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Muon collider physics

2] Luminosity growing with energy: 5 years
⟺ +

15 years 25 years

MuC is an STCC = Space-Time-Compact Collider 

 Goal of the tens:   

10 TeV ,  10 iab,  10 x smaller and O(10) x faster than the FCC 


⇒

⇒

1] O(10) TeV Energy small hybrid collider:

FCC-ee

+

FCC-hh

⟺

100 km10 km 100 km

MuC

t
x

The essentials #3: compactness
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Muon collider physics
The essentials

•A O(10 TeV) muC is in the range of what could be 
technically achievable. R&D is necessary.


• It would radically change the way we do collider physics, 
opening the exploration of EW phenomena at higher scales 
through an hybrid direct/indirect approach in a clean 
environment. 


•Given what we know now from the LHC + what will learn 
from HL-LHC what are the muC physics drivers?
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WULZER

Dark Matter
[Xiaoran Zhao]

Note: we are currently not 
able to make sufficiently 
accurate predictions for this 
study (and many others)

Conclusion

mono-X ,di-X and DT for low mass region M� <
p
s
2

Indirect probes are good at thresholds M� ⇠

p
s
2

and can probe high mass M� >
p
s
2

Soft/collinear radiations shift NC to NC+CC

Hard radiations a↵ect the dynamics and sensitivities

Statistic uncertainties in O(0.1 ⇠ 1%) level: need further
improvements on theoretical predictions(NLO+NLL or higher?)

Xiaoran Zhao (Roma Tre) Dark matter at the muon colliders October 12, 2022 18 / 18

Indirect probes

Direct production is limited by M <
p
s
2 .

Indirect probes through loop corrections: no such limit!
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Indirect probes

Direct production is limited by M <
p
s
2 .

Indirect probes through loop corrections: no such limit!
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Soft and collinear radiation

Double logarithm ln2 s
m2

W
and single logarithm are large: NC at fixed

order!NC+CC with resummation

Chen et.al.2202.10509

Xiaoran Zhao (Roma Tre) Dark matter at the muon colliders October 12, 2022 14 / 18



AN “INTERPOLATOR” MODEL

If Dark Matter feels SM weak interactions we can use the general -plet WIMP to measure how well we are able to test this 
hypothesis and possibly discover or exclude one or several or the whole category of DM candidates.

n

Ωnr ∼
1

σann
∼

M2

Cn ⋅ g2

2

ity of accessible BS channels grows significantly. These
two e↵ects result in an increase of the annihilation cross-
section compared to the estimates of Ref. [15].

The freeze-out mass predictions are summarized in Ta-
ble I and Fig. 1 for the real n-plets considered here. With
masses ranging from several TeV to tens or hundreds of
TeV, most of the EW WIMP candidates are still out
of reach of present experiments, but could be tested in
the future, thanks to the forthcoming progress in col-
lider physics and DM detection experiments. With the
mass predictions at hand, we thus commence a system-
atic survey of the WIMP phenomenology: i) at very high
energy lepton colliders with 10 to 30 TeV center of mass
energy [16, 17]; ii) at direct detection experiments with
100 tons/year of exposure like DARWIN [18, 19]; iii) at
high-energy �-ray telescopes like CTA [20–23]. We first
examine the reach of a hypothetical future muon collider,
studying in detail for which values of center-of-mass en-
ergy and integrated luminosity the EW 3-plets and 5-
plets can be fully probed through direct production. We
instead find direct production of the EW multiplets with
n > 5 to be beyond the reach of any realistic future ma-
chine (this is in contrast with the results of the recent
study [24] due to the increase of the thermal mass of the
7-plet with the inclusion of BSF e↵ects). These larger
n-plets are possibly within the reach of large exposure
direct detection experiments, and will probably be tested
more easily with future high energy �-ray telescopes. A
careful study of the expected signals in indirect detection
is left for a future work [25].

This paper is organized as follows. In Sec. II we sum-
marize the EW WIMP paradigm, in Sec. III we illustrate
the main features of our freeze-out computation, and in
Sec. IV we discuss the unitarity bound assessing the the-
ory uncertainties. These three sections provide a full ex-
planation on the results of Table I and Fig. 1. In Sec. V
we discuss the implications of our study for a future muon
collider, while in Sec. VI we briefly re-examine the reach
of direct and indirect detection experiments in light of
our findings. In Appendix A we give further details on
the nature of next-to-leading order corrections and we de-
tail the BS dynamics for the 7-plet. Appendix B contains
further information on the collider studies.

II. WHICH WIMP?

We summarize here the logic of our WIMP classifica-
tion very much inspired by previous papers on the sub-
ject [4–7, 27]. Requiring the neutral DM component to
be embedded in a representation of the EW group im-
poses that Q = T3 + Y , where T3 = diag

�
n+1
2 � i

�
with

i = 1, . . . , n, and Y is the hypercharge. At this level,
we can distinguish two classes of WIMPs: i) real EW
representations with Y = 0 and odd n; ii) complex EW
representations with arbitrary n and Y = ±

�
n+1
2 � i

�
for

i = 1, . . . , n. Here we focus on the first class of WIMPs,
which is particularly interesting because the DM does not
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FIG. 1. Summary of the thermal masses for Majorana fermion
(red) and real scalar WIMPs (blue) including both Sommer-
feld enhancement (SE) and bound state formation (BSF). The
solid lines are the thermal masses with SE. The dashed lines
are the thermal masses for the hard annhilation cross-section.
The gray shaded region is excluded by s-wave perturbative
unitarity including BSF.

couple to the Z-boson at tree level, avoiding strong con-
straints from direct detection experiments. Other possi-
bilities will be discussed elsewhere.
At the renormalizable level, the extensions of the SM

that we consider are

Ls =
1

2
(Dµ�)

2
�

1

2
M

2
�
�
2
�

�H

2
�
2
|H|

2
�

��

4
�
4
, (1)

Lf =
1

2
� (i�̄µ

Dµ �M�)� , (2)

for scalars and fermions, respectively, where Dµ = @µ �

ig2W
a

µ
T

a

�
is the covariant derivative, and T

a

�
are gen-

erators in the n-th representation of SU(2). The La-
grangian for the real scalar in Eq. (1) also admits quartic
self-coupling and Higgs-portal interactions at the renor-
malizable level, but they do not substantially alter the
WIMP freeze-out predictions.1

The neutral component and the component with
charge Q of the EW multiplet are splitted by radia-
tive contributions from gauge boson loops. In the limit
mW ⌧ MDM these contributions are non-zero and in-
dependent on M�. This fact can be understood by com-
puting the Coulomb energy of a charged state at distance
r & 1/mW or the IR mismatch (regulated by mW ) be-
tween the self-energies of the charged and neutral states.
The latter can be easily computed at 1-loop [28–30],

MQ�M0 '
Q

2
↵emmW

2(1 + cos ✓W )
= Q

2
⇥ (167± 4) MeV , (3)

1 No other quartic coupling is allowed since �T
a
�� identically van-

ishes. Indeed, (Ta
� )ij is antisymmetric in i, j, being the adjoint

combination of two real representations, while �i�j is symmetric.
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Figure 10. Indication of the current bounds and future prospects for the elec-
troweak triplet Dark Matter candidate. Solid contours show the current bounds.
Dashed contours refer to the reach of future experiments. For the collider analysis
we have considered the 95 % CL sensitivity. For definiteness, at a 100 TeV collider
we show the reach for L = 3 ab�1 and 1% of background systematics. As discussed
in the text, for disappearing tracks the estimate of the background at future col-
liders is particularly challenging. In this case, the reach refers to a moderate choice
of the background uncertainty (the dashed line in Fig. 7).

running of the quartic coupling of the Higgs, stabilizing the Higgs vacuum.
Moreover, it does not introduce large radiative corrections to the Higgs mass,
and it helps to achieve the unification of the gauge couplings. This particle
emerges also in more general scenarios, like SUSY models [33, 36–42], GUT
constructions [34], and also in other contexts [87, 88].

