties than for the LHCb measurements. There are in fact only a few BSM914

possibilities which could resolve these R
K

(∗)-anomalies. Before entering details, it is quite important to915

mention that an explanation of R
K

(∗) by modifying the b→ sµ+µ− decay anticipates a better global-fit916

to other observables, as compared to altering the b→ se+e− decay, reason why we focus on the former.917

The effective Lagrangian responsible for semi-leptonic b → sµ+µ−-transitions can be expressed918

as (V denotes the CKM-matrix)919

LNP
b→sµµ ⊃ 4GF√

2
VtbV

∗
ts (C

µ
9O

µ
9 + Cµ

10O
µ
10) + h.c. (35)

with the relevant operators920

Oµ
9 =

α

4π

(
s̄LγµbL

)
(µ̄γµµ) ,

Oµ
10 =

α

4π

(
s̄LγµbL

)
(µ̄γµγ5µ) .

(36)

Using these operators to explain the anomalies leads to best-fit values of the Wilson-coefficients C9 =921

−C10 = −0.43, with the 1σ range being [−0.50,−0.36] [116, 117]. This corresponds to a new physics922

scale of Λ = 39TeV. Perturbative unitarity analysis suggests new mass thresholds below ≲ 100TeV.923

Should these hints for Lepton Flavour Universality be confirmed by upcoming measurements, a924

major goal of HEP will be to understand the nature of the underlying new physics. Given the high EFT925

scale required to fit the deviation it is possible, and likely, that such NP is too heavy to be observed at the926

LHC. A more powerful collider would therefore be needed. In this Section we find the reach of a MuC927

on the NP responsible for the B-anomalies, both from the EFT perspective as well as considering some928

of the NP scenarios more commonly known in the literature.929

7.1 Nightmare scenario: contact interactions930

In this Section we consider the pessimistic scenario where the new physics states responsible for the931

anomalies are much heavier than the colliders’ energy reach for on-shell production even at future col-932

liders.3 Nonetheless, the effect of these new states can be captured by contact interactions that would933

leave a trace in the high-invariant mass tails at the energy frontier providing a complementary information934

about the new physics [121]. For example, measuring such interactions and establishing a correlation935

with the low-energy observables would exclude light mediators and potentially uncover other properties936

of new physics.937

The most pessimistic case would be to assume that only the contact interaction behind the anoma-938

lies, (s̄LγαbL)(µ̄Lγ
αµL), is important at high-pT . However, realistic models in general also induce939

contributions to quark flavor conserving operators. We thus also consider the four-fermion operator940

(b̄LγαbL)(µ̄Lγ
αµL). To summarise, the contact interactions we consider are:941

LEFT = Cbbµµ (b̄LγαbL)(µ̄Lγ
αµL) +

[
Csbµµ (s̄LγαbL)(µ̄Lγ

αµL) + h.c.
]

(37)

Here we calculate and compare the reach on these intereactions at the following colliders942

3The set of such models is not any empty set. To name one explicit example, a scalar leptoquark mediator S3 [118] with a
conserved baryon and a muon number which would explain almost a minimal set of couplings needed to fit the anomaly [119]
can be as heavy as 69 TeV and still pass all the complementary experimental bounds and perturbative unitarity [120]. This is
far beyond the reach for on-shell production at any considered future collider.
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Fig. 19: Sensitivity reach (at 95% CL) for the (s̄LγαbL)(µ̄Lγ
αµL) (top) and (b̄LγαbL)(µ̄Lγ

αµL) (bot-
tom) contact interactions as a function of the upper cut on the final-state invariant mass for various
MuC, HL-LHC, FCC-hh, and the present LHC bounds. These are compared with values required to fit
b → sµ+µ− anomalies without (dashed orange line) or with (dotted orange line) a flavor enhancement
of the bb operator compared to the bs one. For the bottom plot solid (dashed) lines represent the limit
for positive (negative) values of Cbbµµ. The gray area represents a region where the EFT bounds are not
valid (for a strongly coupled UV completion, for weakly coupled ones the area is larger).
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Collider C.o.m. Energy Luminosity Label
LHC Run-2 [122] 13 TeV 140 fb−1 LHC

HL-LHC 14 TeV 6 ab−1 HL-LHC
FCC-hh 100 TeV 30 ab−1 FCC-hh

MuC 3 TeV 1 ab−1 MC3
MuC 10 TeV 10 ab−1 MC10
MuC 14 TeV 20 ab−1 MC14

943

For the hadron colliders we study the high-energy di-muon production, pp → µ+µ−, while, for944

the MuC we consider inclusive high-energy di-jet production via µ−µ+ → jj. For MuC we take into945

account the full EW PDF of the muon, obtained by numerically solving the DGLAP evolution of the946

partonic distribution functions inside the muon using QED+QCD interactions below the EW scale and947

the full unbroken SM interactions above [123–125]. We checked that the purely QCD dijet cross section,948

initiated by quarks and gluons inside the muon, is always completely negligible with respect to the muon-949

initiated Drell-Yan one. On top of the statistical uncertainty, we include a 2% systematic uncertainty in950

each bin. While some improvement in sensitivity is expected by requiring one (or both) jet to be b-951

tagged, the overall picture will not change drastically for both hadron and MuC [126, 127], therefore we952

just consider the inclusive cross section at this point. For more details we refer to [128].953

Our results are collected in Fig. 19, where we show the expected 95%CL sensitivity as a function954

of the upper cut on the invariant mass of the final state for different colliders. The present LHC bounds955

with 140 fb−1 of luminosity are shown in black [122]. The dashed orange line is the reference value for956

Csbµµ required to fit the anomalies, while for Cbbµµ we also show as a dotted orange line a reference957

value where this flavor conserving interaction is enhanced by a factor of 1/|Vts| ≈ 25 with respect to the958

flavor violating one, as expected in many realistic scenarios [129].959

7.2 Z′ models960

In order to address the R
K

(∗)-anomaly, there is a popular class of Z ′ scenarios. As a prototypical-model,961

we consider a Z ′ which dominantly couples to bs and µ+µ−, via left-handed currents4. One can achieve962

this by extending the SM with an extra U(1) gauge group, which brings in a new Z ′ boson having a963

non-universal lepton-coupling and a flavor-changing quark-coupling. Here, we concentrate solely on the964

Lagrangian part relevant for b→ sµ+µ−-transitions, namely965

LZ
′ ⊃

(
λQij d̄

i
Lγ

µdjL + λLαβ ℓ̄
α
Lγ

µℓβL

)
Z ′
µ , (38)

where ℓi and di represent the corresponding generations of charged-lepton and down-type quark states.966

Integrating out the Z ′ field yields the following effective-Lagrangian:967

Leff
Z

′ = − 1

2M2
Z

′

(
λQij d̄

i
Lγµd

j
L + λLαβ ℓ̄

α
Lγµℓ

β
L

)2
⊃ − 1

2M2
Z

′

[(
λQ23

)2 (
s̄LγµbL

)2
+ 2λQ23λ

L
22

(
s̄LγµbL

)
(µ̄Lγ

µµL) + h.c.

]
.

(39)

Now one can obtain the relevant Wilson-coefficients at tree-level [cf. left-panel of Fig. 15] by matching968

onto the effective-Lagrangians for the low-energy observables at the scale
(
µ =MZ

′
)

as969

Cµ
9 = −Cµ

10 = − π√
2GFM

2
Z

′α

(
λQ23λ

L
22

VtbV
∗
ts

)
. (40)

4Right-handed currents in the lepton-sector actually worsen the compatibility of R
K

(∗) explanation with the ∆Ms (mass-
differences of neutral B-mesons) measurement [120], since they demand a larger Wilson-coefficient.
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Fig. 20: Left: Sensitivities to the Z ′ model with λL22 = 1 (upper panel) and λL22 =
√
4π (lower panel)

via µ+µ− → bs̄ at a MuC with
√
s = 3, 6, 10 TeV (red, blue, green). Other limits include the neutrino

trident production [95], LHC [131], HL-LHC [132], and Bs mixing [120]. Right: Sensitivities to the LQ
model via µ+µ− → bs̄ at a MuC for scalar (upper) and vector (lower) LQ. Figures from Ref. [130].

