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Abstract: Rare flavour-changing neutral-current transitions b → sµ+µ− probe higher
energy scales than what is directly accessible at the LHC. Therefore, the presence of new
physics in such transitions, as suggested by the present-day LHCb anomalies, would have a
major impact on the motivation and planning of future high-energy colliders. The two most
prominent options currently debated are a proton-proton collider at 100TeV (FCC-hh) and
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of scenarios: semileptonic contact interactions, Z ′ from a gauged U(1)B3−Lµ and U(1)Lµ−Lτ ,
the scalar leptoquark S3, and the vector leptoquark U1. We find that a 3TeV MuC has
a sensitivity reach comparable to the one of the FCC-hh. However, for a heavy enough
mediator, the new physics effects at a 3TeV MuC are only observed indirectly via deviations
in the highest energy bin, while the FCC-hh has a greater potential for the discovery
of a resonance. Finally, to completely cover the parameter space suggested by the bsµµ
anomalies, among the proposed future colliders, only a MuC of 10TeV (or higher) can meet
the challenge.
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1 Introduction

Ten years have passed since the discovery of the Higgs boson at the Large Hadron Collider
(LHC) by the ATLAS and CMS collaborations [1, 2]. The precision Higgs measurements
which followed all agree quite well with the Standard Model (SM) predictions. In the
meantime, the two collaborations have searched very hard for a plethora of hypothetical new
physics (NP) particles at the energy frontier. This tremendous effort was so far unsuccessful,
confirming, once again, the SM in spite of naturalness arguments that suggested the
presence of new physics at (or below) the TeV scale. The most compelling discrepancy
between LHC experiments and theory nowadays is actually observed in a dedicated flavour
physics experiment. The LHCb collaboration unexpectedly found evidence for lepton flavour
universality (LFU) violation [3, 4] which, if correct, would not only represent a long-sought
breakdown of the SM close to the TeV scale but would also point towards some exotic
beyond the SM (BSM) scenario.

The anomalies in several B-meson decays can be coherently explained by a short-
distance new physics contribution in the underlying quark-level transition b → sµ+µ−

(we refer to this as bsµµ anomalies in what follows). Provided this effect is not due to
a yet unknown experimental systematics, we are led to conclude that there exists a new
super-weak Fermi force of O(10−5)GF . In analogy with the prediction of the weak scale
from GF , this gives us information about the scale where new mediator states are integrated
out. The violation of perturbative unitarity in 2→ 2 scattering implies a new state with
mass below (roughly) 100TeV [5]. In other words, if the observed anomalies are indeed due
to new physics and the basic postulates of quantum field theory hold, we have empirical
evidence for a new mass threshold in the vicinity of our present and planned colliders.

While a final word on the flavour anomalies (due to either new physics or experimental
systematics) might take several years or even a decade, discussions about building new
colliders are already taking place [6], with the 100TeV future circular hadron collider (FCC-
hh) [7–9] and multi-TeV muon collider (MuC) [10–13] being the most promising options for
the energy frontier.1 If the present-day flavour anomalies are due to new physics, this would
provide a clear target for direct discoveries at future colliders. Conversely, it is still important
to investigate the complementary high-pT searches at future colliders and compare them
with the indirect reach from flavour physics. In this work, we will thoroughly explore a few
motivated new physics benchmark scenarios relevant for (semi)leptonic B-meson decays: i)
flavourful four-fermion interactions, ii) gauged U(1) extensions and iii) leptoquark models.
We will assess and compare the prospects at colliders listed in table 1. The current LHC
bounds and the HL-LHC projections define the target for the next generation of colliders.
Our main goal is to compare FCC-hh versus the MuC in the leftover parameter space.

The physics of the MuC relevant for this work might be somewhat less familiar to the
reader and is discussed already in section 2. Section 3 reviews the complementary signatures
at hadron colliders.

1Instead, the next generation of EW and Higgs factories will explore the precision frontier, with FCC-
ee [14], ILC [15], and CLIC [16] as the most promising proposals in this regard.
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Collider C.o.m. Energy Luminosity Label
LHC Run-2 13TeV 140 fb−1 LHC
HL-LHC 14TeV 6 ab−1 HL-LHC
FCC-hh 100TeV 30 ab−1 FCC-hh

Muon Collider 3TeV 1 ab−1 MuC3
Muon Collider 10TeV 10 ab−1 MuC10
Muon Collider 14TeV 20 ab−1 MuC14

Table 1. The energy and the luminosity of benchmark colliders. The detector specifications for
FCC-hh and MuC are discussed in appendix D. The last column shows the short-hand label and
color code for each collider, used for all the sensitivity plots in the paper.

In section 4 we consider the most pessimistic scenario, where the NP states are
too massive to be produced on-shell, and then look for the correlated effect of the new
semileptonic contact interactions in the high-energy tails. As an example, we consider
four-fermion operators composed of two quarks and two second-generation leptons, all
SU(2)L doublets. We only assume couplings to muons for a more direct comparison between
MuC and FCC-hh and due to the additional motivation of the bsµµ anomalies. Firstly, we
consider a minimal flavour violation (MFV) [17] scenario, where the leading EFT coefficients
are proportional to the identity in quark flavour space.2 Then, as a scenario more related
to bsµµ anomalies, we consider a minimally broken U(2)3 flavour symmetry [19–21]. We
compare the high-pT bounds with the tentative values suggested by the flavour anomalies.

After deriving limits on the contact interactions, we study explicit mediator models,
focusing only on tree-level mediators. There is a finite number of tree-level mediators which
can produce a semileptonic four-fermion interaction at low energies. These are bosons,
either color singlets or triplets. We restrict our discussion to the Z ′ (color-singlet vectors)
and leptoquarks (color-triplet scalars or vectors).

In section 5 we study two representative examples of the Z ′ models, where the mediator is
a massive gauge boson of a spontaneously broken gauge symmetry U(1)B3−Lµ (in section 5.1)
and U(1)Lµ−Lτ (in section 5.2), respectively. Both are free of chiral anomalies with the
fermionic content minimally extended to include right-handed neutrinos. The first example
represents a large class of models in which the Z ′ interaction with the third generation
of quarks is of the same size as the one with muons, while the interactions with the light
quark families are suppressed. This model is motivated by the flavour structure observed
in the SM quark sector which has an approximate U(2)3 flavour symmetry. The second
example represents models in which quark interactions are altogether suppressed, compared
with those to muons. Both classes of models are less constrained from current LHC data,
compared with the quark-universal Z ′ models with B/Lµ ∼ O(1) that are produced from
valence quarks. In this work, we focus on the Z ′ mass range above the electroweak scale.

2In ref. [18] it was shown that this scenario is disfavoured as solution to bsµµ anomalies due to tension
with LHC constraints from pp→ µ+µ−.
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For both models, we first assume only the renormalisable couplings present in the unbroken
U(1)X phase (we assume the breaking by the condensate of a SM-singlet scalar). Then, we
switch on also the minimal set of other couplings required to fit the bsµµ anomalies and
impose that they are addressed by the model.

In section 6, we consider separately two single-leptoquark simplified models: a scalar
weak triplet S3 (in section 6.1) and a vector weak singlet U1 (in section 6.2), where we use
the nomenclature of ref. [22]. In each case, first we assume that the flavour structure of the
coupling matrix respects the U(2)3 quark flavour symmetry, allowing for the interactions
with the third generation of quarks only. We also assume that the leptoquark carries a
muon number, thus coupling only to muons. For S3, this condition naturally emerges
in the context of lepton-flavour non-universal U(1)X gauge extensions under which the
leptoquark is charged such that it has conserved baryon and muon numbers [23–28]. Then,
in the study specific to the bsµµ anomalies, we assume the minimal set of couplings needed
to fit the latest data consistent with the SU(2)L gauge invariance. Besides the bµ-LQ
coupling, already present in the previous scenario, this set necessarily includes also the
sµ-LQ coupling. The ultraviolet complete models with the vector leptoquark however will
necessarily have additional states close in mass to the leptoquark increasing the chance
for discovery [29–44]. We neglect those states in this study. Finally, since leptoquarks are
colored and efficiently produced in hadron colliders, the interesting mass range is set by the
direct searches at the LHC, mLQ & 1TeV.

The reason for choosing diverse benchmark models is to broadly cover the BSM space.
There have already been several prospect studies for some of these models at the FCC-
hh [45–51], MuC [13, 51–57], CLIC [16] and HL(HE)-LHC [45, 46, 58, 59]. Throughout the
paper we comment on the similarities and differences between our study and some of the
previous ones. An important novelty is the use of the muon parton distribution functions
(PDFs), of which some results are presented in appendix A and further details will be
published in a dedicated work [60]. In appendices B and C we report some analytic results
for cross sections at MuC and details of our statistical analysis. In appendix D we discuss
our assumptions about the future detector performance and finally in appendix E we present
details of our numerical studies for hadron colliders. The conclusions are given in section 7.

2 Signatures at a muon collider

Muon colliders combine the advantages of both proton-proton and electron-positron col-
liders: high energy reach, where all the collider energy is accessible in µ+µ− collisions,
with high precision measurements, thanks to the low QCD background and clean initial
state [12, 13, 61, 62].

As for proton collisions, also for high-energy MuC it is important to take into account
collinear radiation emitted by splitting of the initial state. In both colliders these processes
can be described in terms of parton distribution functions. In case of muons (the same holds
also for electrons or positrons) for energies below the electroweak scale the main effect is
due to QED interaction, with QCD providing a secondary, but still important, contribution:
muons emit photons, that can split into qq̄ or `+`− pairs, that can emit gluons or photons,
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etc. Above the EW scale, instead, QED is substituted by EW interactions, which thus
become the dominant effect. This is in contrast to a proton collider, where QCD is the
dominant interaction both below and above the EW scale. In the evaluation of the physics
potential of MuC we therefore take into account the complete EW PDF of muons, see
appendix A and refs. [60, 63, 64] for recent results on the subject. We denote the muon
(anti-muon) beam as µ (µ̄), while the individual partons are µ±, `±, νi, qi, q̄i, γ,W,Z, etc.
For the Z ′ and leptoquark benchmark models, the relevant MuC processes are: di-jet and
di-tau production from muon annihilation (µ+µ− → jj, τ+τ−), Bhabha scattering of muons
(µ+µ− → µ+µ−), muon-quark scattering (µ±q → µ±q, that includes single production of
leptoquark), and pair production of leptoquarks (µ+µ− → LQLQ).