Searches of this Dark Matter candidate with Direct Detection experiments
are challenging, since the loop-induced scattering cross-section o↵ nuclei is
very small, well below the sensitivity of current experiments. Indirect Detec-
tion strategies are more promising. Gamma-rays and anti-protons observa-
tions exclude the range M� . 1 TeV and 1.7 TeV . M� . 3.5 TeV, although
we remind that these limits are subject to large astrophysical uncertain-
ties. Moreover they hold under the assumption that the electroweak fermion
triplet accounts for all of the observed Dark Matter abundance. Likely, new
astrophysical observations will improve current Indirect Detection bounds in
the near future.

In this work we have studied the reach of future proton colliders for
the electroweak fermion triplet. We have focussed on two scenarios: Lhc at

22

n = 3

DIRECT PRODUCTION

Production of Dark Matter weak multiplet states and observation of the decay 
products or associated productions

2040s
up to 10+ TeV
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Figure 6: The mass reach in the pure higgsino scenario in the disappearing track channel

with L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red).

The bands are generated by varying the background normalization between 20� 500%. Only

events passing the analysis cuts in App. A are considered.

channel
systematics/ 14 TeV 100 TeV

normalization 95% limit 5� discovery 95% limit 5� discovery

monojet
1% 185 GeV 80 GeV 870 GeV 285 GeV

2% 95 GeV 50 GeV 580 GeV 80 GeV

disappearing tracks

20% 185 GeV 155 GeV 750 GeV 595 GeV

100% 140 GeV 95 GeV 615 GeV 485 GeV

500% 90 GeV 70 GeV 485 GeV 380 GeV

Table 2: Mass reach for the pure higgsino scenario. For the monojet channel, the second

column shows the systematic uncertainty on the background used, while the systematic uncer-

tainty on the signal was 10%. For the disappearing tracks channel, the second column shows

the background normalization. For this channel the background systematic uncertainty was

20% and the signal systematic uncertainty was 10%.

is not as sensitive as the monojet search, but were the splitting to be decreased by a factor

of two, the limits would be comparable to the reach for winos.

5 Mixed Spectra

In the previous two sections we studied the phenomenology of pure LSPs which feature nearly

degenerate electroweakinos. In more general mixed scenarios, larger mass splittings between

charginos and neutralinos can be generated. In this paper, we look at the compressed case

– 11 –

1404.0682
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μ+μ− → χχ + X
X =γ, W, . . .M O N O - X

2009.11287, 2107.09688, 2205.04486 28
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FIG. 12. Mass reach in the mono-�, mono-W and DT channels for fixed luminosity as per Eq. 20 at
p
s 3 TeV (yellow),

6 TeV (green), 10 TeV (light blue), 14 TeV (red), and 30 TeV (purple). In the mono-W and mono-� searches we show
an error bar, which covers the range of possible exclusion as the systematic uncertainties are varies from 0 to 1%. The
colored bars are for an intermediate choice of systematics at 0.1%. Missing bars denoted by an asterisk * correspond
to cases where no exclusion can be set in the mass range M� > 0.1

p
s. For such cases it is worth considering VBF

production modes at the fixed luminosity Eq. 20 or higher luminosity at potentially smaller
p
s as illustrated in Fig. 11
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FIG. 11. Mass reach (in TeV) in the mono-� and mono-W channels as a function of collider center-of-mass energy and
luminosity, for Dirac fermion doublets, triplets, and 4-plets (blue lines). The thermal freeze-out mass is shown in red.
Blue shades show the expected values of the ratio of the signal rate over background. Systematic uncertainties are set
to zero. The muon collider luminosity Eq. 20 is shown as a white line, with the benchmark values of

p
s highlighted by

the colored squares.
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luminosity, for Dirac fermion doublets, triplets, and 4-plets (blue lines). The thermal freeze-out mass is shown in red.
Blue shades show the expected values of the ratio of the signal rate over background. Systematic uncertainties are set
to zero. The muon collider luminosity Eq. 20 is shown as a white line, with the benchmark values of

p
s highlighted by

the colored squares.
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FIG. 4. Reach from mono-W searches at a muon collider, as a function of collider center-of-mass energy
p
s and integrated

luminosity L. The blue contours show the 95% C.L. reach on the WIMP mass; the prediction from thermal freeze-out is shown
as a red line. The precision of the measurement is shown by the blue shadings. Systematic uncertainties are assumed to be
negligible. The white line corresponds to the luminosity scaling Eq. (24), with various collider benchmarks shown as colored
squares:

p
s = 6 TeV green,

p
s = 10 TeV blue,

p
s = 14 TeV orange and

p
s = 30 TeV red. The yellow square corresponds to

the 3 TeV CLIC [54]. Left: Majorana 3-plet. Right: Majorana 5-plet.

FIG. 5. Di↵erent bars show the 2� (solid wide) and 5� (hatched thin) reach on the WIMP mass at a muon collider for
di↵erent search channels. The first seven bars show the channels discussed in Sec. VA where DM would appear as missing
invariant mass (MIM) recoiling against one or more SM objects: mono-gamma, inclusive mono-W, leptonic mono-W, mono-Z,
di-gamma, same sign di-W, and the combination of all these MIM channels (blue). The last two bars show the reach of
disappearing tracks as discussed in Sec. VB, requiring at least 1 disappearing track (red), or at least 2 tracks (orange). All the
results are shown assuming systematic uncertainties to be 0 (light), 1h (medium), or 1% (dark). The vertical red bands show
the freeze-out prediction. Left: Majorana 3-plet for

p
s = 14TeV and L = 20 ab�1. Right: Majorana 5-plet for

p
s = 30TeV

and L = 90 ab�1.

is negative (positive). Since the charge of the W bo-
son is potentially observable for leptonic decays, we can
envisage a strategy to isolate the signal from the back-
ground using the full distribution in ⌘W (instead of its
absolute value). We thus also perform an analysis of lep-
tonic mono-W events, where we impose the additional

cut ⌘W± 7 0. We find the reach of this search to be
weaker than the one of the inclusive mono-W because
of the small leptonic branching ratio. However, the lep-
tonic mono-W search possesses signal-free regions of the
⌘W distribution which would allow for an in situ calibra-
tion of the background from the data itself, leading to

Large  mass requires CoM energy!χ

Weak radiation yield the most 
constraining channel “ ”mono-W

mono-W
mono-γ

tracklets {
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FIG. 12. Mass reach in the mono-�, mono-W and DT channels for fixed luminosity as per Eq. 20 at
p
s 3 TeV (yellow),