The diagram for the Z ′ option at the MuC is shown in the left panel of Fig. 15, which is related to970

the simple Z ′-mediated process b→ sµ+µ− of R
K

(∗) anomaly by a crossing symmetry. This s-channel971

process enables a robust direct test to the Z ′ interpretation [130].972

Because of the limited power of flavor reconstruction, the major background of the bs final state973

comes from the SM dijet signals, namely µ+µ− → jj with j being u, d, s, c and b. The final sensitivity974

is subject to the b-jet tagging efficiency and the mistag rate. We assume a conservative experimental975

performance, with the b-jet tagging efficiency being ϵb = 70% [8] and mistag rates being ϵuds = 1% and976

ϵc = 10%. While counting the signal events, we simply require that one of the jets is successfully tagged977

as a b jet, while the other is not. The t-jet should be able to be clearly separated from b-jet with proper978

cuts on the jet structure.979

The sensitivity is studied at the parton level for the MuC setup
√
s = 3 TeV and L = 1 ab−1 by980

counting the event number with respect to the polar angle. We adopt the following chi-square981

χ2 =
∑
i

(Ni − Ñi)
2

Ni + ϵ2 ·N2
i

, (41)

where i sums over polar angles with a bin size of cos θ being 0.1, Ni is the predicted total event number982

of signal plus SM backgrounds, Ñi is SM only event number, and we fix the possible systematic error ϵ983

as 0.1%.984

The final sensitivity to Z ′ connecting the µµ and bs currents are shown in Fig. 20, left. The red985

curves mark the sensitivity of the MuC with
√
s = 3 TeV and L = 1 ab−1 if we take λL22 = 1 (upper986

panel) or λL22 =
√
4π (lower panel). Note that large λL22 is needed because λQ23 is strongly constrained987

by Bs − Bs̄ mixing. The solid and dashed curves represent the cases without and with flavor tagging,988

respectively. The parameter space of Z ′ explaining the R
K

(∗) anomaly is given as the yellow band,989

which is actually limited by neutrino trident production and Bs mixing. If λL22 = 1 is assumed, the Z ′
990

parameter space which survives in explaining the R
K

(∗) anomaly (yellow bands) can be largely covered.991
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Even though it is not shown here, we expect the radiative return process, µ+µ− → bsγ, will explore the992

rest of the surviving parameter space. Moreover, we observe that with a higher COM energy, a higher Z ′
993

mass region can be probed. This is helpful to probe the R
K

(∗) anomaly when a larger λL22 is taken. For994

instance, for λL22 =
√
4π the MuC with

√
s = 6 TeV will rule out most of the favored parameter space.995

7.3 Scalar Leptoquarks996

In order to address the R
K

(∗)-anomaly, there is another popular class of models in which leptoquarks997

(LQ) are applied. Here we briefly review these simplified models that can accommodate the R
K

(∗)-998

anomaly. There are only four scalar LQ which can interact with the SM-fermions at renormalizable999

level. Interestingly, S3 ∼ (3, 3,−1/3) can simultaneously address RK and RK
∗ and its constraints are1000

not in conflict with the experimental data [133, 134]. Similarly, the vector LQ U1 ∼ (3, 1, 2/3) can also1001

provide a good fit for the R
K

(∗)-anomaly. Note that it requires a proper UV-completion for theoretical1002

consistency.1003

The relevant Lagrangian for S3 can be written as:1004

LS3
= −M2

S3
|Sa

3 |2 + yLQiα Qci (ϵσa)LαSa
3 + h.c., (42)

with lepton and quark-doublets Lα = (ναL , ℓ
α
L)

T and Qi =
(
V ∗
jiu

j
L, d

i
L

)T
, and Pauli-matrices σa (a =1005

1, 2, 3; ϵ = iσ2). The LQ contributes to the Wilson-coefficients at tree-level [cf. Fig. 15] and one can1006

identify:1007

Cµ
9 = −Cµ

10 =
π√

2GFM
2
S3
α

(
yLQ32 y

LQ∗
22

VtbV
∗
ts

)
. (43)

In contrast to Z ′ scenario, the process mediated by LQ is t-channel [130]. Hence, we expect a1008

different event distribution if the mediator mass is reachable by the colliding energy. If the mediator mass1009

is large, we can still test the R
K

(∗) anomaly at the MuC but can no longer differentiate various models.1010

In this regard, it is convenient to describe with an effective theory in terms of the Wilson coefficients Cµ
91011

and Cµ
10. It is easy to find the cross section of µ+µ− → bs̄ to be1012

σ(s) =
G2

Fα
2|VtbV ∗

ts|2s
8π3

(
|Cµ

9 |2 + |Cµ
10|2
)
. (44)

When the mediator mass is very large, the signal event number is fixed by the Wilson coefficients,1013

regardless of the details of the UV completion. If we take the best-fit scenario of B anomaly fit, i.e.,1014

Cµ
9 = −Cµ

10 = −0.43, we obtain the event number of bs as1015

#signal ≃ 103
( √

s

6 TeV

)2(
L

4 ab−1

)
. (45)

The SM background of quark dijets without flavor tagging reads 1.2× 105 · (6 TeV/√s)2 · (L/4 ab−1).1016

The signal is found to exceed the SM background uncertainty at around 3σ confidence level.1017

The sensitivity to the S3 LQ model is shown in the upper-right panel of Fig. 20. The MuC with1018 √
s = 3 TeV and L = 1 ab−1 will reach the red curves. The solid and dashed curves stand for the1019

cases without and with the flavor tagging procedure. For
√
s = 3 TeV, an upgrade of the luminosity1020

L = 1 ab−1 by a factor of 4 to 8 or a better tagging efficiency is required to cover the LQ parameter1021

space indicated by the R
K

(∗) anomaly.1022

Nevertheless, it is interesting to discuss the potential of MuC with other options. For the setup1023 √
s = 6 TeV and L = 4 ab−1, we find most of the parameter space suggested by the R

K
(∗) anomaly1024

will be probed. For demonstration, we also show the case of U1 vector LQ in the lower-right panel of1025

Fig. 20, for which the setup
√
s = 6 TeV and L = 4 ab−1 can fully cover the indicated parameter space.1026
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7.4 Vector Leptoquarks1027

We now focus on the phenomenology of the vector LQ known in the literature as Uµ
1 , at a MuC. As a1028

proof-of-principle, we [135] explore the reach of two benchmark MuC facilities (1 ab−1 at 3 TeV and 201029

ab−1 at 14 TeV) for Uµ
1 production and contribution to LFUV. The Lagrangian of this model includes1030

LLQ ⊃ gU√
2
Uµ
1 β

ij
L Q̄

i
LγµL

j
L + h.c., (46)

where gUβ
ij
L parametrizes the coupling of the vector LQ U1 to a left-handed i-generation quark and1031

j-generation massive lepton. This model can explain the observed anomaly if1032

β22L β
32
L

m2
LQ

≈ 1.98× 10−3 TeV−2. (47)

Note that each βijL is a parameter of the theory. For concreteness, a multitude of coupling scenarios1033

are considered, such as1034

βijL =

0 0 0

0 β22L = β32L 0

0 β32L 0

 , (48)

i.e. and equal coupling of U1 to µs and µb, and zero coupling to other flavors of quarks and leptons.1035

Other coupling schemes are considered to explore the phenomenological consequences, but the choice1036

given in Eq. 48 provides the minimal structure to address the flavor anomalies.1037

To generate the events, three production mechanisms were considered: pair production, single1038

production, and Drell-Yan.1039

Pair Production. This channel is dominated by producing two on-shell U1s. These processes are1040

initiated either by direct muon collisions or initial state vector boson fusion. A cut on the invariant mass1041

of the bottom quark pair in the final state, mbb, can significantly reduce the background. Note that pair1042

production of U1 from initial vector bosons is determined by its gauge interactions and it is independent1043

of the βL couplings to SM fermions.1044

Single Production. This channel has distinct phenomenology from the pair production one. While1045

pair production falls off steeply once the twoU1s are not produced on-shell, the single production channel1046

doesn’t fall off until the mass threshold (mLQ =
√
s). Additionally, the single-production diagrams all1047

depend on βL and lose sensitivity in the weak coupling region of parameter space. The background1048

diagrams of this channel are similar to that from the pair-production channel, with one of the final state1049

particles missing. Again we can leverage the different topology of the background and signal diagrams1050

to impose appropriate cuts. For example, a cut on the angular distance between the two final b quarks1051

and on the pseudorapidity of the final µ can significantly improve the signal-to-background ratio for this1052

channel [135].1053

Drell-Yan. Finally, a t-channel exchange of the LQ can give rise to a final state with b-quark jets.1054