Except for µq → µq, all the other processes we study are initiated by µ−µ+, i.e. the
valence partons inside the muonic and anti-muonic beam, respectively. The µ−µ+ luminosity
Lµµ(mµµ) grows when mµµ → 0 (see figure 18 in appendix A) due to the contribution arising
from the splitting of photons and EW gauge bosons, as well as when going closer to the
collider energy mµµ →

√
s0, with a minimum in the intermediate energies. This behavior is

completely different than q − q̄ luminosities (cf. eq. (A.1)) in proton-proton colliders, where
the luminosity monotonously decreases going to higher energies and becomes negligible
well before the kinematical limit of the collider. This difference is important to understand
our numerical results. In a MuC, if the NP has a mass below the collider energy one can
look for its effect both in the shape of the cross section (a resonance peak or a t(u)-channel
exchange) for mµµ <

√
s0 as well as in the very precise measurement of the cross section

at the highest invariant mass bin, mµµ ≈
√
s0. The latter method works much better at

MuC compared to similar methods at hadron colliders, see e.g. [65, 66], thanks to the large
parton luminosity, lower theory uncertainties, and cleaner collider environment. For NP
states heavier than √s0, instead, the sensitivity arises only from the latter strategy.

In the following we provide more details for each of the MuC processes we studied.
The differential cross sections are derived after computing analytically the partonic cross
sections of the 2 → 2 processes (see appendix B) and convoluting them with the parton
luminosities of the initial state (see appendix A).

2.1 Di-jet: µµ̄ → jj

This process is dominated by the Inverted Drell-Yan (IDY) channel µ+µ− → jj shown in
figure 1. Due to the non-negligible muon neutrino PDF in the muon beam (see figure 18), a
sub-leading but relevant contribution is induced by the charged-current channel νµµ+ → jj

and its conjugate, while the purely neutrino-induced channel νµν̄µ → jj is suppressed by the
νµν̄µ luminosity, that is always a factor of at least ∼ 10 smaller than the µ+µ− one. In light of
this, in our analysis of the di-jet channel we include both µµ→ jj and νµµ→ jj, but neglect
the purely neutrino-induced process. On the other hand, the QCD contribution q(g)q̄(g)→
jj is always negligible due to the quark and gluon PDF suppression, see appendix A.3

3The gg luminosity is the largest among colored parton combinations at smaller energies, while the uū
luminosity takes over at higher energies. Nonetheless, both are negligible when compared with the µµ̄
luminosity. For √s0 = 3TeV collider, the gg luminosity is only ∼ 10−2 of the µµ̄ one at mjj = 100GeV and
decreases further for higher energies, while uū/µµ̄ luminosity ratio is ∼ 10−4(10−7) at 0.5 (2) TeV.
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Figure 1. Feynman diagrams for the partonic processes relevant for our MuC phenomenology. For
the scalar leptoquark S3 one should exchange q ↔ q̄.
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Figure 2. Differential cross sections for inclusive IDY µµ̄→ jj (left) and µ+µ− → µ+µ− (right)
for a 3TeV MuC, taking into account muon PDFs. The SM cross section is shown in orange, while
the prediction for a Z ′ resonance in the U(1)B3−Lµ model with mZ′ = 2TeV and coupling gZ′ = 0.3
is shown in blue.

Muonic IDY is very sensitive to new physics coupled to muons and quarks, as in our
benchmark models. After integrating over angular distributions, we construct the di-jet
invariant mass bins following the hadronic calorimeter resolution described in appendix D
(see eq. (D.1)). In figure 2 (left) we show the SM IDY cross section for a 3TeV MuC
(orange) as well as the contribution from a Z ′ resonance (blue) (for details on the specific
model see section 5). We observe that, due to the µ+µ− PDF luminosity (see appendix A)
and the shape of the SM partonic cross section, the convoluted SM cross section decreases
above the Z boson invariant mass, to then increase again when the mjj invariant mass
approaches the collider energy √s0. This behaviour of the SM cross section has important
implications for the new physics searches. In case of a four-fermion contact interaction, the
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MuC3 Z' from U(1)B3-Lμ
, θsb=0

all bins
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Figure 3. Comparison of 5σ discovery prospects for a Z ′ in a gauged U(1)B3−Lµ model (see
section 5.1) at MuC3 from µµ̄→ jj using the full di-jet resolution (solid red), a few large bins
(dot-dashed green), and only the last invariant mass bin (dashed blue).

strongest sensitivity is obtained from the last few bins, where both the cross section and the
energy are largest. For s-channel resonance searches, instead, the peak typically provides
the dominant sensitivity. In particular, the bulk of the sensitivity is given not so much from
the shape of the (possibly narrow) peak as from its integrated contribution to the cross
section. Finally, a non-negligible contribution comes from the precision measurement of
the cross section in the highest-energy bin. In figure 3 we compare the constraints on a
Z ′ resonance from a gauged U(1)B3−Lµ model (see section 5.1 for details) at MuC3 from
µµ̄→ jj. The solid red line is obtained employing the full calorimeter resolution, the
dot-dashed green prospect instead uses a few bins much larger than the resonance width
([0.15–0.3–0.7–2–3] TeV), and finally the dashed blue prospect is obtained by considering
only the very last invariant mass bin ([2.9–3] TeV). This also shows that the specific choice
we employ for the calorimeter resolution does not affect much our results.

In case of leptoquark exchanged in the t-channel, since no sharp resonance or feature is
present, as can be seen from the differential cross section in figure 4 (left), the dominant
contribution to the sensitivity comes from the precise cross section measurement in the last
bins. In ref. [55] it was shown that studying the rapidity distribution of the final state jets
could provide additional handles to increase the signal to background ratio for leptoquarks.

2.2 Di-tau: µµ̄ → τ+τ−

This process is sensitive to the s-channel exchange of a Z ′ vector boson coupled to both
muon and tau leptons. It is particularly relevant for the baryophobic models such as the
U(1)Lµ−Lτ detailed in section 5.2. A proper analysis of this channel is complicated by the
fact that tau leptons decay into neutrinos, implying that the total invariant mass can not
be properly reconstructed. Other kinematical variables, such as the transverse mass mT ,
are therefore typically considered. These, however, can only be obtained by letting the tau
leptons decay and performing a full-fledged collider analysis (see e.g. [67]). This is well
beyond the scope of our paper. Instead, to estimate conservatively the reach in this channel
we consider directly the di-tau invariant mass as our kinematical variable but, to take
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Figure 4. Differential cross sections for inclusive µ+µ− → jj (left) and µ−q → µ−j (right) for a
3TeV MuC. The SM cross section is shown in orange, while the prediction for the S3 resonance
with mS3 = 2TeV and coupling λbµ = 0.3 is shown in blue.

into account the reconstruction issues due to the neutrinos in the final state, we consider
only very wide mττ bins: [0.15–0.5–2–3] TeV and [0.15–0.5–2–5–10] TeV for the MuC3 and
MuC10, respectively. We checked that modifying these bins does not affect substantially
the result, as expected in light of the result shown in figure 3 for µ+µ− → jj. Furthermore,
we assume conservatively the efficiency for the di-tau detection to be 70%, see [53].

2.3 Di-muon: µµ̄ → µ+µ−

The partonic-level process which by far dominates the di-muon production cross section
is the Bhabha scattering µ+µ− → µ+µ−, see figure 1. This signature is employed in the
context of our U(1)Lµ−Lτ detailed in section 5.2. The SM differential cross section (orange)
as well as a benchmark Z ′ contribution (blue) are shown in figure 2 (right). We impose a
cut on the lab-frame rapidity |yµ± | < 2 by integrating numerically the triple differential
cross section from eq. (B.1). The di-muon invariant mass bins are constructed following the
muon pT resolution described in appendix D.

As in the IDY channel, the SM cross section first decreases and then increases again when
approaching the collider energy. Similarly to the exchange of the SM neutral electroweak
bosons, a Z ′ can be exchanged both in the s and t channels, inducing the typical interference
pattern exhibited in figure 2. For masses M <

√
s0, the sensitivity is obtained by a

combination of the resonance peak and the precise measurement of the cross section in the
last bin, similarly to what is seen in the di-jet channel. We note that, if the Z ′ mass is
sufficiently small (M � √s0), the cross section measurement in the last bin depends only
on the resonance coupling gZ′ . On the other hand, if M � √s0 then the NP effect can
be described as a four-muon contact interaction and the sensitivity is dominated by the
precision measurement of the cross section in the highest invariant mass bins.

This final state, as well as the τ+τ− one, have been already studied in refs. [53, 56, 68] in
the context of a U(1)Lµ−Lτ model. However, the previous literature does not employ muon
PDFs. Instead, the PDF effect is approximated by the real soft photon emission process
µ+µ− → `+`−γ, where the photon is not detected. On the other hand, the production
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process of a Z ′ in association with a hard photon improves the sensitivity for low masses and
could offer additional handles to detect the resonance. Since, as we will see, µµ→ µµ covers
a large portions of the parameter space already at the 3TeV MuC, we will not consider the
Z ′γ processes in this work.

2.4 Mono-lepton plus jet: µµ̄ → µ−j

This channel offers the unique possibility of producing, in a 2→ 2 process, an s-channel
resonance that couples directly to quarks and leptons, thanks to the quark content inside
the muon, see the relevant diagrams in figure 1 for the partonic process µq → µq. When the
mass of a leptoquark is lower than √s0 of the MuC, the dominant signal would appear as a
peak in the invariant µj mass distribution, mµj . As an example, we show in figure 4 (right)
the S3 leptoquark resonance (blue) over the SM background for a 3TeV MuC (orange). An
analogous peak appears in the U1 leptoquark s-channel exchange. For more details about
the leptoquark models see section 6. Due to the absence of additional hard leptons or jets
in the final state, this process is different than the more typical on-shell single-production
of leptoquarks (see e.g. ref. [55]).

Notice that the PDF luminosities involving a muon and a quark are rapidly decreasing
for higher mµj (see figure 19), because the quark content of the lepton vanishes in the limit
x→ 1. As a result, the sensitivity to the resonance peak is stronger at values of mµj lower
than the collider energy √s0.

Lastly, if the mass of a NP mediator is larger than the collider energy, the induced
contact interaction mostly manifests in the highest energy bins available, compatibly with
the luminosity decrease. Yet, the sensitivity reach in this case is considerably weaker than
in the case of the t-channel exchange in µ+µ− → jj, as it can be seen from the derived
limits in section 6.

2.5 Leptoquark pair production: µµ̄ → LQLQ

This channel is dominated by the partonic process µ+µ− → LQ LQ for MLQ close to √s0/2,
where all the PDFs except the muon one (and muon neutrino, to a lesser extent) are
completely negligible. We thus compute analytically the partonic cross section considering
the Z/γ exchange in the s-channel, the quark exchange in u-channel and their interference,
see the diagrams in figure 1, and then convolute with muon PDFs to obtain the total cross
section. We consider only the case of on-shell leptoquarks. In order to estimate the MuC
reach on this channel we requiring that at least 100 events of pair-produced leptoquarks
are generated. This number is compatible with the one obtained by the more detailed
analysis of [52, 55], assuming a Br(LQ→ bµ) ∼ O(1). As one might expect, we find that
the leptoquark mass reach from pair production is approximately given by M reach

LQ ≈ √s0/2,
and this is fairly independent on the precise number of events required.