6 TeV (green), 10 TeV (light blue), 14 TeV (red), and 30 TeV (purple). In the mono-W and mono-� searches we show
an error bar, which covers the range of possible exclusion as the systematic uncertainties are varies from 0 to 1%. The
colored bars are for an intermediate choice of systematics at 0.1%. Missing bars denoted by an asterisk * correspond
to cases where no exclusion can be set in the mass range M� > 0.1

p
s. For such cases it is worth considering VBF

production modes at the fixed luminosity Eq. 20 or higher luminosity at potentially smaller
p
s as illustrated in Fig. 11
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FIG. 11. Mass reach (in TeV) in the mono-� and mono-W channels as a function of collider center-of-mass energy and
luminosity, for Dirac fermion doublets, triplets, and 4-plets (blue lines). The thermal freeze-out mass is shown in red.
Blue shades show the expected values of the ratio of the signal rate over background. Systematic uncertainties are set
to zero. The muon collider luminosity Eq. 20 is shown as a white line, with the benchmark values of

p
s highlighted by

the colored squares.
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FIG. 4. Reach from mono-W searches at a muon collider, as a function of collider center-of-mass energy
p
s and integrated

luminosity L. The blue contours show the 95% C.L. reach on the WIMP mass; the prediction from thermal freeze-out is shown
as a red line. The precision of the measurement is shown by the blue shadings. Systematic uncertainties are assumed to be
negligible. The white line corresponds to the luminosity scaling Eq. (24), with various collider benchmarks shown as colored
squares:

p
s = 6 TeV green,

p
s = 10 TeV blue,

p
s = 14 TeV orange and

p
s = 30 TeV red. The yellow square corresponds to

the 3 TeV CLIC [54]. Left: Majorana 3-plet. Right: Majorana 5-plet.

FIG. 5. Di↵erent bars show the 2� (solid wide) and 5� (hatched thin) reach on the WIMP mass at a muon collider for
di↵erent search channels. The first seven bars show the channels discussed in Sec. VA where DM would appear as missing
invariant mass (MIM) recoiling against one or more SM objects: mono-gamma, inclusive mono-W, leptonic mono-W, mono-Z,
di-gamma, same sign di-W, and the combination of all these MIM channels (blue). The last two bars show the reach of
disappearing tracks as discussed in Sec. VB, requiring at least 1 disappearing track (red), or at least 2 tracks (orange). All the
results are shown assuming systematic uncertainties to be 0 (light), 1h (medium), or 1% (dark). The vertical red bands show
the freeze-out prediction. Left: Majorana 3-plet for

p
s = 14TeV and L = 20 ab�1. Right: Majorana 5-plet for

p
s = 30TeV

and L = 90 ab�1.

is negative (positive). Since the charge of the W bo-
son is potentially observable for leptonic decays, we can
envisage a strategy to isolate the signal from the back-
ground using the full distribution in ⌘W (instead of its
absolute value). We thus also perform an analysis of lep-
tonic mono-W events, where we impose the additional

cut ⌘W± 7 0. We find the reach of this search to be
weaker than the one of the inclusive mono-W because
of the small leptonic branching ratio. However, the lep-
tonic mono-W search possesses signal-free regions of the
⌘W distribution which would allow for an in situ calibra-
tion of the background from the data itself, leading to

mono-W
mono-γ

tracklets {
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Fig. 9 The e↵ect on the W parameter from Dirac Fermions,
Majorana Fermions, and Real Scalars for di↵erent n for ther-
mal masses given in Tab. 1. The blue shaded area corresponds
to the 95% CL exclusion on W that can be attained at a muon
collider running at center of mass energy Ecm.

The perspectives for finding hints or evidence of
WIMPs in future experiments are encouraging, but the
chance to produce WIMPs directly in the colliders and
to study them in detail seems to require WIMPs to be
quite light compared to the possible mass range they
can span.

The situation at colliders is changed dramatically
by the possibility to build high energy muon collider.
Indeed a machine colliding point-like particle can ex-

ploit fully the beam energy to produce heavy states,
such as heavy WIMPs. In addition, being a leptonic ma-
chine, the high energy muon collider promises to have
a relatively clean collision environment, thus enabling
precision measurements.

We have explored the possibility to use precise mea-
surements of fiducial cross-sections or di↵erential cross-
sections to probe the existence of heavy WIMPs. We
found that the amount of information that can be gained
in di↵erential studies is generally limited by the fact
that the SM and new physics scattering amplitudes
are very similar in the phase-space of the most abun-
dant 2 ! 2 scatterings, thus motivating us to study
mainly fiducial cross-section measurements. Such mea-
surements can be carried out on a larger number of final
states, as they do not require to tag electric charges of
the final states, hence they can increase the mass reach
of searches limited by the size of the data sample. In-
deed we find that including copious scatterings in all
flavors of jets can improve the results appeared previ-
ously in the literature, which focused on final states for
which the electric charges can be tagged, e.g. for the bb̄
final state.

In our study we have also included for the first time
the e↵ect of Dark Matter candidates in the produc-
tion of neutral diboson final states ZH and WW , and
the e↵ect of charged current scatterings in 3-body final
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Fig. 9 The e↵ect on the W parameter from Dirac Fermions,
Majorana Fermions, and Real Scalars for di↵erent n for ther-
mal masses given in Tab. 1. The blue shaded area corresponds
to the 95% CL exclusion on W that can be attained at a muon
collider running at center of mass energy Ecm.

The perspectives for finding hints or evidence of
WIMPs in future experiments are encouraging, but the
chance to produce WIMPs directly in the colliders and
to study them in detail seems to require WIMPs to be
quite light compared to the possible mass range they
can span.

The situation at colliders is changed dramatically
by the possibility to build high energy muon collider.
Indeed a machine colliding point-like particle can ex-

ploit fully the beam energy to produce heavy states,
such as heavy WIMPs. In addition, being a leptonic ma-
chine, the high energy muon collider promises to have
a relatively clean collision environment, thus enabling
precision measurements.

We have explored the possibility to use precise mea-
surements of fiducial cross-sections or di↵erential cross-
sections to probe the existence of heavy WIMPs. We
found that the amount of information that can be gained
in di↵erential studies is generally limited by the fact
that the SM and new physics scattering amplitudes
are very similar in the phase-space of the most abun-
dant 2 ! 2 scatterings, thus motivating us to study
mainly fiducial cross-section measurements. Such mea-
surements can be carried out on a larger number of final
states, as they do not require to tag electric charges of
the final states, hence they can increase the mass reach
of searches limited by the size of the data sample. In-
deed we find that including copious scatterings in all
flavors of jets can improve the results appeared previ-
ously in the literature, which focused on final states for
which the electric charges can be tagged, e.g. for the bb̄
final state.

In our study we have also included for the first time
the e↵ect of Dark Matter candidates in the produc-
tion of neutral diboson final states ZH and WW , and
the e↵ect of charged current scatterings in 3-body final
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ertheless slightly stronger than what can be cast from
these references due to larger polar angle coverage being
considered in our analysis.

It is worth noting that the comparison of our result
with that of Ref. [39] requires some care. In particu-
lar in our treatment the distinction between NC and
CC at fixed leading order underestimates the impor-
tance of CC in setting bounds compared to a calcula-
tion that includes resummation of weak radiation as in
Ref. [39]. We checked that the combined limit obtained
from our procedure from NC and CC agrees well with
the resummed result when same acceptance and same
event selection criteria are used. This detailed compar-
ison and the possible disagreement on the importance
of each exclusive channels witnesses the need for fur-
ther study of weak radiation at the high-energy muon
collider.