This interferes with the s-channel SM signal. Depending on the mass of the U1, the distribution of events1055

in kinetic variable (e.g. η or pT ) can be very different. By binning the events in different η bins and1056

fitting the distribution, the background and signal events can be more easily separated.1057

Combining the results of all production channels, the reach of a 3 and 14 TeV MuC in the mass1058

mLQ and coupling β32L for a U1 model is shown in Fig. 21. In Ref. [135] four different flavor scenarios,1059

i.e. texture of yukawa couplings, were considered. The plots here are reproduced with flavor scenario 21060

(β22L = β32L ) of Ref. [135].1061

Note that the pair-production channel is dominant and ultimately independent of βL at sufficiently1062

small couplings as the EW production takes over. We observe that with the cuts and the rudimentary anal-1063

yses proposed in Ref. [135], the Drell-Yan-like channel has the best sensitivity for most of the parameter1064
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Fig. 21: The 5σ discovery reach of 3 (14) TeV MuC with 1 (20) ab−1 of data. The reach is calculated
using the flavor scenario described in Eq. 48. The straight-line boundary of the pair-production channel
corresponds to pure EW production, and is therefore independent of βL. Figure taken from Ref. [135].

space for these choices of
√
s. In particular, we find that the line for the best fit to R

K
(∗) anomalies, see1065

Eq. 47, can be probed even at a 3 TeV MuC. If the anomalies are supported by the upcoming LHCb or1066

Belle II experiments, these results provide an irrefutable case for building a high energy MuC.1067

Since the construction of a future MuC has not begun, this analysis has not attempted to simulate1068

systematics or detector effects. An attempt at emulating the systematics in searches for U1 at a future1069

MuC can be found in [130] . Inclusion of systematics and different statistical analysis led Ref. [130]1070

to a slightly lower reach than shown in Fig. 21. Yet, both analyses agree that a MuC with a few to 101071

TeV center of mass energy, and with predicted attainable luminosities [3], can cover the entire parameter1072

space of U1 that explains the flavor anomalies. Once the research and design of the collider is underway,1073

further studies will be needed to refine the reach plot provided in this proof-of-concept study.1074

8 Lepton Flavour Violation1075

The SM exhibits a distinctive pattern of fermion masses and mixing angles, for which we currently have1076

no deep explanation. Delicate symmetries also lead to a strong suppression of flavor-changing processes1077

in the quark and lepton sectors, which may be reintroduced by new particles or interactions. The non-1078

observation of such processes thus leads to some of the most stringent constraints on BSM physics,1079

while a positive signal could give us insight into the observed structure of the SM. A number of precision1080

experiments searching for lepton flavor violating (LFV) processes such as µ → 3e, τ → 3µ or µ-to-e1081

conversion within atomic nuclei will explore these processes with orders of magnitude more precision1082

in the coming decades [136]. As we will see, a high-energy MuC has the unique capability to explore1083

the same physics — either via measuring effective interactions or by directly producing new states with1084

flavor-violating interactions — at the TeV scale.1085

8.1 Effective LFV Contact Interactions1086

In this section, we study MuC bounds on µµℓiℓj-type contact interactions, and demonstrate the com-1087

plementarity with precision experiments looking for lepton-flavor violating decays, as first studied in1088

ref. [4]. We will focus on τ3µ and µ3e operators, since constraints on them can be compared directly1089

with the sensitivity from τ → 3µ and µ → 3e decays. We parametrize the four-fermion operators1090
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of data. The dashed horizontal (vertical) lines show the current or expected sensitivity from τ → 3µ
(µ → 3e) decays for comparison. 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 coefficients are O(1)).

relevant for the τ → 3µ decay via1091

L ⊃ V τ3µ
LL

(
µ̄γµPLµ

)(
τ̄ γµPLµ

)
+ V τ3µ

LR

(
µ̄γµPLµ

)(
τ̄ γµPRµ

)
+
(
L↔ R

)
+ h.c. , (49)

with an equivalent set for the µ → 3e decay. We will assume all the τ3µ coefficients are equal: In what1092

follows, we will assume all the V τ3µ
ij coefficients are equal to cτ3µ/Λ2, where cτ3µ is a dimensionless1093

coefficient and Λ is to be interpreted as the scale of new physics, and similarly for µ3e coefficients.1094

At a MuC, the τ3µ coefficients are probed via µ+µ− → µτ . Our analysis closely follows an1095

analogous study at an e+e− collider in ref. [137]. As discussed in ref. [4], the SM backgrounds from1096

τ+τ− and W+W− production can be substantially mitigated by a simple set of cuts, whereas the signal1097

can be largely retained up to ∼ 10% effects due to initial state radiation. The resulting bounds, assuming1098

integrated luminosities of 1 ab−1 at 0.125, 3, 10 and 30TeV are shown in Fig. 22, alongside current and1099

future sensitivities of τ → 3µ and µ → 3e experiments. A 3TeV machine would set a direct bound at1100

the same level as the future Belle II sensitivity.1101

Given an ansatz regarding the flavor structure, the constraints on the τ3µ operators can be com-1102

pared to the constraints on the analogous µ3e operator in the µ→ 3e decay. The diagonal lines in Fig. 221103

show the expected relationship between the two Wilson coefficients for several different ansatz, including1104

flavor anarchy (where all coefficients ∼ 1), Minimal Leptonic Flavor Violation [138], or scalings with1105

different powers of the involved Yukawa couplings. While muon decays set the strongest limits assuming1106

anarchical coefficients, a MuC could set competitive constraints for other ansatz: in the most extreme1107

case, where the Wilson coefficients scale like the product of the Yukawas, a 3TeV machine would have1108

sensitivity comparable to the final Mu3e sensitivity.1109

In addition to the τ3µ operators considered here, similar sensitivity should be attainable for the1110

µ+µ− → µ±e∓ process, as well as to the processes such as µ+µ− → τ±e∓ that violate lepton flavor by1111

two units. Overall, we see that a MuC would be capable of directly probing flavor-violating interactions1112

that are quite complementary to future precision constraints.1113
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8.2 Direct Probes: Lepton-Flavor Violation in the MSSM1114

An exciting possibility is that the flavor-changing processes that might be observed in low-energy experi-1115

ments arise from loops of new particles near the TeV scale. As a motivated example, consider the MSSM.1116

The scalar superpartners of the SM leptons can have soft supersymmetry-breaking contributions to their1117

mass matrix that are off-diagonal in the SM lepton eigenbasis. As a result, the slepton interactions with1118

the leptons will be flavor-violating and lead to processes such as muon-to-electron conversion and rare1119

muon decays at one loop. In well-motivated constructions, the mixing between the selectron and smuon1120

states can be quite large, as the low-energy processes are protected by a “Super-GIM” mechanism [139],1121

allowing the new states to be near the TeV scale while consistent with current bounds.1122

A 3 TeV MuC would dramatically extend the reach for electroweak-charged superpartners beyond1123

a TeV, raising the possibility of directly producing the new states responsible for lepton flavor-violation.1124

Moreover, the unique environment of a MuC makes it possible to not only produce these new states,1125

but measure their LFV interactions. This would provide detailed insight into both the mechanism of1126

supersymmetry breaking and the origin of the flavor structure of the SM. A detailed investigation of1127

these prospects is carried out in ref. [140];5 here we briefly review their results for the 3 TeV case.1128

To understand the complementarity of low-energy cLFV probes and the MuC reach, we consider1129

the scenario in which only the right-handed selectron and smuon, along with one light neutralino (which1130

we will assume to be a pure bino with mass M1) are in the spectrum. If the slepton masses mℓ̃ > M1,1131

the sleptons decay directly to a lepton and bino, and the LFV interactions can be measured directly1132

via the pair-production process: µ+µ− → ẽ+1,2ẽ
−
1,2 → µ±e∓χ0

1χ
0
1, where the binos appear as missing1133

momentum. In this simplified scenario, both the low-energy LFV processes and the pair-production1134

process at a MuC depend only on the slepton masses and mixing angle, as well as M1.1135

In Fig. 23, we show the 5σ reach for a 3TeV MuC, assuming an average slepton mass of 1TeV.1136