A full collider simulation of this process and its backgrounds is beyond the purpose of
this paper, and we refer to [52, 55] for a more detailed study of both leptoquark pair and
single production (by fusion with a Z/γ or via radiation off of a b or µ) at muon colliders.
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Figure 5. Sample Feynman diagrams for the partonic processes relevant at hadron colliders. For
the scalar leptoquark S3 one should exchange q ↔ q̄.

3 Signatures at a hadron collider

In this section, we highlight the processes at hadron colliders subject to our numerical
studies. We use the current LHC data from CMS and ATLAS collaborations to set the
95% CL limits that define the targeted parameter space for all considered models to be
explored at future colliders.

3.1 Di-muon: pp→ µ+µ−

Following ref. [18], a short-distance new physics above the electroweak scale contributing to
the (semi)leptonic B-meson decays, generically predicts a correlated effect in the Drell-Yan
(DY) process (pp→ µ+µ−). This applies to all tree-level mediators considered in this work.
In particular, a Z ′ would show up as an s-channel resonance, while a leptoquark would lead
to a non-resonant effect via a t-channel contribution, see figure 5 for the respective Feynman
diagrams. Should the mass of these mediators be above the accessible di-muon invariant
mass spectrum, their impact would be described by a four-fermion quark-lepton interaction
considered in section 4. Such interactions modify the high-invariant mass tails of the DY
process [18, 67, 69–93]. After specifying the quark flavour structure for a given operator,
the sensitivity in the tails can be compared to those from the low-energy flavour physics.

The production cross section depends crucially on the quark flavours involved in the
initial state. For example, quark-flavour universal Z ′ models with B/Lµ ∼ O(1) and MFV
in the quark sector are already very well tested by current DY data at LHC. The dominant
production channel in these models is due to the valance quarks, and it is enhanced because
of their large PDFs. In this work, we only consider models in which the dominant couplings
are with the heavy flavours and which can evade LHC searches thanks to the suppression
from the sea quark PDFs. In section 5.1 we investigate the U(1)B3−L2 gauge extension of
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the SM where the Z ′ primarily interacts with the third generation of quarks and second
generation of leptons. The dominant DY channel in this model is the bb̄ fusion. In section 6,
we derive the DY limits on the leptoquark models. While the main results are summarised
in the aforementioned sections, the technical details of the numerical studies are discussed
in appendix E.

3.2 Multilepton: pp→ 4µ

The multilepton production at hadron colliders is relevant for a class of Z ′ models in which
the coupling to leptons is considerably larger than the coupling to quarks. The case study
example is the U(1)Lµ−Lτ gauge model considered in section 5.2. The Drell-Yan channels
correlated with the b → sµ+µ− decays: bb̄, ss̄, sb̄ and bs̄ are not only PDF-suppressed
but are induced from a relatively small coupling in comparison with the muonic coupling.
As we will show later, even the FCC-hh will have difficulties discovering such a scenario
in pp → µ+µ−. On the other hand, a Z ′ can be emitted from a muon in the charged or
neutral current Drell-Yan leading to three or four muons in the final state after Z ′ decays.
A representative Feynman diagram for pp → µ+µ−Z ′ → 4µ is shown in figure 5. In this
work, we calculate the HL-LHC and the FCC-hh discovery projections (the technical details
are left for the appendix E). A qualitative comparison is made with ref. [68] which derives
the 95% CL limits at the HL-LHC setting up a different analysis strategy.

3.3 Leptoquark pair production: pp→ LQLQ

Leptoquarks are colored particles and therefore easily produced in hadron colliders thanks
to the QCD interactions [94–101]. The representative Feynman diagram is shown in figure 5.
The production cross section is set by αs and by the leptoquark mass and its spin.4 When
a leptoquark coupling to a quark and a lepton (q`-LQ) is large, there is an additional
contribution to the pair production coming from the t-channel lepton exchange [100]. This
contribution is numerically relevant only in the parameter space where the Drell-Yan already
provides better constraints.

While the q`-LQ coupling can be neglected in the production of leptoquark pairs which
is mainly due to QCD, it is very important for the decay channels. In our model examples, a
leptoquark decay to µj has a sizeable branching ratio, see section 6. The FCC-hh projections
for the scalar leptoquark pair production in µ+µ−jj final state have been derived in ref. [47].
We translate these bounds for the vector leptoquark using the toolbox of ref. [98] based only
on the total cross section and neglecting the differences in the kinematics. Other on-shell
leptoquark production mechanisms at hadron colliders, such as the single [98, 102–104] and
the resonant [105–108] production, are left for future studies. A common expectation is
that for leptoquarks dominantly coupled to heavy quarks, the phenomenology at hadron
colliders is charted mainly by the pair production and the non-resonant contributions to
the Drell-Yan, see [79, 98, 107].

4The cross section for the vector leptoquark U1 also depends on another model-dependent coupling, see
eq. (6.8). For concreteness, we will assume that U1 is a massive gauge boson of a Yang-Mills theory.
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4 Contact interactions

New physics states heavier than the energies accessible for on-shell production can still
leave a trace in higher-dimensional operators of the SM effective field theory (SMEFT).
Discovering a new contact interaction, albeit at high energies, would still provide a valuable
piece of information about the new physics. For example, measuring the contact interactions
in the high-pT tails and establishing a correlation with the anomalies in B-meson decays
would exclude solutions to the anomalies due to light mediators, thus narrowing down
the set of possible ultraviolet completions. In particular, two effective operators in the
SMEFT that match at tree-level to the low-energy operators relevant for bsµµ anomalies
(and semileptonic decays in general) are

LSMEFT ⊃ [C(1)
`q ]22ij(L̄2

LγαL
2
L)(Q̄iLγαQ

j
L) + [C(3)

`q ]22ij(L̄2
Lγασ

aL2
L)(Q̄iLγασaQ

j
L) , (4.1)

whereQiL and LiL are the SM left-handed quark and lepton weak doublets and i, j = 1, 2, 3 are
flavour indices. The flavour alignment is to the down-quark mass basis, QiL = (V ∗jiu

j
L, d

i
L)T ,

LiL = (νiL, eiL)T , where uiL, diL, eiL fields are already the mass-eigenstates and the neutrinos
are assumed to be massless.

At the LHC and the FCC-hh, these operators give a correction to the high invariant
mass neutral-current DY tails pp→ µ+µ− [18] as well as to charged-current DY pp→ µν.
For the latter we adapt the prospects derived in ref. [76].5 At muon colliders these
operators contribute to the high invariant mass di-jet production from both the neutral-
current (µ+µ− → jj) and charged-current processes (µ+νµ → jj + h.c.). The details of
our numerical calculations (di-muon and di-jet resolution, PDFs, systematics, statistical
treatment, etc.) are collected in the appendices. A further improvement in sensitivity, that
we do not pursue in this work, could be obtained by asking one jet to be b-tagged when
the dominant interaction involves bottom quarks, see [90, 91]. The high-energy tails are
thus a complementary probe of new physics to mesonic decays and are useful to set new
constraints on the flavour structure of new physics.

4.1 MFV scenario

To begin with, we first study the MFV scenario in the quark sector. We assume the
U(3)Q flavour symmetry in eq. (4.1), leaving us with two universal and real parameters:
[C(1)
lq ]22ij = C

(1)
lq δij and [C(3)

lq ]22ij = C
(3)
lq δij . Breaking the symmetry by the insertions of

the quark Yukawa matrices does not impact the Drell-Yan bound, however it induces
contributions to mesonic decays [18].

In figure 6 we show the projected 95% CL limits for various future colliders, compared
with the present exclusion from the recast of the CMS search [88] (solid black line), see
appendix E for details. Shown in the right plot is a zoom-in view around the origin of the
left plot.

Interestingly, MuC and FCC-hh probe complementary directions in the parameter
space. While the MuC3 shows just slightly better sensitivity than the HL-LHC, the MuC10

5We translate [C(3)
`q ]ijkl = W/(2v2)δijδkl, where W is the oblique EW parameter defined in ref. [109], and

rescale the bound by factor 1/
√

2 to account for the fact that we have no contribution to the electron channel.
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Figure 6. Sensitivity reach (95% CL) for the quark flavour-universal scenario on the two EFT
coefficients C(1)

lq and C(3)
lq , in TeV−2, for different colliders. The right plot is a zoomed-in version

near the origin of the left plot. For the future prospects at hadron colliders, we also include the
sensitivity on C(3)

lq from the charged-current channel pp→ µν (dashed lines), adapting the bound
from ref. [76]. The dotted orange lines are the solutions of |C(1)

lq + C
(3)
lq | = |V −1

ts | (39TeV)−2 and
illustrate an expectation from the bsµµ anomalies assuming MFV, see eq. (4.4).

is comparable with the FCC-hh. One of the reason for this is that at hadron colliders the
production cross section is enhanced by the valence quarks. As we show in the next section,
when the dominant interaction is to heavy quark flavours, already MuC3 is comparable
with the FCC-hh.

4.2 Addressing bsµµ anomalies

Matching eq. (4.1) to the low-energy EFT at tree-level gives the relevant operator controlling
the b→ sµ+µ− decays,

Csbµµ =
(
[C(1)
`q ]2223 + [C(3)

`q ]2223
)
. (4.2)

In realistic models the sbµµ interaction is rarely generated alone; it comes along with the
flavour-diagonal interactions, such as bbµµ. In motivated flavour scenarios that aim at
addressing the flavour puzzle and providing sufficient protection for approximate accidental
symmetries, such as the U(2)3 flavour symmetry in the quark sector [19], the bbµµ contact
interaction is expected to be enhanced with respect to the sbµµ. For this reason, in the
following we consider two scenarios: only sbµµ contact interaction and only the bbµµ one
(where sbµµ is assumed to be ∼ |Vts| suppressed with respect to the flavour diagonal one
and thus negligible). Assuming the C(1)

`q = C
(3)
`q alignment, we study high-energy constraints

on the following effective Lagrangian:

LEFT = Cbbµµ (b̄LγαbL)(µ̄LγαµL) + (Csbµµ (s̄LγαbL)(µ̄LγαµL) + h.c.) . (4.3)

This choice of contact interactions has recently gained attention due to the LHCb
anomalies. What LHCb reported so far are discrepancies in rare semileptonic B meson
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decays with the underlying quark level transition b→ sµ+µ−. The anomalous observables
include: branching ratios [110–116]; angular distributions [117, 118]; and the theoretically
very clean [119–121] LFU ratios, RK(∗) [3, 4]. When interpreting all of the data in a
low-energy effective field theory, a consistent picture of NP emerges (for recent global fits
see [122–129]). The global significance of the NP hypothesis, including the look-elsewhere
effect, was conservatively estimated to be 4.3σ [130]. Considering a single non-zero Wilson
coefficient, the global fits identify two preferred scenarios: ∆Cµ9 = −0.73 ± 0.15, or
∆Cµ9 = −∆Cµ10 = −0.39± 0.07 [122].6 The latter can be conveniently translated in terms
of the new physics effective operator Csbµµ. The best-fit point from [122] corresponds to

Csbµµ|best−fit ≈ (39TeV)−2 . (4.4)

The other possibility advocated by the global fit of semileptonic B-decays is the operator
with the vectorial muon current, Oµ9 ∝ (b̄LγµsL)(µ̄γµµ), see e.g. [122]. At high energies (in
the massless limit), the amplitudes with different muon chiralities do not interfere. We do
not expect a big difference between the two cases and consider only the left-handed muon
current. The effective operator with the vectorial muon current is instead explicitly realized
in the two Z ′ models studied in the next section. The EFT limit is recovered when the Z ′

is much heavier than the collider energy.
In figures 7 and 8 we show the expected 95% CL sensitivity on the EFT coefficients in

eq. (4.3) for the future colliders listed in table 1, as well as the observed bound from the
recast of the CMS search [88]. The constraints are shown as lower limits on the effective
scale ΛX = |CX |−1/2 in TeV, as a function of the upper cut on the invariant mass of the
final state, M cut√

s
. We recall that in order for the EFT to be valid, the NP scale should

be higher than the maximal experimental energy, in this case M cut√
s
, hence: MNP > M cut√

s
.