While the above result calls for further study to gain
more control on the predictions of BSM e↵ects once
weak radiative corrections become relevant for 10+ TeV
muon colliders, it is possible to look at higher energy
colliders both with our explicit computation and using
the scaling of EFT e↵ects such as the W parameter
generated by higher n-plets. As a matter of fact we find
that the reach of the muon collider can be extended
further to probe more WIMP candidates as one con-
siders larger n and progressively larger Ecm. Figure 8

shows the required luminosity for a 95% CL exclusion
of 5, 7, and 9-plet Majorana dark matter candidates.
E.g. for the Majorana n = 7 dark matter candidate,
whose pair production threshold is around 100 TeV, we
find that a Ecm =30 TeV muon collider can measure
the processes that we have considered and extract a 1�
measurement of the W parameter at a precision around
0.15 · 10�7, which probes at 95% the e↵ect expected
around 0.3 ·10�7 from this dark matter candidate. Such
dark matter candidate has a weak charge so large that
its scattering rates at the LO in perturbation theory
fill about few % of the maximum rate allowed by per-
turbation theory (see [19, 20]). That is to say that this
dark matter candidate starts to exhibit a perturbation
theory expansion that is all but merely “perturbed” by
the next order in the expansion.

At the present time the SM augmented by a Ma-
jorana 7-plet is a sensible and reasonably computable
theory. However, it is fair to say that larger n-plets such
as Majorana 9-plets and 11-plets have less interest in
the context of WIMPs, as their charges are so large
that perturbation theory converges very slowly and a
Landau pole emerges within very close range to their
mass [19]. With these provisions in mind, we can say
that a muon collider program, if able to reach center-of-
mass energy around 30 TeV, will be able to definitively
probe fermionic WIMP candidates in the perturbative
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ertheless slightly stronger than what can be cast from
these references due to larger polar angle coverage being
considered in our analysis.

It is worth noting that the comparison of our result
with that of Ref. [39] requires some care. In particu-
lar in our treatment the distinction between NC and
CC at fixed leading order underestimates the impor-
tance of CC in setting bounds compared to a calcula-
tion that includes resummation of weak radiation as in
Ref. [39]. We checked that the combined limit obtained
from our procedure from NC and CC agrees well with
the resummed result when same acceptance and same
event selection criteria are used. This detailed compar-
ison and the possible disagreement on the importance
of each exclusive channels witnesses the need for fur-
ther study of weak radiation at the high-energy muon
collider.

While the above result calls for further study to gain
more control on the predictions of BSM e↵ects once
weak radiative corrections become relevant for 10+ TeV
muon colliders, it is possible to look at higher energy
colliders both with our explicit computation and using
the scaling of EFT e↵ects such as the W parameter
generated by higher n-plets. As a matter of fact we find
that the reach of the muon collider can be extended
further to probe more WIMP candidates as one con-
siders larger n and progressively larger Ecm. Figure 8

shows the required luminosity for a 95% CL exclusion
of 5, 7, and 9-plet Majorana dark matter candidates.
E.g. for the Majorana n = 7 dark matter candidate,
whose pair production threshold is around 100 TeV, we
find that a Ecm =30 TeV muon collider can measure
the processes that we have considered and extract a 1�
measurement of the W parameter at a precision around
0.15 · 10�7, which probes at 95% the e↵ect expected
around 0.3 ·10�7 from this dark matter candidate. Such
dark matter candidate has a weak charge so large that
its scattering rates at the LO in perturbation theory
fill about few % of the maximum rate allowed by per-
turbation theory (see [19, 20]). That is to say that this
dark matter candidate starts to exhibit a perturbation
theory expansion that is all but merely “perturbed” by
the next order in the expansion.

At the present time the SM augmented by a Ma-
jorana 7-plet is a sensible and reasonably computable
theory. However, it is fair to say that larger n-plets such
as Majorana 9-plets and 11-plets have less interest in
the context of WIMPs, as their charges are so large
that perturbation theory converges very slowly and a
Landau pole emerges within very close range to their
mass [19]. With these provisions in mind, we can say
that a muon collider program, if able to reach center-of-
mass energy around 30 TeV, will be able to definitively
probe fermionic WIMP candidates in the perturbative
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Fig. 9 The e↵ect on the W parameter from Dirac Fermions,
Majorana Fermions, and Real Scalars for di↵erent n for ther-
mal masses given in Tab. 1. The blue shaded area corresponds
to the 95% CL exclusion on W that can be attained at a muon
collider running at center of mass energy Ecm.

The perspectives for finding hints or evidence of
WIMPs in future experiments are encouraging, but the
chance to produce WIMPs directly in the colliders and
to study them in detail seems to require WIMPs to be
quite light compared to the possible mass range they
can span.

The situation at colliders is changed dramatically
by the possibility to build high energy muon collider.
Indeed a machine colliding point-like particle can ex-

ploit fully the beam energy to produce heavy states,
such as heavy WIMPs. In addition, being a leptonic ma-
chine, the high energy muon collider promises to have
a relatively clean collision environment, thus enabling
precision measurements.

We have explored the possibility to use precise mea-
surements of fiducial cross-sections or di↵erential cross-
sections to probe the existence of heavy WIMPs. We
found that the amount of information that can be gained
in di↵erential studies is generally limited by the fact
that the SM and new physics scattering amplitudes
are very similar in the phase-space of the most abun-
dant 2 ! 2 scatterings, thus motivating us to study
mainly fiducial cross-section measurements. Such mea-
surements can be carried out on a larger number of final
states, as they do not require to tag electric charges of
the final states, hence they can increase the mass reach
of searches limited by the size of the data sample. In-
deed we find that including copious scatterings in all
flavors of jets can improve the results appeared previ-
ously in the literature, which focused on final states for
which the electric charges can be tagged, e.g. for the bb̄
final state.

In our study we have also included for the first time
the e↵ect of Dark Matter candidates in the produc-
tion of neutral diboson final states ZH and WW , and
the e↵ect of charged current scatterings in 3-body final
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Fig. 9 The e↵ect on the W parameter from Dirac Fermions,
Majorana Fermions, and Real Scalars for di↵erent n for ther-
mal masses given in Tab. 1. The blue shaded area corresponds
to the 95% CL exclusion on W that can be attained at a muon
collider running at center of mass energy Ecm.

The perspectives for finding hints or evidence of
WIMPs in future experiments are encouraging, but the
chance to produce WIMPs directly in the colliders and
to study them in detail seems to require WIMPs to be
quite light compared to the possible mass range they
can span.

The situation at colliders is changed dramatically
by the possibility to build high energy muon collider.
Indeed a machine colliding point-like particle can ex-

ploit fully the beam energy to produce heavy states,
such as heavy WIMPs. In addition, being a leptonic ma-
chine, the high energy muon collider promises to have
a relatively clean collision environment, thus enabling
precision measurements.

We have explored the possibility to use precise mea-
surements of fiducial cross-sections or di↵erential cross-
sections to probe the existence of heavy WIMPs. We
found that the amount of information that can be gained
in di↵erential studies is generally limited by the fact
that the SM and new physics scattering amplitudes
are very similar in the phase-space of the most abun-
dant 2 ! 2 scatterings, thus motivating us to study
mainly fiducial cross-section measurements. Such mea-
surements can be carried out on a larger number of final
states, as they do not require to tag electric charges of
the final states, hence they can increase the mass reach
of searches limited by the size of the data sample. In-
deed we find that including copious scatterings in all
flavors of jets can improve the results appeared previ-
ously in the literature, which focused on final states for
which the electric charges can be tagged, e.g. for the bb̄
final state.