The left panel shows the reach as a function of the mixing angle and mass-splitting, ∆m2 = m2
ẽ,2−m2

ẽ,1,1137

with M1 = 500GeV. The right panel shows the constraints for fixed ∆m2/m̄2 = 0.1 in the M1 vs.1138

sin 2θR plane. Large mixing angles are motivated in models involving gauge-mediated supersymmetry1139

breaking (GMSB), indicated by the purple region, while larger mass splittings are motivated in scenarios1140

where the messengers carry flavor-dependent charges, such as Lµ − Lτ , indicated by the blue regions1141

(see ref. [140] for more details). The complementary constraints from low-energy experiments searching1142

for µ → eγ, µ → 3e decays or µ-to-e transitions are shown in blue, purple and green, respectively.1143

We see that the MuC reach can extend to small mass splittings in the GMSB scenario, and can cover a1144

substantial part of the most well-motivated parameter space.1145

8.3 Gauge Lµ − Lτ Interactions1146

It is not straightforward to test the Lµ − Lτ model at laboratories due to the preferred couplings to the1147

second and third family leptons, unless we have a facility to directly collide muons.1148

We discuss in the following the potential of a MuC with a COM energy
√
s = 3 TeV and an1149

integrated luminosity L = 1 ab−1 in searching for Z ′ [141, 142] in the Lµ−Lτ model. In particular, the1150

parameter space which explains the (g−2)µ as well asB-physics anomalies is found to be fully explored1151

by such a facility given a reasonable integrated luminosity. The relevant interaction with the new boson1152

Z ′ reads1153

L ⊃ g′
(
ℓLQ

′γµℓL + ERQ
′γµER

)
Z ′
µ , (50)

where g′ stands for the coupling constant of gauged Lµ−Lτ symmetry, ℓ ≡ (ν,E)T is the lepton doublet1154

with ν andE being the neutrino and the charged lepton, respectively, andQ′ = Diag(0, 1,−1) represents1155

the charge matrix in the basis of (e, µ, τ). The Z ′ will inevitably mix with the SM gauge bosons, i.e., γ1156

5These prospects were also reviewed in ref. [4].
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Fig. 23: Constraints on lepton flavor violation in the MSSM in the ∆m2/m̄2 vs. sin 2θR plane (left)
and the sin 2θR vs. M1 plane (right) from measurements of the slepton pair production process with
flavor-violating final states (red band) at a 3 TeV MuC, assuming 1 ab−1 of luminosity. The width of the
band represents the uncertainty on the reach from the measurement of the slepton and neutralino masses
in flavor-conserving channels. The purple and blue shaded lightly shaded regions indicate parameters
preferred in Gauge-Mediated Supersymmetry Breaking scenarios and flavor-dependent mediator scenar-
ios, respectively. Both plots assume a mean slepton mass of 1TeV. In the left plot we fix the neutralino
mass M1 = 500GeV, while in the right figure ∆m2/m̄2 is fixed to 0.1. The current (solid) and expected
(dashed, dotted) limits from low-energy lepton flavor violation experiments are indicated by the blue,
purple and green lines.

and Z. We find that the mixing with γ is strongly suppressed by the Z ′ mass, while the mixing with Z1157

can be relevant if their masses are of the similar order. For simplicity, we assume a negligible mixing in1158

the following, which actually represents a conservative estimate to the sensitivity.1159

In such a setup, the Feynman diagrams for relevant processes are given in Fig. ??. These processes1160

include the final-state signatures of dimuon (+ photon), ditau (+ photon) as well as monophoton. Even1161

though the process with initial photon radiation is of higher order compared to the trivial two-body1162

scatterings, its impact is comparable and in some circumstances even larger than the two-body ones, due1163

to the radiative return of resonant Z ′ production [143, 144].1164

The two-body scattering is very clean, as the final back-to-back dimuon or ditau carries all the1165

energy delivered by the initial colliding muons. The only background of our concern should be the1166

intrinsic SM processes, such as µ+µ− → γ/Z → l+l− as well as t-channel exchanges. We will also1167

benefit from the interference between the Z ′ and SM-mediated diagrams. For instance, the cross section1168

for µ+µ− → τ+τ− is approximately e2g′2/(4πs) for s ≫ M2
Z

′ and −e2g′2/(4πM2
Z

′) for s ≪ M2
Z

′ ,1169

which actually dominates over the Z ′-only cross section ∝ g′4 when g′ is small. The SM cross section1170

approximately takes ∼ e4/(8πs) ∼ 104 ab (3 TeV/
√
s)2. Hence we can readily estimate the excellent1171

sensitivity to the gauge coupling even before the event generation:1172

g′ < 3.4× 10−2

( √
s

3 TeV

) 1
2

(
1 ab−1

L

) 1
4

max

(
1,
MZ

′√
s

)
. (51)

To obtain the final sensitivity to the parameter space, we have to make a few assumptions to the1173

particle identification and detection prospects. For the two-body scatterings, we assume the efficiency1174

for dimuon identification to be 100% and that for ditau to be 70%, which is rather conservative. The1175
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√
s = 3 TeV and luminosity L = 1 ab−1,
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Figure from Ref. [141].

search of resonance for the radiative return process severely relies on the energy resolution of photon1176

or equivalently dilepton. For photon, we adopt the energy resolution of the current CMS detector with1177

PbWO4 crystals [145], and for dimuon we take ∆m
µ
+
µ
− ≃ 5 × 10−5 GeV−1 · s [146]. Moreover, a1178

systematic uncertainty of 0.1% level is assumed.1179

The projected sensitivity is presented in Fig. 24. The limits using µ+µ− → ℓ+ℓ− (dashed and1180

dotted curves for ℓ = µ and τ , respectively) are given as the darker orange region, while the radiative re-1181

turn process yields the lighter orange region. Other limits and projections are also shown for comparison,1182

such as e+e− → µ+µ−Z ′, Z ′ → µ+µ− from the BaBar experiment [147], the LHC searches [148,149],1183

the trident production in neutrino scattering experiments [95]. The parameter spaces which can explain1184

the g-2 and B anomalies are shown as the yellow and blue bands, respectively. It is obvious that the pa-1185

rameter space of our concern with M
Z

′ > 100 GeV is entirely covered by the MuC setup
√
s = 3 TeV1186

and L = 1 ab−1.1187

9 Muon Yukawa Couplings1188

9.1 Modified muon-Higgs Coupling1189

The Higgs couplings to the second generation of SM fermions still remain to be measured precisely.1190

Recently, the Higgs-charm coupling was observed to be |κc| =
√
2|yc|/mc < 8.5 at 95% confidence1191

level by ATLAS [150]. In comparison, the Higgs-muon coupling can be measured more precisely due to1192

the cleaner background of H → µ+µ−. First evidence suggests its value to be of the order of magnitude1193

predicted by the SM [151,152], but O(100%) deviations from the SM value are still possible. During the1194

upcoming high-luminosity phase of the LHC, the muon Yukawa coupling can be pinned down to tens of1195

percent, albeit in a model-dependent way [153].1196
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A high-energy MuC with multi-TeV center-of-mass energy and high luminosity would allow to1197

measure the Higgs-muon coupling in a model-independent way, directly probing the mass generation1198

mechanism of the muon. Considering its general applicability, our proposal [154] can be extended to1199

study related new-physics effects involving final states of charged leptons and jets.1200

The EFT parameterization1201

In the Higgs Effective Field Theory (HEFT), the physical Higgs singlet together with the triplet Gold-1202

stone bosons is introduced in a non-linear parameterization as1203

U = eiϕ
a
τa/v, with ϕaτa =

√
2

 ϕ
0

√
2

ϕ+

ϕ− − ϕ
0

√
2

 . (52)

The HEFT Lagrangian can describe a generic Yukawa sector as follows,1204

LUH ⊃ − v

2
√
2

∑
n≥0

yn

(
H

v

)n

(ν̄L, µ̄L)U (1− τ3)

(
νR
µR

)
+ h.c.