Parametrising the EFT coefficients as C = g2
∗/M

2
NP, where g∗ describes the interaction

strength between the NP and the SM, the loosest EFT validity constraint is derived for
strongly coupled theories, g2

∗ ∼ 4π, from which we get the bound |C|−1/2 > M cut√
s
/
√

4π.
The region that does not satisfy this condition is shaded in gray. This approximates the
perturbative unitarity bound on MNP for a given value of the coefficient C [5].

As shown in figures 7 and 8, the FCC-hh comes close to the minimal scenario Csbµµ =
(39 TeV)−2 and can easily cover the more realistic scenario, Cbbµµ = ±|Vts|−1(39TeV)−2.7

The interference with the SM is negligible in the former case, while in the latter case it
dominates the limit. The solid and the dashed lines in figure 8 stand for the positive and
the negative sign of Cbbµµ, respectively. Finally, our projections agree with the previous
studies for the HL-LHC [18] and for the FCC-hh [48]. The latter reference also considers
the effect of subleading backgrounds.

6These are defined from the following effective Hamiltonian at the mb scale [122]:

HNP
eff ⊃ −

4GF√
2
VtbV

∗
ts
α

4π [∆Cµ9 (s̄LγαbL)(µγαµ) + ∆Cµ10(s̄LγαbL)(µγαγ5µ)] + h.c. .

7We neglect the RGE effects for the purpose of this comparison since the chosen operators do not
renormalize under QCD [131, 132].
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Figure 7. Sensitivity reach (95%CL) for the (s̄LγαbL)(µ̄LγαµL) contact interaction as function of
the upper cut on the final-state invariant mass, compared to the value required to fit bsµµ anomalies
(dashed orange line).
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Figure 8. Sensitivity reach (95%CL) for the (b̄LγαbL)(µ̄LγαµL) contact interaction as function of
the upper cut on the final-state invariant mass. Solid (dashed) lines represent the limit for positive
(negative) values of Cbbµµ. The orange dotted and dashed lines shows reference values in relation to
the bsµµ anomalies fit, with or without a 1/Vts enhancement of the bb operator compared to the bs
one, respectively.
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Similarly to the FCC-hh, the 3TeV MuC also comes close to the minimal scenario and
can easily cover the more realistic scenario, as already anticipated for the case involving
heavy flavours and suppressed production at hadron colliders (see also ref. [54] for similar
results). Both MuC10 and MuC14, instead, are able to completely test both scenarios.

At the MuC, the EFT limits for the highest invariant mass cut = √s0, can be easily
estimated by looking just at the partonic cross section σ̂(µ+µ− → jj)(mµµ). For energies
mµµ � mZ we have:

σ̂(µ+µ− → jj)(mµµ) =

≈ Nc

48πm2
µµ

∑
qX

∑
Y=L,R

∣∣∣gqXZ gµYZ − e
2QqX +m2

µµCqXqXµµ|
2 + 2m4

µµ|Csbµµ
∣∣∣2
 ≈

≈ 624 fb
(mµµ/TeV)2

(
1 + 2.35Cbbµµm2

µµ + 12.4C2
bbµµm

4
µµ + 24.8|Csbµµ|2m4

µµ

)
, (4.5)

up to relative corrections of O
(
m2
Z/m

2
µµ

)
, where the sum over qX runs on all quarks

with both left and right chiralities, except for the top. For instance, assuming 1 ab−1 of
luminosity and a 2% systematic uncertainty, for the 3TeV muon collider one gets a 95% CL
bound |Csbµµ| . (15TeV)−2, very similar to the one shown in figure 7 following from a full
numerical study detailed in the appendices. In case of the flavour-diagonal Cbbµµ contact
interaction in figure 8, given the energy and precision of the measurements, the MuC limits
are dominated by the interference with the SM, as can be quickly derived from eq. (4.5),
hence the limits are essentially symmetric between positive and negative values.

5 Z ′ models

Heavy neutral vectors are obvious candidates for mediating b → sµµ transitions at the
tree-level [133–155]. The couplings most relevant for our discussion are the ones to the
muon current, gµµ, to flavour-conserving quark currents, gqq, and to the flavour-violating
sb current, gsb. The contribution to b → sµµ transitions is proportional to the product
gsbgµµ, while the Bs − Bs mixing is proportional to g2

sb, thus gsb � gµµ. The effect of
flavour diagonal couplings gqq is typically the most relevant in the high-pT processes, due to
the interference with the SM amplitude. In the case of a hadron collider, it is particularly
important to identify the size of gqq for each quark flavour q, since couplings to the first
generation induce larger signals due to the PDF enhancement of valence quarks. There is
no such distinction at a MuC in the inclusive di-jet searches, however, employing b-tagging
would enhance the sensitivity to gbb with respect to other light flavours.

The quark flavour-universal case with gqq ∼ gµµ was explored in ref. [18], which
concluded that the current LHC data already provide stringent constraints. Therefore,
we expect future hadron colliders to perform better compared to MuCs in such scenarios.
In light of this, we consider models in which the dominant quark coupling is to heavy
flavours. There are two qualitatively different scenarios that still need to be studied. Either
gsb � gbb ∼ gµµ, in which case the flavour-conserving couplings to quarks and to muons are
of the same order and the flavour symmetry protects against excessive flavour violation,
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or gsb ∼ gbb � gµµ, in which case all couplings to quarks are suppressed with respect to
couplings to leptons. These two setups predict different phenomenologies and are therefore
worth studying separately. The first scenario is naturally realised, for instance, by gauging
X = B3 − Lµ (section 5.1). The second scenario instead can be obtained by gauging
X = Lµ − Lτ (section 5.2).

In the following we consider the two models separately. In both cases, the Z ′ coupling
to sb can be generated, for instance, via quark mixing with some vectorlike fermions after
spontaneous breaking of the U(1)X gauge symmetry. In each scenario, we first carry out
sensitivity studies at future colliders when such mixing is negligible and then we fix the
mixing in order to fit the present bsµµ anomalies and perform a more focused study.

5.1 U(1)B3−Lµ model

Let us consider an extension of the SM gauge symmetry where the anomaly-free charge
X = B3 − Lµ is gauged.8 Similar models have already been proposed as a way to address
the bsµµ anomalies in refs. [142, 147, 152], to which we refer for more details. In the
unbroken phase, the U(1)B3−Lµ gauge boson Z ′ has a vectorial coupling to third-generation
quarks and second-generations leptons. A small coupling to the second-generation quark
doublet is induced after spontaneous symmetry breaking with a scalar field φ, charged
only under U(1)B3−Lµ . The gauge-invariant operators (φ†Dµφ)(Q̄2

Lγ
µQ3

L) and Q̄2
LHφbR

get generated after integrating out, for example, heavy vectorlike quarks. In particular, the
latter operator is anyhow required by the CKM elements Vtd and Vts which are absent in
the renormalisable model with the minimal matter content. The smallness of the 1–3 and
2–3 mixing in the quark sector is explained by the higher-dimensional operator breaking
the accidental flavour symmetry of the renormalisable Lagrangian. In addition, the same
operator indirectly induces the Z ′sb coupling in the broken phase after the rotation to the
mass basis of the left-handed down quarks by a small angle θsb. Thus, the model naturally
predicts an approximate U(2)3 flavour symmetry allowing for a TeV-scale new physics
compatible with flavour bounds [19].

Assuming only the rotations for left-handed fermions and θsb � 1, the leading Z ′

couplings to SM fermions are

Lint
Z′B3−Lµ

= −gZ′Z ′α
[1

3Q̄
3
Lγ

αQ3
L + 1

3 b̄Rγ
αbR + 1

3 t̄Rγ
αtR − L̄2

Lγ
αL2

L − µ̄RγαµR+

+
(1

3εsbQ̄
2
Lγ

αQ3
L + h.c.

)
+O(ε2sb)

]
,

(5.1)

where for convenience we introduced εsb ≡ 1
2 sin 2θsb. Thus, the total decay width to the

SM fermions for the Z ′ is

ΓZ′B3−Lµ
≈ MZ′g

2
Z′

24π

[
3 + 1

3
(
4 + 4|εsb|2

)]
, (5.2)

8The set of SM chiral fermions is minimally extended with three right-handed neutrinos which can be
motivated by the smallness of the neutrino masses through a seesaw mechanism. One of them carries the
same X charge as µR as required by the chiral anomaly cancellation conditions.
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Figure 9. Discovery reach at 5σ for the B3 − Lµ model with εsb = 0, for different final states at
each collider (as indicated by the labels). The region excluded at 95%CL by LHC [88] is above the
black line while in the dark gray region the Z ′ has a large width, signaling a loss of perturbativity.

where the top mass is neglected (in the numerical study we keep finite mt effects). We
consider ΓZ′/MZ′ < 0.25 as a qualitative perturbativity criterion for the model.9 We neglect
the muon-flavoured right-handed neutrino assuming mN > mZ′/2. Otherwise, it would
contribute to the total Z ′ decay width slightly changing the numerical results.