In our study we have also included for the first time
the e↵ect of Dark Matter candidates in the produc-
tion of neutral diboson final states ZH and WW , and
the e↵ect of charged current scatterings in 3-body final
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ertheless slightly stronger than what can be cast from
these references due to larger polar angle coverage being
considered in our analysis.

It is worth noting that the comparison of our result
with that of Ref. [39] requires some care. In particu-
lar in our treatment the distinction between NC and
CC at fixed leading order underestimates the impor-
tance of CC in setting bounds compared to a calcula-
tion that includes resummation of weak radiation as in
Ref. [39]. We checked that the combined limit obtained
from our procedure from NC and CC agrees well with
the resummed result when same acceptance and same
event selection criteria are used. This detailed compar-
ison and the possible disagreement on the importance
of each exclusive channels witnesses the need for fur-
ther study of weak radiation at the high-energy muon
collider.

While the above result calls for further study to gain
more control on the predictions of BSM e↵ects once
weak radiative corrections become relevant for 10+ TeV
muon colliders, it is possible to look at higher energy
colliders both with our explicit computation and using
the scaling of EFT e↵ects such as the W parameter
generated by higher n-plets. As a matter of fact we find
that the reach of the muon collider can be extended
further to probe more WIMP candidates as one con-
siders larger n and progressively larger Ecm. Figure 8

shows the required luminosity for a 95% CL exclusion
of 5, 7, and 9-plet Majorana dark matter candidates.
E.g. for the Majorana n = 7 dark matter candidate,
whose pair production threshold is around 100 TeV, we
find that a Ecm =30 TeV muon collider can measure
the processes that we have considered and extract a 1�
measurement of the W parameter at a precision around
0.15 · 10�7, which probes at 95% the e↵ect expected
around 0.3 ·10�7 from this dark matter candidate. Such
dark matter candidate has a weak charge so large that
its scattering rates at the LO in perturbation theory
fill about few % of the maximum rate allowed by per-
turbation theory (see [19, 20]). That is to say that this
dark matter candidate starts to exhibit a perturbation
theory expansion that is all but merely “perturbed” by
the next order in the expansion.

At the present time the SM augmented by a Ma-
jorana 7-plet is a sensible and reasonably computable
theory. However, it is fair to say that larger n-plets such
as Majorana 9-plets and 11-plets have less interest in
the context of WIMPs, as their charges are so large
that perturbation theory converges very slowly and a
Landau pole emerges within very close range to their
mass [19]. With these provisions in mind, we can say
that a muon collider program, if able to reach center-of-
mass energy around 30 TeV, will be able to definitively
probe fermionic WIMP candidates in the perturbative
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ertheless slightly stronger than what can be cast from
these references due to larger polar angle coverage being
considered in our analysis.

It is worth noting that the comparison of our result
with that of Ref. [39] requires some care. In particu-
lar in our treatment the distinction between NC and
CC at fixed leading order underestimates the impor-
tance of CC in setting bounds compared to a calcula-
tion that includes resummation of weak radiation as in
Ref. [39]. We checked that the combined limit obtained
from our procedure from NC and CC agrees well with
the resummed result when same acceptance and same
event selection criteria are used. This detailed compar-
ison and the possible disagreement on the importance
of each exclusive channels witnesses the need for fur-
ther study of weak radiation at the high-energy muon
collider.

While the above result calls for further study to gain
more control on the predictions of BSM e↵ects once
weak radiative corrections become relevant for 10+ TeV
muon colliders, it is possible to look at higher energy
colliders both with our explicit computation and using
the scaling of EFT e↵ects such as the W parameter
generated by higher n-plets. As a matter of fact we find
that the reach of the muon collider can be extended
further to probe more WIMP candidates as one con-
siders larger n and progressively larger Ecm. Figure 8

shows the required luminosity for a 95% CL exclusion
of 5, 7, and 9-plet Majorana dark matter candidates.
E.g. for the Majorana n = 7 dark matter candidate,
whose pair production threshold is around 100 TeV, we
find that a Ecm =30 TeV muon collider can measure
the processes that we have considered and extract a 1�
measurement of the W parameter at a precision around
0.15 · 10�7, which probes at 95% the e↵ect expected
around 0.3 ·10�7 from this dark matter candidate. Such
dark matter candidate has a weak charge so large that
its scattering rates at the LO in perturbation theory
fill about few % of the maximum rate allowed by per-
turbation theory (see [19, 20]). That is to say that this
dark matter candidate starts to exhibit a perturbation
theory expansion that is all but merely “perturbed” by
the next order in the expansion.

At the present time the SM augmented by a Ma-
jorana 7-plet is a sensible and reasonably computable
theory. However, it is fair to say that larger n-plets such
as Majorana 9-plets and 11-plets have less interest in
the context of WIMPs, as their charges are so large
that perturbation theory converges very slowly and a
Landau pole emerges within very close range to their
mass [19]. With these provisions in mind, we can say
that a muon collider program, if able to reach center-of-
mass energy around 30 TeV, will be able to definitively
probe fermionic WIMP candidates in the perturbative
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The perspectives for finding hints or evidence of
WIMPs in future experiments are encouraging, but the
chance to produce WIMPs directly in the colliders and
to study them in detail seems to require WIMPs to be
quite light compared to the possible mass range they
can span.

The situation at colliders is changed dramatically
by the possibility to build high energy muon collider.
Indeed a machine colliding point-like particle can ex-

ploit fully the beam energy to produce heavy states,
such as heavy WIMPs. In addition, being a leptonic ma-
chine, the high energy muon collider promises to have
a relatively clean collision environment, thus enabling
precision measurements.

We have explored the possibility to use precise mea-
surements of fiducial cross-sections or di↵erential cross-
sections to probe the existence of heavy WIMPs. We
found that the amount of information that can be gained
in di↵erential studies is generally limited by the fact
that the SM and new physics scattering amplitudes
are very similar in the phase-space of the most abun-
dant 2 ! 2 scatterings, thus motivating us to study
mainly fiducial cross-section measurements. Such mea-
surements can be carried out on a larger number of final
states, as they do not require to tag electric charges of
the final states, hence they can increase the mass reach
of searches limited by the size of the data sample. In-
deed we find that including copious scatterings in all
flavors of jets can improve the results appeared previ-
ously in the literature, which focused on final states for
which the electric charges can be tagged, e.g. for the bb̄
final state.

In our study we have also included for the first time
the e↵ect of Dark Matter candidates in the produc-
tion of neutral diboson final states ZH and WW , and
the e↵ect of charged current scatterings in 3-body final
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ertheless slightly stronger than what can be cast from
these references due to larger polar angle coverage being
considered in our analysis.

It is worth noting that the comparison of our result
with that of Ref. [39] requires some care. In particu-
lar in our treatment the distinction between NC and
CC at fixed leading order underestimates the impor-
tance of CC in setting bounds compared to a calcula-
tion that includes resummation of weak radiation as in
Ref. [39]. We checked that the combined limit obtained
from our procedure from NC and CC agrees well with
the resummed result when same acceptance and same
event selection criteria are used. This detailed compar-
ison and the possible disagreement on the importance
of each exclusive channels witnesses the need for fur-
ther study of weak radiation at the high-energy muon
collider.