 . (53)

With these definitions, the muon mass and the prefactor of the Yukawa coupling are given by mµ =1205

y0v/
√
2 and κµ = y1v/(

√
2mµ), respectively.1206

The case y1 = y0 = yµ corresponds to the SM reference value, κµ = 1. In a generic new-physics1207

scenario, the relation between the coefficients y0 and y1 is unknown; it depends on the specific underlying1208

dynamics. In the effective-theory description, new operators in theH/v expansion will appear as contact1209

terms which directly couple the muon to Higgs or Goldstone bosons. By means of the Goldstone-Boson1210

Equivalence Theorem (GBET), we can associate a modification of the muon-Higgs coupling yµ with new1211

contributions to multiple vector-boson production which generically can become large in the high-energy1212

limit.1213

Alternatively, a new-physics contribution to the Yukawa interaction can be parameterized in terms1214

of the Standard-Model Effective Field Theory (SMEFT) formalism. A generic Yukawa part of the La-1215

grangian takes the form1216

Lφ ⊃
[
−µ̄LyµφµR +

N∑
n=1

C(n)
µφ

Λ2n

(
φ†φ

)n
µ̄LφµR + h.c.

]
, (54)

where1217

φ =
1√
2

( √
2ϕ+

v +H + iϕ0

)
. (55)

Higher-dimensional effective operators in the SMEFT Lagrangian (n ≥ 1) result in modifications to the1218

muon mass and the corresponding Yukawa coupling,1219

mµ =
v√
2

[
yµ −

N∑
n=1

C(n)
µφ

Λ2n

v2n

2n

]
, κµ = 1− v√

2mµ

N∑
n=1

C(n)
µφ

Λ2n

nv2n

2n−1 , (56)

respectively. In this approach, the SM reference value κµ = 1 is reproduced if only a dimension-41220

operator (n = 0) is present. Starting from dimension-6 operators, we receive new contributions to the1221

muon-Higgs coupling. These are associated with contact terms involving Higgs or Goldstone bosons.1222

They lead to an enhanced production of multi-boson final states in the high energy limit, in complete1223

analogy with the HEFT formalism. Assuming a modification of the Yukawa coupling, we can translate1224

an experimental bound on ∆κµ to a new-physics scale Λ via (assuming C(1)
µφ ∼ O(1))1225

Λ ∼
√

v3√
2mµ∆κµ

. (57)
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Multiple boson production1226

In the context of the above model-independent κµ parameterizations, in Ref. [154] we have extensively1227

studied multi-boson production at high-energy MuC. We could demonstrate that at high collision ener-1228

gies, a modification of the Yukawa coupling can induce a significant enhancement of the multi-boson1229

production rate that grows with energy. The effect becomes more striking for a final-state multiplicity1230

of three or more bosons. It provides a unique opportunity to test the muon Yukawa coupling which is1231

independent from the measurement via the Higgs decay to muons. Focusing on the examples of ZHH1232

and WWH production, we have explored various relevant kinematic distributions in order to compute1233

the achievable precision on the coupling and thus on the corresponding operator coefficients.1234

In this report, we extend the explicit coverage of multi-boson final states by presenting distribu-1235

tions of ZZH and ZZZ production, adopting a reference value of 10 TeV for the muon-collider c.m.1236

energy. The inclusive boson angle θB , diboson distance RBB and triboson invariant mass M3B distribu-1237

tions are shown in Fig. 25, respectively. A few features stand out. First, we verify that for the annihilation1238

process, the invariant massM3B sharply peaks at the collision energy
√
s, with a small spread as a conse-1239

quence of the initial-state radiation (ISR). The vector-boson fusion contribution to the same three-boson1240

final state mainly accumulates around the threshold. We can take advantage of this characteristic fea-1241

ture to filter the vector-boson funsion (VBF) background, by imposing an invariant mass cut such as1242

M > 0.8
√
s, explicitly shown as the dashed lines in Fig. 25. Another feature that clearly discriminates1243

the extreme cases of the SM κµ = 1 vs. κµ = 0 (i.e., the BSM scenario with an order-one modification1244

of the muon Yukawa coupling) is that κµ = 0 enhances the annihilation to bosons mostly in the central1245

region, while the SM produces a large fraction of the bosons in the forward region. With a reasonable1246

acceptance cut 10◦ < θB < 170◦ to require bosons to be detectable, we can further reduce the irreducible1247

SM background. Finally, we have imposed a basic separation cut RBB > 0.4, in order to resolve the1248

final-state boson within a generic detector setup.1249

Assuming some deviation of multi-boson production from the SM background, we can estimate1250

the sensitivity that follows from analyzing the tri-boson channels as S = S/
√
B, where1251

S = Nκµ
−Nκµ=1, B = Nκµ=1 +NVBF. (58)

Regarding the energy dependence of this sensitity, the integrated luminosity is taken as quadratically1252

scaling with energy, L = 10 ab−1(
√
s/10 TeV)2 [3]. We obtain the sensitivity contours that correspond1253

to S = 2 as shown in Fig. 26(a). We conclude that at a 3 TeV MuC, the muon Yukawa coupling can1254

be probed by this method at the order of 100%. With an increased collision energy of 10 (30) TeV, this1255

result can be improved to 10% (1%), respectively. Based on the translation in Eq.(57), the precision of1256

this muon-Higgs coupling measurement can be translated into a Yukawa-sector new-physics scale of 101257

(30) TeV to be probed at a 3 (10) TeV MuC, respectively.1258

9.2 Heavy Higgses through the Radiative Return Process1259

A unique feature of MuC is the possibility of generating s channel-resonant of Higgs boson [155–159].1260

However, when identifying the heavier additional (pseudoscalar) scalars, the lack of a priori knowledge1261

of mass makes finding new particles very difficult. A wide range of new physics scenarios from super-1262

symmetry (SUSY) to neutrino mass generative models, motivates an extended sector of basic scalars.1263

Due to the weak couplings and sizable SM backgrounds, the LHC will have limited coverage for such1264

search. At a future lepton collider is clean, and it would be straightforward to identify a heavy Higgs1265

signal once produced on resonance [156].1266

The exact value of center-of-mass energy required for optimal detection of heavy Higgs depends1267

on its unknown mass, particularly for the s-channel resonant production at a MuC. If we consider the1268

associated production of a Higgs boson with other particles, the situation may improve. A compelling1269
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Fig. 25: The kinematic distributions θB, RBB,M3B(B = Z,H) of ZZH (left) and ZZZ (right) pro-
duction at a

√
s = 10 TeV MuC.
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κµ based on the measurement of three-boson production. (b) The probe of new physics scale with the
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Table 6: Parametrization and their 2HDM models correspondence.

Coupling κ ≡ g/gSM Type-II & lepton-specific Type-I & flipped
g
Hµ

+
µ
− κµ sinα/ cosβ cosα/ sinβ

g
Aµ

+
µ
− κµ tanβ − cotβ

gHZZ κZ cos(β − α) cos(β − α)

gHAZ 1− κ2Z sin(β − α) sin(β − α)

process is the “radiative return” (RR) process,1270

µ+µ− → γH, γA, (59)

where H (A) is a neutral CP-even (CP-odd) Higgs state. When the center-of-mass energy of the MuC1271

is above the heavy Higgs mass, the photon emission from the initial state enables an opportunity for the1272

heavy Higgs boson to “back” to the resonance. In this case, we do not need to know the exact value1273

of the (unknown) heavy scalar mass. We illustrate our main points in the context of two-Higgs-doublet1274

models (2HDM) [160].1275

The relevant heavy Higgs boson couplings can be parametrized as1276

Lint = −κµ
mµ

v
Hµ̄µ+ iκµ

mµ

v
Aµ̄γ5µ+ κZ

m2
Z

v
HZµZµ +

g

√
(1− κ2Z)

2 cos θW
(H∂µA−A∂µH)Zµ. (60)

The two parameters κµ and κZ characterize the coupling strength relative to the SM Higgs bo-1277

son couplings. The coupling κµ controls the heavy Higgs resonant production and the radiative return1278

cross-sections. κZ controls the cross-sections for ZH associated production and heavy Higgs pair HA1279

production. We use κµ as the common rescale parameter for the Yukawa couplings for both the CP-even1280

H and the CP-odd A. Although, in principle, these couplings could be different. For the HAZ coupling1281

we use the generic 2HDM relation: κZ is proportional to cos(β − α) and the HAZ coupling is propor-1282

tional to sin(β − α). In the decoupling limit of 2HDM at large mA, κZ ≡ cos(β − α) ∼ m2
Z/m

2
A is1283

highly suppressed and κµ ≈ tanβ (− cotβ) in Type-II and lepton-specific (Type-I and flipped) 2HDM.1284