The measurement of neutrino trident production cross section sets an upper limit on
the coupling to muons as a function of the mass [134],

gZ′ < 2.0 MZ′

TeV . (5.3)

No-mixing scenario. By assuming εsb = 0 in eq. (5.1) we study the discovery potential of
future machines for a Z ′ coupled only to muons (and muon neutrinos) and third generation
quarks. We consider the signatures discussed in section 2 (for a MuC) and in section 3 (for
a hadron collider). Shown in figure 9 are the present 95%CL exclusion bounds from the
recast of the CMS Drell-Yan analysis [88] (thick black line) and neutrino trident production
(red region), as well as the 5σ discovery prospects for various future colliders. The dark
gray region corresponds to ΓZ′/MZ′ > 0.25, which signals a loss of perturbativity.

We observe that MuC3 improves substantially from the HL-LHC prospects for all masses
and MuC10 provides the best potential sensitivity (MuC14 would further improve on this).
In this model FCC shows a sensitivity comparable, albeit somewhat weaker, than MuC10.

9By the optical theorem, the decay width of the resonance is related to the imaginary part of the two-point
function starting at the one-loop level. Therefore, when the width becomes of the order of the mass, the
loop corrections are comparable with the tree level, which indicates a loss of perturbativity.
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Addressing bsµµ anomalies. Now we turn to a more specific study for bsµµ anomalies.
For given values of gZ′ and MZ′ , the mixing parameter required to fit the bsµµ anomalies is

εsb = −1.7× 10−3
(

MZ′

gZ′TeV

)2
(

∆Cµ9
−0.73

)
. (5.4)

The same coupling (Z ′sb) induces Bs −Bs mixing:

C1
Bs =

(
gZ′

1
3εsb

)2

M2
Z′

, (5.5)

which is constrained by |C1
Bs
| < |VtbV ∗ts|2/(9.2TeV)2 [156, 157], implying a lower value for

gZ′ ≥ 0.125 ∆Cµ9 /(−0.73)(MZ′/TeV), if eq. (5.4) is imposed. This also ensures that the
condition θsb � 1 is always satisfied in the acceptable region. In this model the contributions
to D0-mixing is suppressed by (εsbVcsVub)2 or (ε2sbVcsVus)2, making the corresponding bound
much less stringent than the Bs-mixing one.

We impose eq. (5.4) assuming the best fit value for ∆Cµ9 in order to address the bsµµ
anomalies in every point of the (MZ′ , gZ′) plane shown in figure 10. To help the reader
understand the projections for different future colliders, we report the same plot in the
bottom part of the figure, considering only a single collider and coloring the potentially
discoverable region. The difference with the previous result is that, for a given mass,
decreasing gZ′ requires larger values of εsb (i.e. θsb). The Bs −Bs constraint is shown as a
light-blue region. The light gray region corresponds to values of masses and coupling that
would require sin 2θsb > 1 in order to fit the bsµµ anomalies.10

Our recast of the present CMS Drell-Yan search excludes at 95%CL the region above
the thick black line, which includes all viable couplings in the mass range 200GeV < MZ′ .
2TeV (we do not study the model for masses below 200GeV). Instead, for the future
colliders listed in table 1, we show the 5σ discovery reach, where the region in parameter
space above the corresponding line is discoverable. Regarding hadron colliders, the HL-LHC
projected bounds will only be slightly improved, while the FCC-hh will be able to completely
test this scenario via resonance searches in pp → µ+µ−. The 3TeV MuC is also able to
completely cover the viable parameter space not already excluded by the existing constraints.
For masses below 3TeV, a resonance could be observed directly in both di-muon (dashed
red) and di-jet channels (solid red), while a heavier Z ′ would show-up as a smooth deviation
from the SM in the highest invariant mass bins. A 10TeV MuC would further improve the
sensitivity allowing for resonance searches even for a heavier Z ′, up to the region allowed
by perturbativity and meson mixing.

5.2 U(1)Lµ−Lτ model

We next consider a heavy Z ′ arising from a spontaneously broken U(1)Lµ−Lτ gauge symme-
try.11 As shown in ref. [134], this model is a viable candidate to address the bsµµ anomalies.

10While this is not possible in the model of ref. [152], it could in principle be achieved by having some
vectorlike quarks with large charges. However, it is likely that in this case couplings to b and t quarks also
receive O(1) corrections from the mixing. In any case, this region is excluded by Bs-mixing.

11The chiral anomaly cancellation conditions require introducing right-handed neutrinos if one wants a
muonic vector current as in section 5.1.
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Figure 10. Discovery reach at 5σ for the B3 − Lµ model. The fit to bsµµ anomalies is imposed
everywhere, eq. (5.4). The region excluded at 95%CL by LHC [88] is above the black line, while the
one excluded by Bs mixing is colored in light blue. The light gray region cannot provide a successful
fit to b→ sµµ anomalies for values of sin 2θsb < 1, eq. (5.4), while in the dark gray region the Z ′
has a large width, signaling a loss of perturbativity. The discoverable region at future colliders is
the one on the side of the line where the corresponding label has been drawn. The smaller figures
below the main figure highlight a single future collider at a time.
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In the limit of a vanishing kinetic mixing with the hypercharge (XµνB
µν), the Z ′ does

not couple to quarks at the renormalisable level when only the minimal matter content is
present.12 For instance, those couplings can be generated, after the spontaneous symmetry
breaking, via mixing with heavy vectorlike quarks charged under Lµ − Lτ . Therefore,
the quark couplings (including b quarks) are expected to be much smaller than couplings
to muons and taus. Let εb and εs be some small mixings with vectorlike quarks of the
corresponding left-handed quark doublets in the down-quark mass basis of third and second
generation, respectively. The relevant SU(2)L invariant Z ′ interactions are

Lint
Z′Lµ−Lτ

= −gZ′Z ′α
[
L̄2
Lγ

αL2
L + µ̄Rγ

αµR − L̄3
Lγ

αL3
L − τ̄RγατR+

+|εb|2Q̄3
Lγ

αQ3
L + |εs|2Q̄2

Lγ
αQ2

L +
(
εbε
∗
sQ̄

2
Lγ

αQ3
L + h.c.

)
+ . . .

]
.
(5.6)

The total decay width of the Z ′ is

ΓZ′Lµ−Lτ ≈
MZ′g

2
Z′

24π
[
6 + 3

(
2|εs|4 + 4|εs|2|εb|2 + 2|εb|4

)]
, (5.7)

where the top mass is neglected (in the numerical study we keep the physical mt). Similarly
to section 5.1, we impose Γ/M < 0.25 as the perturbativity limit and neglect the right-
handed neutrinos in Z ′ decays. The constraint on gZ′ from neutrino trident production is
the same as in eq. (5.3).

Quark-phobic Z′. We first focus on a scenario where the Z ′ is quark-phobic (εs = εb = 0)
and derive the present 95%CL exclusion bounds as well as the future discovery projections.
The results are reported in figure 11, where we show the 5σ sensitivity reach for various
future colliders. The shaded regions are analogous to the ones from the previous section.

This case (not surprisingly) illustrates a situation in which even the MuC3 outperforms
the FCC-hh (since the Z ′ is both quark-phobic and leptophilic). Our limits for MuC3 agree
well with those obtained in ref. [53]. Other channels at a MuC such as: µ+µ− → `+`−γ

(where ` = µ, τ), µ+µ− → νν̄γ, and µ+µ− → γZ ′ offer additional handles to pinpoint the
properties of the Z ′ boson, see refs. [53, 56, 68].

Addressing bsµµ anomalies. In order to address the bsµµ anomalies, the product of
the mixing parameters is set to:

εbε
∗
s = −5.7× 10−4

(
MZ′

gZ′TeV

)2
(

∆Cµ9
−0.73

)
. (5.8)

Even after imposing ∆Cµ9 = −0.73, we are left with other free parameters besides MZ′

and gZ′ . Our goal here is to study the case where |εs/εb| ∼ O(1) which is qualitatively
different from the model in section 5.1. For concreteness, in our numerical analysis we
assume εb = −εs and Im εb = 0. With this simplification, we are able to plot our results in
the (MZ′ , gZ′) plane.

12The kinetic mixing is typically induced by RGE when additional fields charged under Lµ − Lτ are
present, see appendix A.3 of ref. [24]. In that case, one gets a loop-suppressed pp→ Z′ from valence quarks
that can be relevant (see eq. (3.10) in ref. [158]). However, this contribution can be removed by a small
tree-level kinetic mixing.
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Figure 11. Discovery reach at 5σ for the Lµ − Lτ model with εs = εb = 0 in eq. (5.6). In the dark
gray region the Z ′ has a large width, signaling a loss of perturbativity.

Analogously to section 5.1, the Bs mixing, C1
Bs

= −(gZ′ε∗sεb)2/M2
Z′ , together with

eq. (5.8), imply the lower limit gZ′ > 0.125MZ′/TeV. The D0 −D0 mixing gives another
constraint on the parameters: C1

D0 = (gZ′V ∗usVcs|εs|2)2/M2
Z′ < 2.5× 10−13GeV−2 [156, 157],

corresponding to gZ′ > 0.25MZ′/TeV. Interestingly, D0 mixing provides stronger constraints
than Bs-mixing in this model.

Our main results are shown in figure 12. The present CMS pp → µ+µ− data [88]
exclude at 95%CL the region inside the thick black lines. For the future colliders listed in
table 1, the parameter space discoverable at 5σ is the one on the side of the corresponding
line where the label is shown. To help the reader better understand the sensitivity reach
for each collider, below the main plot in figure 12 we report four smaller plots where the
5σ discover sensitivity for each collider is isolated and shaded. Note that, in the case of
pp → µ+µ− at hadron colliders or µ+µ− → jj at MuCs, the only accessible region is for
intermediate values of gZ′ . According to eq. (5.8), for a given Z ′ mass the couplings to
quarks are inversely proportional to gZ′ . Since too large gZ′ values imply too small couplings
to quarks, and vice versa, there is always a suppression in σ × B for the two processes.
The di-muon searches at FCC-hh and the di-jet searches at MuC can cover a much larger
parameter space than the one accessible at (HL-)LHC but are still unable to cover the
viable parameter space for the bsµµ anomalies. In this respect, the most optimal channels
at MuCs are µµ→ µµ and µµ→ ττ , that even at a 3TeV MuC are enough to completely
cover the leftover parameter space. At hadron colliders, the most promising channel is
pp→ 4µ. Let us emphasize that even the HL-LHC can make significant progress, while the
FCC-hh would fully cover the viable parameter space.
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Figure 12. Discovery reach at 5σ for the Lµ − Lτ model. The fit to bsµµ anomalies is imposed,
eq. (5.8). The regions excluded by Bs and D0 mixings and neutrino trident production are colored in
light blue, green and red, respectively. The light gray region requires ε > 1 to fit b→ sµµ anomalies,
while the dark gray region has ΓZ′/MZ′ > 0.25. Our recast of the present LHC search [88] excludes
at 95%CL the region inside the thick black lines. The discoverable region at future colliders is the
one on the side of the line where the corresponding label has been drawn. The smaller figures below
the main figure highlight a single future collider at a time.
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6 Leptoquark models

Leptoquarks [22] are hypothetical particles that can couple quarks to leptons at the
renormalizable level. They are motivated by the idea of quark-lepton unification hinted at
by the hypercharge quantization in the SM. Leptoquarks are also the only other mediators,
in addition to colorless vectors, that generate the semileptonic effective operators in eq. (4.1)
at the tree level. Interesting for our discussion are the scalar S3, with the SM quantum
numbers (3̄,3, 1/3), and the vector U1 ∼ (3,1, 2/3).13 Both are a viable single-mediator
solution of the bsµµ anomalies [159].