While the above result calls for further study to gain
more control on the predictions of BSM e↵ects once
weak radiative corrections become relevant for 10+ TeV
muon colliders, it is possible to look at higher energy
colliders both with our explicit computation and using
the scaling of EFT e↵ects such as the W parameter
generated by higher n-plets. As a matter of fact we find
that the reach of the muon collider can be extended
further to probe more WIMP candidates as one con-
siders larger n and progressively larger Ecm. Figure 8

shows the required luminosity for a 95% CL exclusion
of 5, 7, and 9-plet Majorana dark matter candidates.
E.g. for the Majorana n = 7 dark matter candidate,
whose pair production threshold is around 100 TeV, we
find that a Ecm =30 TeV muon collider can measure
the processes that we have considered and extract a 1�
measurement of the W parameter at a precision around
0.15 · 10�7, which probes at 95% the e↵ect expected
around 0.3 ·10�7 from this dark matter candidate. Such
dark matter candidate has a weak charge so large that
its scattering rates at the LO in perturbation theory
fill about few % of the maximum rate allowed by per-
turbation theory (see [19, 20]). That is to say that this
dark matter candidate starts to exhibit a perturbation
theory expansion that is all but merely “perturbed” by
the next order in the expansion.

At the present time the SM augmented by a Ma-
jorana 7-plet is a sensible and reasonably computable
theory. However, it is fair to say that larger n-plets such
as Majorana 9-plets and 11-plets have less interest in
the context of WIMPs, as their charges are so large
that perturbation theory converges very slowly and a
Landau pole emerges within very close range to their
mass [19]. With these provisions in mind, we can say
that a muon collider program, if able to reach center-of-
mass energy around 30 TeV, will be able to definitively
probe fermionic WIMP candidates in the perturbative

8

2 5 10

0.5

1

5

10

50

qq
@
1%

e
+ e

- @1
%

e
+ e

- @0
.1%

qq
@
0.1

%

Dirac-4

Dirac-4

Majorana-5

Majorana-5

Dirac-3

Dirac-3

Fig. 7 Luminosity needed for a 95% CL exclusion at a given center-of-mass energy Ecm. Each dark matter candidate is
labelled next to its line or band. Bands thickness reflect the uncertainty on the thermal mass given in Tab.1. Lighter color lines
and band correspond to polarized beams. The orange line tracks the expected baseline luminosity at each energy of the high
energy muon collider. Any dark matter candidate whose line goes below the orange line can be excluded at the high energy
muon collider for the corresponding values of Ecm.

ertheless slightly stronger than what can be cast from
these references due to larger polar angle coverage being
considered in our analysis.

It is worth noting that the comparison of our result
with that of Ref. [39] requires some care. In particu-
lar in our treatment the distinction between NC and
CC at fixed leading order underestimates the impor-
tance of CC in setting bounds compared to a calcula-
tion that includes resummation of weak radiation as in
Ref. [39]. We checked that the combined limit obtained
from our procedure from NC and CC agrees well with
the resummed result when same acceptance and same
event selection criteria are used. This detailed compar-
ison and the possible disagreement on the importance
of each exclusive channels witnesses the need for fur-
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E.g. for the Majorana n = 7 dark matter candidate,
whose pair production threshold is around 100 TeV, we
find that a Ecm =30 TeV muon collider can measure
the processes that we have considered and extract a 1�
measurement of the W parameter at a precision around
0.15 · 10�7, which probes at 95% the e↵ect expected
around 0.3 ·10�7 from this dark matter candidate. Such
dark matter candidate has a weak charge so large that
its scattering rates at the LO in perturbation theory
fill about few % of the maximum rate allowed by per-
turbation theory (see [19, 20]). That is to say that this
dark matter candidate starts to exhibit a perturbation
theory expansion that is all but merely “perturbed” by
the next order in the expansion.

At the present time the SM augmented by a Ma-
jorana 7-plet is a sensible and reasonably computable
theory. However, it is fair to say that larger n-plets such
as Majorana 9-plets and 11-plets have less interest in
the context of WIMPs, as their charges are so large
that perturbation theory converges very slowly and a
Landau pole emerges within very close range to their
mass [19]. With these provisions in mind, we can say
that a muon collider program, if able to reach center-of-
mass energy around 30 TeV, will be able to definitively
probe fermionic WIMP candidates in the perturbative
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DM spin EW n-plet M� (TeV) ⇤Landau/M� (�v)J=0
tot /(�v)J=0

max �M0 [MeV] ⇤max
UV (�Mmin

0 )/M� �M� [MeV]

Complex scalar

2 0.58± 0.01 > MPl - 0.22 - 4.6⇥104 - 4.2 - 9600
4 4.98± 0.05 > MPl 0.004 0.22 - 104 - 3.2 - 2000
6 34.9± 0.5 ' 6⇥ 1013 0.016 0.54 - 2300 - 280 - 660
8 88± 2 2⇥ 104 0.12 0.89 - 1.2 ⇥103 - 324 - 507
10 167± 4 20 0.45 1.27 - 800 - 340 - 450

Dirac fermion

2 1.08± 0.01 > MPl - 0.22 - 5000 2 ⇥105 4.8 - 7800
4 4.8± 0.1 ' MPl 0.013 0.21 - 2200 ⇥105 3.6 - 2600
6 31.7± 0.5 2⇥ 104 0.057 0.51 - 510 ⇥104 185 - 780
8 82± 2 14 0.37 0.86 - 800 3000 290 - 550

TABLE I. [DR: write!]

diagrams. Following [? ? ] and thus extending the dis-
cussion contained in Section VI B of our previous paper
[? ], the Lagrangian that describes the spin-independent
(SI) DM interactions with quarks and gluons at the loop

level can be written as

L
SI
e↵ = fqmq�̄�q̄q +

gq

MDM
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(28)
where we have introduced the (quark) twist-2 operator
O

q
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⌘

i

2 q̄
�
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1
2gµ⌫

/D
�
. The expression of

the Wilson coe�cients in now more complicated with re-
spect to the Y = 0 case [? ] and reads [? ]
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where mh is the mass of the Higgs and c = 1.32, b =
1.19, t = 1. The loop functions g{H,S,T1,W,Z} have been
evaluated in what follows in the limits
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Furthermore we have defined

a
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�Qqs
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w
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q
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T3q

2
,

where cw, sw are the cosine and the sine of the Weinberg
angle, respectively. Note that, from the physical point
of view, the terms proportional to Y correspond to the
exchange of Z bosons inside the EW loops.

After the IR matching of these coe�cients at the nu-
cleon level [? ], we can express the SI elastic cross-section
per nucleon (for MDM � mN ) as

�SI '
4

⇡
m

4
N
|k

EW
N

|
2
, (30)

where mN is the mass of the nucleon and

k
EW
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X
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q
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9↵s
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.