We show our choices of parameters and their 2HDM correspondences in Table. 6.1285

When kinematically allowed, the photon emission from the initial state enables an opportunity for1286

the heavy Higgs boson “back” to resonance. The signature is quite striking: a monochromatic photon.1287

The “recoil mass” would be a sharp resonant peak at mH/A, standing out of the continuous background.1288

The reconstruction of the heavy Higgs boson from its decay product provides an extra handle.1289

The characteristic of this RR signal is a photon with the energy given by1290

Eγ =
ŝ−m2

H/A

2
√
ŝ

, (61)

from which a recoil mass peaked at the heavy Higgs mass mH/A can be reconstructed. The energy of1291

this photon is broadened by detector photon energy resolution, beam energy spread, additional (soft)1292

ISR/FSR, and heavy Higgs width. The beam energy spread and additional soft ISR/FSR are GeV1293

level [161]. When the Higgs boson is significantly below the beam energy, the recoil mass construc-1294

tion receives considerable smearing dominated by the photon energy resolution.1295

Besides the mass, the other most important parameter is its total width, which effectively smears1296

the monochromatic photons. In Type-II 2HDM, κµ = tanβ in the decoupling limit. The total width is1297

minimized when tanβ =
√
mt/mb but typically O(GeV) to O(100 GeV).1298

The inclusive cross-section for the mono-photon background is substantial compared to the ra-1299

diative return signal. The background is mainly from the Mr̈oller scattering with ISR/FSR µ+µ− →1300
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Fig. 27: Recoil mass distribution for heavy Higgs mass of 0.5, 1, 1.5, 2, 2.5, 2.9 TeV with a total width
1 (red), 10 (blue), and 100 (green) GeV at a 3 TeV MuC. ISR and FSR are included in this calculation.
Background (black shaded region) includes all events with a photon of pT > 10 GeV. Note that signal
and background have different re-scale factors for clarity. This figure is obtained from [143] and more
detailed discussion can be found there.

µ+µ−γ, and theW exchange with ISR µ+µ− → ννγ. The signal background ratio is typically the order1301

10−3 for a 3 TeV MuC. Consequently, to discover through RR, we rely on some exclusive processes.1302

We adopt the Type-II 2HDM for concrete illustration and choose the bb̄ final state as a benchmark1303

with the decaying branching fraction be 80%. We also assume 80% b-tagging efficiency and require at1304

least one b-jet tagged.1305

We use Madgraph5 [162] for parton level signal and background simulations and then Pythia [163]1306

for ISR and FSR. We further implement detector smearing and beam energy spread. We show the recoil1307

mass distribution at a 3 TeV MuC in Fig. 27. Both cross-sections of the signal and the background at1308

fixed beam energy increase as the recoil mass increase from the photon emission. We can see clearly the1309

pronounced mass peaks look and the RR process is an essential discovery production mechanism.1310

It is informative to put the reach of the two theory parameters side-by-side via the RR and pair1311

production, as in Fig. 28. The shaded regions represent when the RR process dominants over the ZH1312

associated production and HA pair production. The RR production mode covers a large region of κµ1313

(tanβ in Type II 2HDM). The closer the Higgs mass to the MuC energy threshold, the more critical the1314

RR channel is than the ZH channel. Well below the threshold, these two processes scale the same way1315

as 1/s. The RR process is only dependent on κµ, while both ZH associated production and HA pair1316

production mainly depend on κZ . The nearly flat region in the figure for 1.4 TeV heavy Higgs represents1317

the good sensitivity from heavy Higgs pair production. The RR process is the leading channel for a heavy1318

Higgs boson near the energy threshold and the decoupling regime of general Higgs extensions.1319

The currently observed SM-like Higgs boson tightly constrains the κZ region. The allowed pa-1320

rameter regions for 2HDM with current LHC data (solid) and projection are also shown in the figure for1321

comparison. This illustrates that the RR processes are favored in all allowed 2HDM models.1322
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Fig. 28: Comparison of sensitivities between different production mechanisms in the parameter plane
κµ-κZ for different masses of the heavy Higgs boson at the 3 TeV MuC. The shaded regions show a
higher direct signal rate from the RR process than the ZH associated production and HA pair produc-
tion channels. We also show the allowed parameter regions (extracted from Ref. [164]). This figure is
obtained from [143] and more detailed discussion can be found there.

In summary, we studied the signature and sensitivity of heavy Higgs boson signals from three pro-1323

duction modes at a high-energy MuC. More detailed discussions can be found in Ref. [143]. Compared1324

to the s-channel resonance at
√
s = mh, these different production mechanisms do not rely on a priori1325

knowledge of the heavy Higgs mass. We find that radiative return is of particular interest, avoiding the1326

scan process. A monochromatic photon characterizes this signal (γH). We show the coupling-mass pa-1327

rameter space κµ-m (SUSY equivalent of tanβ −MA) covered by such search through RR process at a1328

high energy MuC can substantially extend over the LHC projections. Compared with other modes of ZH1329

and HA production at a lepton collider, the RR process is advantageous, especially for the decoupling1330

regions in all 2HDM-like models. The RR process could undoubtedly provide us an attractive option1331

compared to the traditional scanning procedure for heavy Higgs boson at a high energy MuC, enabling1332

heavy Higgs discovery opportunities.1333

10 Dark Sectors1334

Dark particles can couple to SM states by means of effective higher dimensional operators, which are1335

dominated by those of dimension five. These operators appear for instance in dark photon (DP) coupling1336

to SM fermions via magnetic dipole interactions, as predicted by portal dark-sector models [165], or1337

axion-like particles (ALP) to di-photon couplings, as a consequence of the U(1) Peccei-Quinn anomaly.1338

On dimensional grounds, the leading production cross section of a dark particle in association with1339

a photon at high energy tends to a constant proportional to 1/Λ2, with Λ the effective scale associated1340

to the dimension five operators. This behavior must be compared to that of the cross section for dark1341

particles production by renormalizable couplings to SM particles, the cross section of which is expected1342

to decrease as σ ∼ 1/s at high center of mass (CM) energy
√
s. In addition, the corresponding cross1343

section for the SM background, characterized by a photon plus a neutrino pair, scales as 1/s at high1344

energy which leads to the enhanced ratio of signal over background at high energy for dark-particle1345

productions in association to a photon. These features make a MuC with both high energy and high1346

luminosity a very promising machine for the study of the dark sector [166].1347
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We focus here on the annihilation of a muon pair into a light dark particle X and a photon γ [167]1348

µ+ µ− → γ X , (62)

the dark-sector particle behaving as missing energy inside the detector. As the dark particle is invisible1349

and assumed to be light, the events shows up as a mono-chromatic single photons with almost half of the1350

center-of-mass energy.1351

Experimental searches for the same mono-photon signature have been performed at the LEP [168–1352

170], the Tevatron [171,172] and the LHC [173,174] though only providing rather weak bounds on their1353

couplings to SM particles. We will show that a MuC with CM energy of 3 and 10 TeV offers a large1354

potential to increase the sensitivity to this signal with respect to the aforementioned colliders.1355

Dark particles1356

We consider two possible candidates for the invisible state in the single photon signature: a massless,1357

spin 1 particle (the DP) and a light pseudo-scalar particle (an ALP).1358

The DP A′
µ with field strength F ′µν can couple to the muons via the magnetic-dipole interaction1359

Ldipole
DP =

1

2Λ
(µ̄ σµν µ)F

′µν , (63)

where σµν is defined to be i[γµ, γν ]/2. The scale Λ modulates the strength of the interaction. In a1360

UV completion of the theory this effective scale can be generated at one-loop by the exchange of heavy1361

particles in the portal sector [165, 175]. The coupling in (63) is the only one in the case of a massless1362

dark photon. On the other hand, in the case of a massive dark photon, in addition to the Pauli dipole1363

term, an ordinary coupling to the vectorial muon current is also possible Ltree
DP = εe(µ̄ γµ µ)A′

µ, arising1364

from a tree-level contribution of kinetic mixing of dark-photon with ordinary photon [176], that in the1365

massive case cannot be rotated away. This Pauli operator has not been constrained by current massive1366

DP searches because they have been performed at low-energies, where its effect is strongly suppressed.1367

Therefore, we assume here, the interaction in (63) be the dominant mechanism also in production of a1368

massive dark-photon at MuC.1369

The ALP a couples to the muons by means of the portal operator Lmuon
ALP = (µ̄ γ5γ