In this section, we investigate the discovery prospects at future colliders for the S3
and U1 leptoquarks. We extend the SM minimally with a single heavy field (ignoring the
UV origin of its mass) and focus on the renormalisable interactions with the left-handed
SM fermions. We consider two different cases regarding the flavour structure of such
interactions. First, we assume an exact U(2)QL quark-flavour symmetry under which the
first two generations QiL (i = 1, 2) form a doublet, while the third-generation Q3

L is a
singlet. In addition, we assume an exact U(1)µ−LQ symmetry under which L2

L and the
leptoquark are oppositely charged. This can be achieved by gauging one out of many
possible anomaly-free lepton flavour non-universal U(1) extensions of the SM, see [24]. In
this case, the only allowed coupling will be to Q3

L and L2
L. In the second scenario, we aim

at addressing the bsµµ anomalies by minimally adding a direct leptoquark coupling to Q2
L.

Relaxing our assumptions, it is conceivable to formulate scenarios with dominant
couplings to taus or even to new exotic fermions consistent with the low-energy flavour
bounds and proton decay. A famous example is the U(2)L flavour structure in the leptonic
sector, advocated for a combined explanation of the bsµµ anomalies and RD(∗) , see e.g.
ref. [160]. These scenarios would require a different strategy since LQ → µj would be a
subdominant decay mode. In addition, the interesting leptoquark mass range would also
be more restricted by the perturbative unitarity, implying lighter states. For the future
prospects on leptoquarks decaying to third generation leptons see [58, 59]. In what follows,
we analyze the minimal scenarios where such additional structures are neglected.

6.1 Scalar leptoquark S3

We start with the leptoquark S3 ∼ (3̄,3, 1/3) [22]. The interaction Lagrangian reads

Lint
S3 = λiµQi cL ε σIL2

LS
I
3 + h.c. , (6.1)

where ε = iσ2. We assume a real coupling matrix for simplicity. The leptoquark triplet can
be written as (

SI3σ
I
)
≡
(

S
(1/3)
3

√
2S(4/3)

3√
2S(−2/3)

3 −S(1/3)
3

)
, (6.2)

13We do not consider U3 ∼ (3,3, 2/3) since its phenomenology is partially covered by the U1 case. Similarly,
we did not consider a colorless vector triplet in section 5. The SU(2)L gauge symmetry will in both cases
predict additional correlated signatures.
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where the superscript indicates the electric charge of each S3 component. We assume
a degenerate mass spectrum for the components, as expected from the SU(2)L gauge
symmetry. In the mass basis of SM fermions, the interaction Lagrangian (6.1) becomes

Lint
S3 =−λiµS(1/3)

3 (V ∗jiu
j c
L µL+dicL νµ)+

√
2λiµ

(
V ∗jiS

(−2/3)
3 uj cL νµ−S

(4/3)
3 dicL µL

)
+h.c. . (6.3)

The total decay width of S3, in the limit of vanishing fermion masses, is given by

ΓS3 = |λbµ|
2 + |λsµ|2

8π MS3 , (6.4)

assuming only λbµ (i = 3) and λsµ (i = 2) different from zero. The perturbativity limit
ΓS3/MS3 < 0.25 is considered, as previously.

U(2)3 symmetric case. Imposing an unbroken U(2)3 quark flavour symmetry, and
assuming S3 to be charged under the muon number, only the λbµ coupling is allowed. This
symmetry is broken in the SM by light quark masses and by the mixing of third-generation
quarks with the first two via the CKM matrix. This is an approximate symmetry of the SM
Yukawa sector, where the largest symmetry-breaking term is |Vts| ≈ 0.04. Assuming the
minimal U(2)3 breaking and no breaking of U(1)µ as in the SM, the expected sizes of other
non-zero leptoquark couplings are |λsµ| ∼ |Vtsλbµ| and |λdµ| ∼ |Vtdλbµ|, see refs. [160–163].
Those can be neglected in our collider study.

In figure 13 we show the present 95%CL limits from LHC searches (thick black) and
the 5σ discovery prospects for future colliders (various colored lines), considering only
λbµ 6= 0, as motivated by the aforementioned approximate flavour symmetry of the SM.
The leptoquark pair production at the LHC sets a robust lower limit on the mass even for
small couplings, while the Drell-Yan process excludes a region with the large coupling even
for higher masses. Interestingly, the HL-LHC 5σ discovery region is only marginally larger
than the present 95%CL exclusions. Nevertheless, the FCC-hh will drastically improve
both the Drell-Yan and the leptoquark pair production reach.

Regarding muon colliders, we find that a 3TeV MuC would have a comparable reach
from the IDY process as the FCC-hh from the DY, while the MuC10 would easily surpass
the FCC-hh. On the other hand, the FCC-hh provides a far superior prospects on pair-
production, being able to discover on-shell leptoquarks with masses of almost 10TeV,
compared to only 5TeV for the MuC10. The resonant leptoquark production at the MuC10
could probe a unique region in the parameter space compared with other production
mechanisms at muon colliders. However, this region can easily be covered at the FCC-hh.

Addressing the bsµµ anomalies. As shown by the extensive literature [23, 25, 159,
160, 163–178], S3 is the only scalar leptoquark that can accommodate bsµµ anomalies at
the tree level. After integrating out S3, we find the following contribution to the relevant
effective operators

∆Cµ9 = −∆Cµ10 = π√
2GFαV ∗tsVtb

λbµλsµ
M2
S3

. (6.5)
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Figure 13. The 5σ discovery prospects at future colliders for the S3 leptoquark assuming the
U(2)3 quark flavour symmetry and the exclusive leptoquark coupling to muons (see section 6.1).
The present LHC exclusions at 95%CL are shown as a thick black line. The perturbativity limit
ΓS3/MS3 < 0.25 is violated in the grey region. The labels for various colliders and processes are on
the discoverable side of a curve.

The fit to the bsµµ anomalies then implies

λbµλsµ = 6.6× 10−4
(
MS3

TeV

)2
(

∆Cµ9
−0.39

)
. (6.6)

In figure 14 we perform the collider sensitivity study in the MS3 − λbµ plane, while fixing
λsµ by eq. (6.6) where ∆Cµ9 = −∆Cµ10 = −0.39. We do not show any complementary
flavour physics constraints (such as the Bs mixing) since those are loop suppressed in the
leptoquark models and do not put limits on the parameter space of interest to this analysis
(for a global fit with the S3 see ref. [172] and with the U1 see ref. [129]).

The present LHC bounds at 95%CL from the DY process and the leptoquark pair
production are shown with thick black lines. The 5σ discovery prospects for future colliders
are depicted with various colored lines. The corresponding label for a collider and a process
is always on the excluded (or discoverable) side. Again, we report four small dedicated
sensitivity plots for each collider for an easier comparison. The HL-LHC can not discover
much more of the parameter space that is not already excluded. However, the FCC-hh
will explore all but a fraction of the parameter space in between the dashed purple (DY)
lines and the vertical solid purple line (pair-production). This region of parameter space
corresponds to λbµ ≈ λsµ, which minimizes the contribution to pp→ µµ once eq. (6.6) is
imposed and is also beyond the pair production reach for higher masses. Note that this
region of parameter space strongly violates the U(2)3 flavour symmetry in the quark sector.
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Figure 14. The 5σ discovery prospects for the S3 leptoquark behind to bsµµ anomalies, i.e. imposing
eq. (6.6). The present LHC exclusions at 95%CL are shown as a thick black line. The dotted gray
line corresponds to λbµ = λsµ. The perturbative limit ΓS3/MS3 < 0.25 is violated in the grey region.
For future colliders, the discoverable region is on the side of the line where the corresponding label
is. The smaller plots below the main one highlight the reach of various future colliders separately.
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In this case, if the new physics sector is rich with resonances, then there remains a puzzle
to be explained: the absence of flavour changing neutral currents.

Moving on to muon colliders, a 3TeV MuC discovery reach in the IDY channel is
comparable to the one of the FCC-hh. However, the leptoquark pair production prospects
are substantially lower, stopping at MS3 ≈

√
s0/2 = 1.5 TeV which is even below the present

LHC exclusion. On the other hand, the MuC10 will test the whole parameter space by
combining different channels: IDY, pair production, and µq → µj. Interestingly, both a
3TeV and a 10TeV MuC might directly observe an s-channel resonance in the µq → µj

(see section 2.4) for masses up to approximately √s0. In other words, this seems to be the
most promising on-shell process at muon colliders.

6.2 Vector leptoquark U1

Let us consider extending the SM with a heavy vector leptoquark U1 ∼ (3,1, 2/3) [22].
Assuming only left-handed couplings, the interaction Lagrangian is

Lint
U1 = λiµQL

i
γαL

2
LU

α
1 + h.c. = λiµU

α
1

(
Vjiū

j
Lγανµ + d̄iLγαµL

)
+ h.c. , (6.7)

while interactions with the SM gauge bosons are described by the Lagrangian

Lgauge
U1

= −1
2U
†
µνU

µν − igsκsU †1µT
aU1νG

aµν − ig′ 23κY U
†
1µU1νB

µν , (6.8)

where Uµν = DµU1ν −DνU1µ. The dimensionless parameters κs,Y depend on the specific
UV completion of the model. We assume that U1µ arises from a spontaneously broken
Yang-Mills theory, that is κs,Y = 1.14 The U1 decay width is

ΓU1 = |λbµ|
2 + |λsµ|2

12π MU1 , (6.9)

where we take only λbµ (i = 3) and λsµ (i = 2) couplings to be non-zero. Analogously to
the S3 case, we consider two different scenarios for the λsµ coupling.

U(2)3 symmetric case. The minimally broken U(2)3 quark flavour symmetry predicts
|λsµ| ∼ |Vtsλbµ| and even smaller |λdµ| ∼ |Vtdλbµ|, making all leptoquark couplings but
λbµ irrelevant for high-pT processes. On the leptonic side, we again assume an exclusive
coupling to muons.