(31)
The nucleon form factors are defined as fTq =
hN |mq q̄q|Ni/mN , fTG = 1 �

P
q=u,d,s

fTq and

hN(p)|Oq

µ⌫
|N(p)i = (pµp⌫ �

1
4m

2
N
gµ⌫)(q(2) + q̄(2))/mN ,

where we have defined q(2) and q̄(2) as the second
moments of the parton distribution functions for a quark
or antiquark in the nucleon [? ]. The values of the form
factors are taken from the results of direct computation
on the lattice, as reported by the FLAG Collaboration
[? ] in the case of Nf = 2 + 1 + 1 dynamical quarks [?
? ]. Since Y 6= 0, the up and down quarks give di↵erent
contributions to the SI cross section (30) and, thus, we
have in principle to distinguish between fTu and fTd.
The ETM Collaboration [? ] has computed the form
factors in the case of degenerate light quarks and, since
the simulations have been performed in isoQCD, we can
take fTu = fTd.
In Figure 2 the SI cross sections for all the multiplets

3

DM spin EW n-plet M� (TeV) (�v)J=0
tot /(�v)J=0

max ⇤Landau/MDM ⇤UV/MDM

Real scalar

3 2.53± 0.01 – 3⇥ 1037 4⇥ 1024*

5 15.4± 0.7 0.002 5⇥ 1036 2⇥ 1024

7 54.2± 3.1 0.022 2⇥ 1019 2⇥ 1024

9 117.8± 15.4 0.088 3⇥ 103 2⇥ 1024

11 199± 42 0.25 20 3⇥ 1024

13 338± 102 0.6 3.5 3⇥ 1024

Majorana fermion

3 2.86± 0.01 – 3⇥ 1037 8⇥ 1012*

5 13.6± 0.8 0.003 3⇥ 1017 5⇥ 1012

7 48.8± 3.3 0.019 1⇥ 104 4⇥ 107

9 113± 15 0.07 30 3⇥ 107

11 202± 43 0.2 6 3⇥ 107

13 324.6± 94 0.5 2.6 3⇥ 107

TABLE I. Freeze-out mass predictions for WIMP DM in real EW multiplets with Y = 0. The annihilation cross-section
includes both the contribution of SE and BSF. We provide a measure of how close the DM annihilation cross-section is to the
unitarity bound for s-wave annihilation (�v)J=0

max = 4⇡/M2
DMv. Approaching the unitarity bound, the error on the WIMP mass

grows proportionally to the enhancement of the next-to-leading order (NLO) contributions estimated in Eq. (23). We derive
the scale where EW gauge coupling will develop a Landau pole by integrating-in the WIMP multiplet at its freeze-out mass.
The stability of both scalar and fermionic DM can always be enforced by requiring a Z2 symmetry in the DM sector to forbid
DM decays. This symmetry forbids the scalar and fermionic 3-plets decay at renormalizable level as indicated by the *. The
value of the UV cut-o↵ ⇤UV gives an idea of the required quality for this symmetry to make DM stable and avoid stringent
bounds on decaying DM (⌧DM > 1028sec) [26]: a new physics scale lower than ⇤UV would require a Z2 to explain DM stability,
while a cut-o↵ higher than ⇤UV would make DM stability purely accidental.

with the uncertainty dominated by 2-loop contributions
proportional to ↵

2
2mt/16⇡. These have been explicitly

computed in Ref.s [31, 32] giving a precise prediction for
the lifetime of the singly-charged component, which de-
cays to the neutral one mainly by emitting a charged pion
with

c⌧�+ '
120 mm

T (T + 1)
, (4)

where 2T + 1 = n. The suppression of the lifetime
with the size of the EW multiplet can be understood
in the M� � mW limit where the mass splitting between
the charged and neutral components is independent of n
while the coupling to W is controlled by

p
T (T + 1)/2.

As we will discuss in Sec. VB, the production of a singly
charged DM component at colliders gives the unique op-
portunity of probing EWmultiplets with n = 3 and n = 5
through disappearing tracks [4, 24, 33–35].

Interestingly, the IR generated splitting from gauge bo-
son loops is not modified substantially by UV contribu-
tions. The latter are generated only by dimension 7 (di-

mension 6) operators if the DM is a Majorana fermion
(real scalar) and can be written as

�LI �
cI

⇤nI
UV

�
a
�
b(H†

T
a
H)(H†

T
b
H) , (5)

with nI = 3, 2 for I = f, s. This corresponds to a split-
ting �MI ' cIv

4
/⇤nI

UVM
3�nI
�

which is always negligible
with respect to the residual error on the 2-loop splitting
for ⇤UV & 100 TeV and cI ⇠ O(1).
We now move to discuss DM stability. In the case of

the EW 3-plet, the renormalizable operators �H†
H and

�HL, for scalars and fermions, respectively, can induce
fast DM decay. We assume these operators to be forbid-
den by a symmetry (e.g. a discrete Z2-symmetry) acting
only on the DM sector. For all the other n-plets with
n � 5, instead, Z2-odd operators are accidentally absent
at renormalizable level.

Higher dimensional operators that break the Z2-
symmetry are in general expected to be generated at the
ultraviolet cut-o↵ scale ⇤UV. We sketch here the oper-
ators of lowest dimension that can induce the decay of
scalar and fermionic WIMPs for generic n:
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Monte Carlo Tools
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Conclusions

only few MC event generators for high-energy µ-colls available, generally
only at LO accuracy

in principle it is possible to transpose all the technology developed for
high-precision generators for hadron colliders to the leptonic environment

in practice, some new challenges arise, mainly connected to the large
Ô

s

and the large final-state multiplicities, Sudakov corrections

Mauro Chiesa MC challenges for the multi-TeV µ-coll
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Our goal and the dream machine The partonic picture SM expectation for the muon collider Summary and prospects

Compare the “EW LHC” with LHC
pp VSµµ
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Z 1
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(⇠, µf )fW�1
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Consider the two colliders in the same ring
p
sµµ =

p
spp

For 2 ! 1 processes, take a benchmark

p
⌧ =

Mp
s
=

1

2

The ratioµµ/pp is larger than 104! [����.�����]

�� / ��

Improving understanding of partons in the proton 
MuC is also a Vector Bosons Collider 

(but also a muon collider: this is its dual nature)
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This Talk

1. Physics case for very forward muon detector (idealized) 
 
 
 
 
 
 

2. Realistic case study: invisible Higgs decays 

• Focus on scalar Higgs portal to invisible new physics 
 
 
 

• Assume perfect resolution of MIM,…

• Include accelerator and detector effects (beam energy spread,…) 

• New BGs become important
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marginal portal derivative portal

Maximilian Ruhdorfer (Cornell)
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5

• If     is stable: pseudo Nambu-Goldstone Boson dark matter 
           

Derivative Higgs portal
Frigerio, Pomarol, Riva, Urbano 2012

arises naturally in non-minimal Composite Higgs models
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Colliders are important direct probes, complementary to direct detection
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• If     is stable: pseudo Nambu-Goldstone Boson dark matter 
           

Derivative Higgs portal
Frigerio, Pomarol, Riva, Urbano 2012

arises naturally in non-minimal Composite Higgs models
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 can be Dark Matterϕ

Figure 19: Summary of constraints in the planes [mX , �HXX ] (left panels) and
[mX , BR(H ! XX)] (right panels) for the Higgs–portal DM in the scalar (top), fermionic
(middle) and vector (bottom) cases. The black contours correspond to the correct DM relic
density. The blue and brown regions are excluded, respectively, by direct detection limits
from XENON1T and the invisible Higgs decay width. The black contour lines correspond
to invisible Higgs branching ratios of 10 %, 5 % and 1 %. The magenta and purple con-
tours represent the sensitivity reach of next generation direct detection experiments such
as LZ/XENONnT and DARWIN.
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Goldstone bosons tend to not 
be stable, e.g. π0 → γγ

Stability of  is unwarranted 
unless a symmetry is imposed

ϕ
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A realistic benchmark: invisible Higgs decays
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• At FCC-hh: 
 
 

• Consider ZZ-fusion production at s = 10 TeV
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• Irreducible imperfections of MIM measurement 
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• Energy measurement uncertainty of forward muons has large effect on MIM
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• Sensitivity to  with all effects combinedBR(h → inv)
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Our goal and the dream machine The partonic picture SM expectation for the muon collider Summary and prospects
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`
+