µ µ) ∂µa/Λ and1370

to photons by means of1371

Lphoton
ALP =

1

Λ
aFµνF̃αβ , (64)

where F̃αβ = 1/2ϵαβµνF
µν is the dual field strength of the photon, with ϵαβµν the Levi-Civita antisym-1372

metric tensor satisfying ϵ0123 = 1. The scale Λ controls the strength of the interactions. However, in the1373

high-energy regime the interaction with the muon axial current is chirally suppressed by terms propor-1374

tional to the muon mass over energy [177] and so we retain only the interaction in (64) that significantly1375

contributes to the cross section. Being (63) and (64) effective interactions, the Λ scale is assumed to be1376

larger or at most of the same order as the CM energy.1377

Constraints1378

The SM process µ+µ− → γνν̄ gives rise to the same signature as the signal and it provides the main1379

source of background. The SM cross section grows with the CM energy but the number of events with a1380

high-energy photon decreases [182, 183]. However, background events at the end of the photon energy1381

spectrum around Eγ =
√
s(1 − m2

Z/s)/2 are enhanced by the radiative return of the Z-boson pole.1382

This feature reduces the sensitivity to the signal that—it being a two-body process—is centered in the1383

same range of energies (for s ≫ m2
Z). Therefore a suitable statistical analysis is necessary in order to1384

distinguish the signal from this background.1385
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Fig. 29: Limits on 1/Λ scale for the dark-photon as a function of the dark-photon mass mDP : for SN the scale of
the coupling to muons has been set at 107.4 GeV [178] by the effect of dark radiation on Supernovae dynamics. For
CMB see [179]. For g − 2 see [180, 181]. Comparable bounds hold for the ALP to muons because of the similar
structure of the interaction vertex. For masses up to 100 GeV the µCollider limits are for all practical purposes
mass independent.

Table 7: Explorable values of the effective energy scale Λ for DP and ALP (95% CL) for the two
benchmark scenarios of the future MuC under consideration.

DP ALP

Energy 3 TeV 10 TeV 3 TeV 10 TeV

Exclusion 141 TeV 459 TeV 112 TeV 375 TeV

Discovery 92 TeV 303 TeV 71 TeV 238 TeV

In our analysis [167], we consider two benchmark collider scenarios, namely with CM energy of1386

3 TeV and 10 TeV with total integrated luminosity of 1 ab−1 and 10 ab−1 respectively. Then, we study1387

the generation of events with a single, monochromatic photon plus missing energy in the final states.1388

The events for the signal and the background are generated by means of MADGRAPH5 [162]. A 10-1389

GeV cut on the photon generated transverse momentum is imposed to remove most of the soft radiation.1390

The output of MADGRAPH5 is automatically fed into PYTHIA [163] and the events thus generated are1391

processed by the detector simulation. The full-simulated events are reconstructed with a particle-flow1392

algorithm [184], which is integrated in the ILCSoft reconstruction software. A suitable choice of cuts1393

on the photon energy and polar angle, to suppress the large background induced by the radiative return1394

effect, has been implemented to increase signal over background sensitivity [167]. Results for the limits1395

(95% CL) and discovery (5σ) for the largest Λ reachable are reported in Table I.1396

Finally, in Figs.29 and 30 the bounds for 1/Λ and the gaγ couplings respectively, are compared1397

with current and future limits from low-energy, cosmological, astrophysical and collider physics, where1398

the following notation is adopted for the coupling gaγ ≡ 4/Λ associated to the dipole operator in (63),1399

in order to compare it with the common notation used in the various experiments.1400

When and if a signal is found, it will be important to know which dark sector particle is responsible1401

for it. In [167] we show that a MuC operating at 3 or 10 TeV has the potential to distinguish the spin-01402

ALP from the spin-1 DP scenario. For a common energy scale Λ = 300 TeV—about 200 events (which1403
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Fig. 30: Limits on gaγ = 4/Λ as a function of the ALP mass ma: NA64a [185], Delphi [186] and BaBar [187]
are actual limits. Belle-II [188, 189], NA64b [185] and µCollider [167] are future estimates. The limit indicated
by E137 is the one from [190] as modified for a small (10−4) visible branching fraction [177]. For masses up to
100 GeV the µCollider limits are for all practical purposes mass independent.

can be accumulated in order five years) are required to separate the two spin scenarios at the 95% CL.1404

1405
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11 Key findings1406

Higgs Physics1407

Higgs physics at high-energy muon colliders benefits mainly from the growth with the energy of1408

the rates in vector-boson-fusion processes to close a comprehensive programe of measurements covering1409

both single and multi-Higgs observables. With 1 ab−1 of collected luminosity, precision measurements1410

of the single Higgs couplings at 3 TeV would significantly improve in many cases the percent-level1411

knowledge gained from the HLLHC, and hence our sensitivity to the large class of BSM scenarios that1412

predict modifications of the Higgs properties. Reaching a permille level precision in the couplings to1413

WW ∗, ZZ∗ and bb̄ would be possible by operating with even higher energies and luminosities, at 101414

TeV with 10 ab−1. It is still open for clarification, though, what would be the true potential of these1415

high-energy muon colliders to measure certain Higgs couplings. This is the case of, for instance, the Top1416

Yukawa, which could be accessible via measurements not only of µ+µ− → tt̄h but, with higher rates,1417

also via V V → tt̄ or, at 10 TeV, V V → tt̄h.1418

High energy muon colliders also open the stage for clean measurements of the Higgs trilinear, λ3,1419

and even the potential observation of processes sensitive to the quartic self-interaction. In what regards1420

the 3 TeV option, we find that the precision in the determination of λ3 would benefit substantially from1421

an increase in the total luminosity by a factor∼ 2 with respect to the proposed benchmark of 0.9 ab−1,1422

allowing a determination at the 15% level. Percent level uncertainties could be reached though by running1423

at higher centre-of-mass energies
√
s > 10 TeV, and thus comparable or even beyond what would be1424

possible at a 100 TeV pp machine.1425

We also covered in this report the capabilities of a low energy muon collider option operating1426

at the Higgs pole,
√
s = 125 GeV. While this offers the possibility of obtaining a model independent1427

determination of the Higgs width at the percent level, which is not possible at higher energies, and a1428

subpercent determination of the muon Yukawa coupling, high luminosities ∼ 20 fb−1 are required to1429

achieve a precision in the determination of other Higgs couplings comparable to the Higgs factories pro-1430

posed in the literature. While a measurement of ΓH is important on its own, and this helps to resolve a1431

very particular flat direction in the Higgs coupling analysis, the significance of this region of the param-1432

eter space from the point of view of learning from specific BSM scenarios is to be determined. It should1433

also be noted that, while a model-independent determination of the Higgs width is not possible at the1434

high-energy muon collider, this absence could be solved when combined with the informations that will1435

be available from future e+e− Higgs factories.1436

Effective Field Theories1437

The overall reach in terms of constraining indirect effects of new physics at high-energy muon1438

colliders goes beyond the exploration of effects in Higgs processes. A global assesment of the physics1439

potential for indirect constraints at a high-energy muon collider was performed here within the frame-1440

work of the dimension-six SMEFT. In the language of effective field fheories, one of the advantages of1441

operating at Multi-TeV centre-of-mass energies is the augmented sensitivity to operators whose contri-1442

butions relative to the SM to electroweak processes grow with the energy ∼ E2
cm/Λ

2. This is the case1443

of, for instance, contributions in 2 to 2 fermion processes from four-fermion operators, which could be1444

generated at low energies by a variety of heavy new particles. Such enhancement on the virtual effects of1445

new resonances allow to set stringent bounds on their properties, even if experimental precision is lim-1446

ited, e.g. testing Λ ∼ 100 TeV for percent-level precions measurements at
√
s = 10 TeV. Although the1447

set of projections for measurements interpreted in the EFT framework at a high-energy muon collider is1448

still limited, preventing a full exploration of the EFT parameter space, the results discussed here, which1449

combine information from Higgs, difermion and diboson measurements, clearly indicate the potential1450

for massive gains in terms of sensitivity to new BSM interactions with respect to the HLLHC, especially1451

for those inducing the above-mentioned growing-with-energy effects. In particular, sensitivities to new1452

physics interaction scales up to Λ/
√
c ∼ 30 (100) TeV would be possible at

√
s =3 (10) TeV.1453
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The improvement in sensitivity with respect to the HLLHC is even more clear when interpreting1454

the EFT results in terms of indirect constraints on specific scenarios, e.g. composite Higgs models, where1455

a
√
s =3 (10) TeV muon collider could test values of the typical mass of the composite sector, m⋆, in1456

the range of ∼ 20-35 (50-90) TeV, depending on the value of the typical coupling g⋆ ∈ [1, 4π]. For1457

comparison, the corresponding HLLHC limits would reach the lower bound of the 3 TeV muon collider1458

results. Similar conclusions can be derived for other SM extensions, as we saw for new heavy vector1459

resonances where, for the simple case of a heavy replica of the U(1)Y vector boson, the HLLHC mass1460

reach of ∼ 20 TeV could be extended up to few 100 TeV, for order one new physics couplings.1461