The present LHC constraints, as well as future 5σ discovery prospects are presented in
the MU1 − λbµ plane in figure 15. The resulting picture is qualitatively similar to the one
for the S3 leptoquark in section 6.1, to which we refer for a detailed discussion. The extra
interaction term with gluons increases the reach at FCC-hh from the pair production up to
MU1 ≈ 12.9TeV, while the reach at MuC is limited to √s0/2 by kinematics. Note also the
suppression in reach from the µj final state at MuC, compared to the scalar case. This is

14We note that the for the benchmark κY = 0 our phenomenological analysis remains identical, since the
main production and decay channels are dominated by the QCD and q`-LQ couplings. Instead, κs = 0
reduces the pair production cross section, reducing the U1U1 limits from hadron colliders by about 30% on
the mass, see e.g. [98].
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Figure 15. Discovery reach at 5σ for the U1 leptoquark in the U(2)3 symmetric case. The present
95%CL exclusion by LHC is shown as a thick black line. In the grey region, the perturbativity
criterion ΓU1/MU1 < 0.25 is violated.

due to a factor of 1/2 from the branching ratio of U1 → diµ and a factor of
√

2 less in the
coupling to diµ. As before, the MuC10 sensitivity prospect in the IDY channel is almost an
order of magnitude better than at FCC-hh, while the MuC3 is comparable.

Addressing bsµµ anomalies. The U1 vector leptoquark has attracted a great deal
of attention in the context of the B-meson anomalies [29–37, 39–42, 159, 160, 179–185].
Regarding the contribution to ∆Cµ9 = −∆Cµ10, the expressions in eqs. (6.5) and (6.6) hold
identically with a replacement MS3 →MU1 . In the following, we focus on the parameter
space that can address the bsµµ anomalies. In particular, λsµ is fixed by the best-fit point
from the bsµµ analysis, see eq. (6.6), leaving only two input parameters MU1 and λbµ.

The results of our collider studies are summarised in figure 16, where the color coding
is the same as before. The prospects at the hadron colliders are similar to the S3 case, see
section 6.1 for a detailed discussion. At MuCs, the IDY channel provides somewhat higher
sensitivity, unlike the resonant production in µq → µj. The MuC10 can discover at 5σ
the entire viable parameter space by the IDY process alone, while the MuC3 can exclude
it at 95% CL. However, it is important to stress that this is only an indirect effect: the
leptoquark is exchanged in the t-channel and therefore a smooth distortion is predicted
(see figure 4). Should the effect in the IDY be discovered, the characterisation of the new
physics will become a challenge. This is to be compared with FCC-hh, where the vector
leptoquark can be discovered as an on-shell resonance in the pair production process up to
MU1 ≈ 12.9TeV.
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Figure 16. Discovery reach at 5σ for the U1 leptoquark. The fit to bsµµ anomalies is imposed
everywhere via eq. (6.6). The present 95%CL exclusion by LHC is shown as a thick black line.
The dotted gray line corresponds to λbµ = λsµ. In the grey region, the perturbativity criterion
ΓU1/MU1 < 0.25 is violated. The limit for the µµ̄→ jj channel at 10TeV MuC covers the whole
plane. For future colliders, the discoverable region is the one on the side of the line where the
corresponding label has been drawn. The smaller figures below the main figure highlight a single
future collider at a time.
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7 Conclusions

The near-term future of particle physics will be charted by precision measurements. The
LHC has (almost) reached its nominal beam energy and is marching towards the high-
luminosity phase. Within this decade, the Belle II experiment in Japan plans to surpass the
previous B factories by one order of magnitude in integrated luminosity. It could very well
be that a new physics will first show up indirectly in the precision measurements at low
energies. Interesting (though yet indecisive) hints are reported by the LHCb collaboration,
suggesting a microscopic new physics in b→ sµ+µ− decays.

The long-term future of the field crucially depends on the decisions we make today
about the next generation of high-energy colliders. The two most prominent options on the
table are the future proton collider at 100TeV (FCC-hh) and a multi-TeV muon collider
(MuC). It is, therefore, necessary to thoroughly compare the two on a broad set of new
physics hypotheses. In this work, we consider a short-distance new physics relevant for rare
(semi)leptonic B meson decays and investigate the complementary discovery prospects at
future colliders specified in table 1. Our set of benchmarks includes heavy Z ′ and leptoquark
mediators as well as semileptonic four-fermion interactions.

Our MuC studies focus on two-body final states sensitive to such new physics, the most
relevant being di-jet, di-muon, di-tau, and muon plus jet (see figure 1). For each topology
we compute the leading SM background as well as the expected new physics signal (see
figures 2 and 4 for examples of differential cross sections). We identify an intriguing interplay
between resonant and non-resonant signal shapes relevant to the discovery prospects (see
figure 3). One of the novelties of our work is the employment of precise electroweak parton
distribution functions for the high-energy muon beam, as explained in appendix A. This has
several interesting phenomenological implications, defying common intuition from the LHC.
The complementary processes considered at hadron colliders are summarised in figure 5.
These include di-muon and four-muon final states. Furthermore, for both muon and hadron
colliders we also study the sensitivity from leptoquark pair production.

In our first analysis we assume that the new mediators are too heavy for on-shell
production even at future colliders and study the deviations in the high-energy tails due to
new semileptonic four-fermion interactions (section 4). For example, in figure 6 we compare
the projections from the di-jet final state at muon colliders to the di-muon and muon
plus neutrino final states at hadron colliders, on operators involving left-handed doublets
with different SU(2)L contractions, (L̄2

LγαL
2
L)(Q̄iLγαQ

j
L) and (L̄2

Lγασ
aL2

L)(Q̄iLγασaQ
j
L),

assuming flavour universality in the quark-sector. Interestingly, in this case a 3TeV MuC only
slightly improves upon the HL-LHC, while the FCC-hh probes substantially more parameter
space, that can only be matched by a 14TeV MuC. We then study similar operators but with
a different flavour structure: bsµµ and bbµµ. The corresponding results are shown in figures 7
and 8. In this case, even a 3TeV MuC provides comparable sensitivity to the FCC-hh, while
10TeV and 14TeV MuCs are considerably better. This is due to the suppression from the sea
quark parton distribution functions at hadron colliders. In the same figures we also indicate
a tentative prediction from the present-day LHCb anomalies in b→ sµ+µ− decays. Both
MuC3 and FCC-hh have a good prospect to reach this target, assuming realistic models
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Figure 17. Comparison of the discovery reach of future colliders for the different models discussed
in this work. The corresponding couplings (gZ′ or λbµ) are set to 1. We denote with an asterisk
cases where the reach exceeds the perturbativity limit or meet any other relevant bound (e.g. from
meson mixing).

in which the bbµµ interactions are larger than the bsµµ. Instead, the MuC10 (MuC14) can
easily cover even the most pessimistic case compatible with the LHCb anomalies.

A heavy Z ′ vector arises in several new physics models. In our work we consider a Z ′

associated with the gauging of the U(1)B3−Lµ (section 5.1) or the U(1)Lµ−Lτ (section 5.2)
group. While a coupling to muons is present by design in both cases, the Z ′ interaction
with quarks is very different. For both models we consider two scenarios: i) the set of
renormalisable couplings predicted by the corresponding U(1)X and ii) a minimal extension
needed to address the bsµµ anomalies. Our main findings are presented in figures 9 and 10
for B3 − Lµ and figures 11 and 12 for Lµ − Lτ . In the scenario i), the FCC-hh compares to
the MuC10 for the first model, while in the second model (which is quark-phobic), even a
3TeV MuC is better than the FCC-hh. When the bsµµ anomalies are addressed, we find
that the whole viable parameter space in both models (with resonances above the EW scale)
can be fully explored at the MuC3 as well as the FCC-hh. In case of Lµ − Lτ at hadron
colliders, this is possible thanks to the pp→ µ+µ−Z ′ → 4µ process. Our results are also
summarized in figure 17, where one can directly compare the Z ′ mass reach of the future
colliders for a benchmark value of the coupling gZ′ = 1.
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The interest in leptoquark models at the TeV scale and their phenomenology has received
a boost since the appearance of the flavour anomalies. Leptoquarks are also motivated
by the hinted quark-lepton unification. In this paper, we study both scalar (section 6.1)
and vector (section 6.2) leptoquarks, with couplings only to the second generation lepton
doublet. In both cases, we consider two possible flavour structures for the couplings to
quarks: i) one dictated by an exact U(2)Q flavour symmetry and ii) a minimal scenario
required to address the bsµµ anomalies. The main results are given in figures 13 and 14
for the scalar, and figures 15 and 16 for the vector, with similar conclusions. Moreover,
figure 17 offers again a simplified overview of the results for a choice of coupling λbµ = 1.
Both MuC3 and FCC-hh have the potential to cover large portions of the parameter space,
with similar sensitivity on the leptoquark coupling while the FCC-hh has a much better
prospect for on-shell leptoquark discovery via pair-production. The sensitivity at the MuC3
indeed comes almost completely from off-shell effects in the di-jet final state. This aspect is
improved at the MuC10 (and even more so at the MuC14). Indeed, among the colliders
considered here, a 10TeV (or higher) MuC is the only one that can cover (with a 5σ
discovery prospect) the whole parameter space viable for addressing the bsµµ anomalies
with leptoquarks.
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A Muon PDFs

Initial state radiation in high-energy lepton colliders has an important impact on the
phenomenology of such a machine: it spreads the lepton energy to lower values and
generates different possible initial states. In QED, a lepton can emit a photon, that in turn
can split into `+`− pair. The probability of these processes increases logarithmically with
the energy [186, 187]. Thus, for large enough energies they must be resummed following
the analogous of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations for
QCD [188–190]. The resulting PDFs describe the probability of finding a certain parton ‘i’,
with a given fraction x of the initial momentum, inside the original lepton in a process of
energy Q: fi(x,Q). For energies much above the EW scale, EW PDFs with the complete
set of SM interactions must be taken into account [191–194].

In practice, for our MuC analysis we derive muon PDFs by resumming soft real emissions
as well as virtual radiation, needed to cancel soft divergences, by numerically solving the
DGLAP equations for the system with an initial condition fµ(x,mµ) = δ(1 − x) and
fi 6=µ(x,mµ) = 0. We follow the strategy laid out in [63, 64]. In the first phase of the
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Figure 18. Muon PDFs including the full unbroken SM interactions for Q = 3TeV. The thickness
of the gluon and b quarks PDFs is obtained by varying the µQCD scale from 0.5 to 1GeV.

evolution, below the electroweak scale Q = µEW ∼MZ , we consider only QED and QCD
interactions involving the three leptons and five quark flavours (top quark excluded), with
QCD contribution starting at the scale Q = µQCD ∼ 0.7GeV (see ref. [195]).15 In this
phase, thanks to the vectorlike nature of the theory, we do not separate fermion chiralities or
vector polarizations. Then at the electroweak scale µEW we match with the PDFs obtained
from the first phase and continue the evolution considering the full unbroken Standard
Model interactions, now separating left and right chiralities, as well as the two transverse
polarizations of gauge bosons. The role of the longitudinal polarization is played by the
Goldstone bosons coming from the Higgs doublet and we identified PDFs with the same
equations and initial conditions. Since for this work we need only muon, neutrino, and quark
PDFs, we neglect ultra-collinear effects arising in the broken phase. These are suppressed
as m2

W /Q
2 at higher energies but give the dominant contribution to longitudinal gauge

bosons PDFs. However, their impact on massless fermions is negligible. We leave the
implementation of these effects to an upcoming work on muon PDFs, where all other details
of this computation will be available [60].

In figure 18 we report the PDFs relevant for our work at the scale Q = 3TeV, while in
figure 19 we show the parton luminosities Lij used to compute the various cross sections in
this work, given by

Lij(τ) =
∫ 1

τ

dx

x
fi(x,m)fj

(
τ

x
,m

)
, (A.1)

where fi(x,m) is the PDF of the parton i computed at a scale Q = m and τ is defined as

τ = m2

s0
, (A.2)

15We evaluate the uncertainty due to the choice of this scale by changing µQCD from 0.5 to 1GeV. As a
result, we find a ≈ 10% variation in the quark and gluon PDFs at the TeV scale and for 10−3 . x < 1, while
the impact on leptons or EW gauge bosons is completely negligible (∼ O(10−5)). This is shown in figure 18.
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Figure 19. Parton luminosities, for √s0 = 3TeV, involving two muons (left) or a muon and a
b̄ (right).

with m being the invariant mass of the two initial states and s0 the center of mass energy
of the collider. By comparing our results with figure 1 of [64] we find good agreement for
all PDFs considered in this work (fermions, gluon and photon), with deviations of . 10%.

The luminosity is related to a probability for a collision between partons i and j with
energy √τs0. For a given process, the total cross section is obtained after a convolution
with a partonic cross section,

σTOT =
∑
i,j

∫ 1

0
dτLij(τ)σij(

√
τs0) =

∑
i,j

∫ √s0
0

dm
2m
s0
Lij

(
m2

s0

)
σij(m). (A.3)

B Partonic cross sections

In a scattering process where partons of type 1 collide with partons of type 2 to produce
partons of type 3 and 4, the differential cross section defined in the lab frame is given by

d3σ

dy3dy4dm
= f(x1)f(x2)m

3

2s
1

cosh y∗
dσ

dt̂
(1 + 2→ 3 + 4) , (B.1)

where m is the invariant mass of the products, yi is the rapidity of parton i, f(xi) is the
PDF and

x1,2 = m
√
s0
e±

y3+y4
2 , y∗ = 1

2(y3 − y4) , t̂ = −m
2

2 (1− cos θ∗) , θ∗ = arcsin
( 1

cosh y∗

)
.

(B.2)

For the process µ+
Lµ
−
L → q̄LqL we derive analytic expressions for the total polarized partonic

cross sections (not averaged over initial spins). As an example, we give here the result in
the limit of vanishing fermion masses for the case where the NP effect is mediated by a Z ′,
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a S3 leptoquark, as well as a contact interaction CµLµLqLqL in eq. (4.3):

σ(µ+
Lµ
−
L→ q̄LqL)

= 3
16πs2

[4s3

3

∣∣∣∣∣QqQµs
+

gZq g
Z
µ

s−m2
Z+iΓZmZ

+
gZ
′

qL
gZ
′

µL

s−M2
Z′+iΓZ′MZ′

+CµLµLqLqL

∣∣∣∣∣
2

−2 |λqµ|2 Re
[(

QqQµ
s

+
gZq g

Z
µ

s−m2
Z+iΓZmZ

)(
2M2

S3s−s
2+2M4

S3 log
(

M2
S3

M2
S3

+s

))]

+ |λqµ|4
(
s(2M2

S3
+s)

M2
S3

+s
+2M2

S3 log
(

M2
S3

M2
S3

+s

))]
, (B.3)

where the equation above can be used directly for the up quarks with the coupling convention
of eq. (6.1), while for the down quarks one should multiply the leptoquark coupling by a
factor of

√
2 (see eq. (6.2)). The cross section for the vector leptoquark is:

σ(µ+
Lµ
−
L→ qLq

−
L ) = 3

16πs2

4s3

3

∣∣∣∣∣QqQµs
+

gZq g
µ
q

s−m2
Z+iΓZmZ

∣∣∣∣∣
2

+4|λqµ|2 Re
[(

QqQµ
s

+
gZq g

µ
q

s−m2
Z+iΓZmZ

)(
2M2

U1s+3s2+2(M2
U1 +s)2 log

(
M2
U1

M2
U1

+s

))]

+ 4|λqµ|4
(
s

(
2+ s

M2
U1

)
+2(M2

U1 +s) log
(

M2
U1

M2
U1

+s

))]
. (B.4)

Analogously, we compute analytically all other 2→ 2 cross sections for the processes
discussed in section 2. In the processes that include diagrams with a photon exchanged
in the t-channel, such as µ+µ− → µ+µ− and µq → µq (see diagrams in figure 1), one
cannot integrate over the whole phase space due to the pole in the propagator. Instead, we
calculate numerically a fiducial cross-section by integrating over the physical region with a
rapidity cut |yi| . 2 on the final state fermions, using eq. (B.1).

C Statistical procedure

To derive the expected exclusion or discovery reach we construct our test statistic as
−2 logL = −2

∑
i∈bins logLi, where

if Nobs
i ≥ 100 : − 2 logLi = (Ni −Nobs

i )2

Ni + ε2N2
i

,

if Nobs
i < 100 : − 2 logLi = −2 log N

Nobs
i

i e−Ni

Nobs
i !

,

(C.1)

where Nobs
i (Ni) is the observed (expected) number of events in each bin and ε is the relative

systematic uncertainty. We assume that our test statistic follows a χ2 distribution. In case
of exclusion reach the observed number of events is derived assuming the SM, while the
expected one is expressed in the new physics model. For the discovery reach, the expected
number of events is given assuming the SM, while the observed one is derived assuming NP.
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For the systematic uncertainty we assume an uncorrelated value of ε = 2%. This is
increased to 10% in the case of µq → µq process, due to our estimation of QCD uncertainties
in quark PDFs inside the muon (see appendix A). The 2% experimental systemic uncertainty
is rather conservative according to some literature. For instance a value of 1% is taken
in [62], while refs. [53, 196] assume a systematic uncertainty of only 0.1%.

D Detector performance

A detailed study of the FCC-hh detector system has been collected in the design report [8],
from which we take the expected performances relevant for the processes considered in
this paper. Specifically, for the energy resolution of the hadronic calorimeter we take the
baseline performance of the reference detector (cf. table 7.3):

σE
E

= 50%√
E[GeV]

⊕ 3% , (D.1)

where ⊕ means the two terms are added in quadrature. For the muon pT resolution we take
the combined resolution from the muon system and the tracker, assuming 25µm position
resolution (cf. figure 7.21(a) of ref. [8]). This is ≈ 2% at 1TeV and ≈ 5% at 10TeV.

For all MuCs considered, we assume that the hadronic calorimeter and muon system
performances are the same as for the FCC-hh. However, when relevant, we limit the
maximum rapidity to |y|max = 2, due to the rapid degradation of tracking efficiency closer to
the beamline [197]. Our tracking and hadronic calorimeter resolutions are conservative with
respect to the ones required for the CLIC detector [198] in the corresponding energy range.

The LHC performance specifications are detailed in the CMS paper [88]. The jet and
muon triggering, identification, and reconstruction efficiencies are assumed to be 100% in
our analyses for FCC-hh and MuC.

E (HL-)LHC and FCC-hh analyses

pp→ µ+µ−. The analysis of the di-muon signatures at the hadron colliders is based on
the recent CMS search [88]. For each benchmark model, we calculate the leading-order Drell-
Yan cross section analytically on parton level which is then numerically convoluted with the
NNPDF30_nnlo_as_0118 PDF set [199] using Mathematica (µF = mµµ). The CMS collabo-
ration reported the SM expected number of DY and other background events in the binned
mµµ distribution. Their DY prediction is calculated at NNLO QCD and NLO EW precision.

The present observed 95% CL limits on all benchmark models come from assuming the
number of expected DY events in each bin reported by the CMS collaboration is rescaled by
the ratio of leading-order BSM and SM cross sections [18]. The systematic uncertainty on
the number of DY events is as reported by the CMS collaboration. The statistical analysis
takes into account the number of SM+BSM DY events, as well as events coming from
non-DY backgrounds. We note, that neglecting the subleading contribution of non-DY
backgrounds has a negligible effect on the derived bounds.
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In order to obtain the projections for the HL-LHC and the FCC-hh, we translated
the mµµ distribution into τ = m2

µµ/s0 distribution and rescaled the CMS prediction by
the ratio

σi(s) = σSM CMS
i (s0) σ

SM LO
i (s)

σSM LO
i (s0)

L

L0
, (E.1)

where the index i labels the bin, s(0) is the future (present) center-of-mass energy and
L(0) is the future (present) luminosity. The validity of such scaling for DY cross section
was checked at LO using MadGraph5 [200]. The non-DY backgrounds, however, do not
scale in the same way. While tt̄ and V V backgrounds remain subleading at the FCC-hh
(directly checked by MadGraph5), the tW background becomes relevant (less than an order
of magnitude times the SM DY). However, the presence of jets and missing energy in the
final state allows for designing cuts that can easily suppress this background. We therefore
neglect any non-DY backgrounds in the derivation of the future projections.

In all non-resonant searches, as well as resonant search at the LHC and the HL-LHC,
the CMS binning of the τ distribution was used. On the other hand, similarly to the
MuC searches, the resonant search at FCC-hh uses bins constructed following the hadronic
calorimeter resolution described in eq. (D.1). For HL-LHC and FCC-hh we assign 2%
systematic uncertainty.

pp→ 4µ. In the case of multilepton signature for Lµ−Lτ model, we derive the exclusion
limits and discovery reach by calculating the significance of the signal as

Z(MZ′ , gZ′) = s(MZ′ , gZ′)√
b

=
√
L
g2
Z′σZ′(MZ′ , 1)

σSM
, (E.2)

where both cross sections were calculated using MadGraph5 applying the following set of
standard cuts: pµT > 20GeV (leading muon), pµT > 10GeV (subleading muon), pµT > 5GeV
(other muons), |ηµ| < 2.7 and ∆Rµµ > 0.05. Additionally, in order to suppress the SM
background, we applied the cut mµ+µ− > min(800 GeV, 0.8MZ′) on any oppositely-charged
muon pair.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP3 supports
the goals of the International Year of Basic Sciences for Sustainable Development.
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