BSM - New Scalars1462

On top of the above mentioned investigations on the nature of the Higgs boson and the characterization of1463

the 125 GeV symmetry breaking scalar of the SM, a very intriguing possibility of having multiple Higgs1464

bosons can be explored at the 3 TeV muon collider. The 3 TeV muon collider generically has sensitivity1465

to discover new Higgs bosons up to half of the center of mass energy when they can be produced in pairs1466

via gauge interactions, e.g. for the pair production of charged Higgs bosons. For singly produced Higgs1467

bosons, the reach in mass depends on the strength of the coupling that mediate the single production. In1468

the simple examples of extended Higgs sectors featuring new singlet scalars coupled to the SM only via1469

mixing with the Higgs boson, the 3 TeV muon collider is sensitive to new Higgs bosons up to around1470

2 TeV. This mass reach significantly extends that of the HL-LHC and complements the sensitivity from1471

indirect probes such as Higgs couplings measurement. The 3 TeV muon collider, as it simultaneously1472

operates as a Higgs factory at the intensity frontier and a exploration machine at the energy frontier, can1473

provide multiple probes of new physics in the Higgs sector.1474

For particular interpretation of the searches of extra Higgs bosons, one can better quantify the1475

impact of the 3 TeV muon collider. Major results are expected, leading to very significant progress1476

about fundamental open issues of the SM. For instance the measurements of Higgs couplings and the1477

direct search for new bosons can put very stringent bounds on models that modify the strength of the1478

electroweak phase transition and essentially rule out scalars as possible agents of modification of the1479

Higgs boson potential. In this particular class of models, a 3 TeV muon collider could have a nice1480

interplay with gravity waves observations expected from the electroweak phase transition. The possibility1481

that space-born gravity waves observatories will come online during the late 2030s marries nicely with1482

the timeline of the 3 TeV muon collider as initial stage of a high energy exploration based on muon1483

beams.1484

In addition, the thorough exploration of trans-TeV masses for new scalars is a significant step in1485

the understanding of role of the Higgs boson in shaping fundamental interactions. For instance the role1486

of the Higgs as symmetry breaking scalar can be further clarified by finding, or not finding, a new scalar1487

in the TeV mass range. A discovery enabled by the 3 TeV muon collider would open up a vista on a1488

whole new sector made of spin-0 particles. Such a finding would call for a deeper understanding of the1489

origin of spin-0 particles and their possible point-like nature. Not finding a new scalar in the TeV mass1490

range would stress even further the already peculiar role played by the Higgs boson in the SM, making1491

each and every of its properties a key element to determine the scale of weak interactions, hence a test of1492

our understanding of microscopic theories of its origin. In both cases the results from the 3 TeV muon1493

collider will radically improve our understanding of weak interactions and symmetry breaking.1494

BSM - Dark Matter1495

A high energy muon collider has a great potential to probe dark matter particles, in particular weakly1496

charged ones. The interesting mass range for this type of dark matter covers a rather large span from1497

fractions of TeV up to fractions of PeV. The lighter dark matter candidates can be embedded in more1498

ambitious BSM scenarios such as perturbative supersymmetric extensions of the SM in principle valid1499

up to the ultimate short-scale. The heavier candidates, roughly above O(10) TeV, are typical of BSM1500
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constructions that feature non-perturbative regimes at some short distance above the weak scale. A 3 TeV1501

muon collider has a potential to probe, and potentially discover, dark matter candidates around the TeV1502

scale employing three different search modes: i) the direct search for signatures such as the stub-track of1503

the higgsino dark matter candidate; ii) the direct and very general search for dark matter production in1504

association with SM states, e.g. electroweak vector bosons; iii) the indirect search for precision effects1505

beyond the SM from loops of weakly charged dark matter. Exclusions for the higgsino dark matter can1506

be attained at the 3 TeV muon collider with 1 ab−1 from direct searches and corroborating evidence1507

can be accumulated from other direct search channels and indirect precision effects. A discovery of1508

this kind would hard to mistake as there are several sensitive probes measurable at the same time at the1509

3 TeV muon collider. A machine running around 3.5 TeV would have an even more impressive chance to1510

discover this dark matter candidate, filling a gap in the reach of direct dark matter detection experiment1511

based on ultra-low background underground experiments.1512

The long list of weakly charged dark matter candidates can be probed at higher energy muon1513

colliders, with few candidates already in the reach of the 3 TeV machine. Increasing the energy and1514

luminosity of upgrades of the first stage of the muon collider one can establish a systematic path to cover1515

the entire list up of weakly charged dark matter candidates.1516

Very importantly for the livelihood of the field, the timeline for the realization of a high energy1517

muon collider can interleave nicely with both direct and indirect searches of astrophysical dark matter.1518

These experiments are expected to probe new ground in data-taking expected in the 2030s. After these1519

new runs, there might be first claims for the observation of TeV scale dark matter, thus calling for action1520

already during the next decade. A high energy muon collider would have a unique opportunity to clarify1521

the veracity of these claims in a timely and accurate manner.1522

Conclusions - Muon-Specific Opportunities1523

Muon colliders have a clear advantage over any other collider when it comes to searches for new physics1524

that interacts more with muons than with first-generation particles. Hints of the existence of this muon-1525

philic new physics can be found in experimental anomalies like the muon g-2 and the B-meson decay1526

anomalies, or in the Yukawa interactions of the Higgs. We have shown that a muon collider program1527

starting at 3 TeV and scalating up to higher energies can establish a no-lose theorem for discovering1528

the new physics responsible for the g-2 anomaly. A 3 TeV muon collider can discover all beyond the1529

Standard Model scenarios in which g-2 is generated by singlet bosons with masses above ∼GeV (lighter1530

singlets will be discovered by upcoming low-energy experiments). If new states with electroweak quan-1531

tum numbers contribute to g-2 more powerful colliders are required. If this new physics is too heavy to1532

be directly produced, a 30 TeV muon collider is guaranteed to find deviations in higgs+gamma produc-1533

tion due to the same physics responsible to g-2. This strongly motivates the construction of high energy1534

muon colliders with energies ∼1-10 TeV. Regardless of what each of these colliders find, each will make1535

invaluable contributions to allow us to understand the precise nature of the new physics behind g-2 (in1536

some cases by directly producing new states and in some others by indirect signals in e.g. multi-higgs1537

or higgs+X production). Therefore, this truly is a no-lose theorem for the discovery of new physics, the1538

greatest imaginable motivation for a heroic undertaking like the construction of a revolutionary new type1539

of particle collider.1540

If the new physics responsible for the B meson anomalies is due to only the specific four-fermion1541

operators that are used to fit the data (the nightmare scenario), then a 3 TeV muon collider can probe1542

a significant portion of the parameter space, whereas a 8 TeV collider would be necessary to entirely1543

probe this scenario. Specific models aimed to address these anomalies generate a series of processes1544

beyond those from the contact interactions of the nightmare scenario. For this reason these models1545

are more discoverable than the nightmare scenario and a muon collider with multi-TeV energies can1546

probe them. Finally, if one parametrizes muon portal new physics with higher dimensional operators1547

that generate lepton flavor violating interactions, modified muon-higgs yukawas, and muon-dark portal1548
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particles interactions, then muon colliders with enegies between 3-10 TeV can probe new physics scales1549

between 10-1000 TeV. This is in some cases comparable with the reach of searches for lepton flavor1550

violation processes at flavor factories; some of the measurements that are sensitive to the highest new1551

physics scales in high energy physics.1552
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