`
�

I EPA and ISR
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`
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`
�

`
�

�

`
+

`
+

� � `
�

`
�

I “E�fective W Approx.” (EWA)
[G. Kane, W. Repko, and W. Rolnick, PLB ��� (����) ���]

[S. Dawson, NPB ��� (����) ��]

`
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`
+
/⌫̄`

�/Z/W �/Z/W `
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�
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We will add:
[T. Han, Y. Ma, K.Xie ����.�����, ����.�����]

I AboveµQCD: QED⌦QCD
q/g emerge

`
+

`
+

� f̄ � `
�

`
�

f

f f̄

`
+

`
+

�� f̄ �/g �/g `
�

`
�

f

f̄
f

I AboveµEW = MZ : EW⌦QCD
EW partons / corrections to the above
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�

`
�
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`
+
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+
/⌫̄`

�/Z/W�/Z/W f̄ �/g/Z/W �/g/Z/W `
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�
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f̄
f

In the end, everything is parton, i.e. need the full SM PDFs.
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The QED⌦QCD PDFs for lepton colliders
I Electron PDFs: feval , f� , f`sea , fq, fg
I Scale uncertainty: 10% for fg/e
I The averaged momentum fractions hxii =

R
xfi(x)dx

Q(e
±
) eval � `sea q g

�� GeV ��.� �.�� �.��� �.��� �.���
�� GeV ��.� �.�� �.��� �.��� �.���
MZ ��.� �.�� �.��� �.��� �.���

I Muon PDFs: fµval , f� , f`sea , fq, fg

I Scale uncertainty: 20% for fg/µ
I The averaged momentum fractions hxii =

R
xfi(x)dx

Q(µ
±
) µval � `sea q g

�� GeV ��.� �.�� �.��� �.��� �.����
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Inclusive jet distributions at a �� TeV muon collider
Important guidelines for future analysis

We expect
I Jet production dominates overWW production until pT > 60GeV;
I WW production takes over around energy⇠ 200GeV.

The SM EW sector, as well as any possible BSM, can only be seen in the high pT (Ej) range.

�� / ��

Concrete impact in 
analyses, i.e. h or  
resonance searches, yet 
to be evaluated.

Copious q/g-jets within 
acceptance.
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Di-jet distributions at a �� TeV muon collider
Rather a conservative set up: ✓ = 10

�

I Some physics:
Two di�ferent mechanisms: µ+

µ
� annihilation VS Fusion processes

I Annihilation is more than � orders of magnitude smaller than fusion process.
I Annihilation peaks atmij ⇠

p
s;

I Fusion processes peak nearmij threshold.
I Annihilation is very central, spread out due to ISR;
I Fusion processes spread out, especially for �q and �g initiated ones.
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The full picture a multi-TeV lepton collider: An EW version of LHC
I All SM particles are partons
I We are allowed to determine the partons with their di�ferent polarizations

The EW parton luminosities of
a �� TeV muon collider

Just like in hadronic collisions:

µ
+
µ
� ! exclusive particles+ remnants

�� / ��

All SM particles are potentially 
“partons” inside the muon.


The rates are of course crucial, e.g. 
finding a lepton inside a quark is as 
likely as finding a quark inside a lepton
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I “E�fective W Approx.” (EWA)
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We will add:
[T. Han, Y. Ma, K.Xie ����.�����, ����.�����]
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I AboveµEW = MZ : EW⌦QCD
EW partons / corrections to the above
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In the end, everything is parton, i.e. need the full SM PDFs.
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• The LHCb anomalies in  decays remind us that  
— New Physics might take an exotic form — 
an option we should embrace given the present status of the field.

• Several anomalous observables: BRs, angular distributions, LFUV ratios.

• Coherent explanation by a short-distance  contact interaction  
—  — the violation of perturbative unitarity 

• New mass threshold in the vicinity of colliders?

• Today: Azatov, Garosi, AG, Marzocca, Salko,Trifinopoulos; 2205.13552 

b → sμ+μ−

bsμμ
#(10−5)GF ≲ 100 TeV

Motivation

Admir Greljo | LFUV at MuC

2

Complementary high-  searches at future colliders:  
FCC-hh versus MuC

pT

see LHCb Implications next week
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The signatures at MuC

Admir Greljo | LFUV at MuC
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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.

see App. A and Refs. [59, 62, 63] for recent results on the subject. We denote the muon
(anti-muon) beam as µ (µ̄), while the individual partons are µ

±
, `

±
, ⌫i, qi, q̄i, �,W,Z, etc.

For the Z 0 and leptoquark benchmark models, the relevant MuC processes are: di-jet and
di-tau production from muon annihilation (µ+

µ
�
! jj, ⌧

+
⌧
�), 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 Fig. 18 in App. 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 !

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

completely different than qq̄ luminosities 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 <

p
s0 as well as in the very precise measurement of the cross section at the highest

invariant mass bin, mµµ ⇡
p
s0. The latter method works much better at MuC compared to

similar methods at hadron colliders, see e.g. [64, 65], thanks to the large parton luminosity,
lower theory uncertainties, and cleaner collider environment. For NP states heavier than
p
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 App. B) and convoluting them with the parton luminosities of
the initial state (see App. A).
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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.

see App. A and Refs. [59, 62, 63] for recent results on the subject. We denote the muon
(anti-muon) beam as µ (µ̄), while the individual partons are µ

±
, `

±
, ⌫i, qi, q̄i, �,W,Z, etc.

For the Z 0 and leptoquark benchmark models, the relevant MuC processes are: di-jet and
di-tau production from muon annihilation (µ+

µ
�
! jj, ⌧

+
⌧
�), 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 Fig. 18 in App. 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 !

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

completely different than qq̄ luminosities 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 <

p
s0 as well as in the very precise measurement of the cross section at the highest

invariant mass bin, mµµ ⇡
p
s0. The latter method works much better at MuC compared to

similar methods at hadron colliders, see e.g. [64, 65], thanks to the large parton luminosity,
lower theory uncertainties, and cleaner collider environment. For NP states heavier than
p
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 App. B) and convoluting them with the parton luminosities of
the initial state (see App. A).
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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.

see App. A and Refs. [59, 62, 63] for recent results on the subject. We denote the muon
(anti-muon) beam as µ (µ̄), while the individual partons are µ

±
, `

±
, ⌫i, qi, q̄i, �,W,Z, etc.

For the Z 0 and leptoquark benchmark models, the relevant MuC processes are: di-jet and
di-tau production from muon annihilation (µ+

µ
�
! jj, ⌧

+
⌧
�), 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 Fig. 18 in App. 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 !

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

completely different than qq̄ luminosities 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 <

p
s0 as well as in the very precise measurement of the cross section at the highest

invariant mass bin, mµµ ⇡
p
s0. The latter method works much better at MuC compared to

similar methods at hadron colliders, see e.g. [64, 65], thanks to the large parton luminosity,
lower theory uncertainties, and cleaner collider environment. For NP states heavier than
p
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 App. B) and convoluting them with the parton luminosities of
the initial state (see App. A).
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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.

see App. A and Refs. [59, 62, 63] for recent results on the subject. We denote the muon
(anti-muon) beam as µ (µ̄), while the individual partons are µ

±
, `

±
, ⌫i, qi, q̄i, �,W,Z, etc.

For the Z 0 and leptoquark benchmark models, the relevant MuC processes are: di-jet and
di-tau production from muon annihilation (µ+

µ
�
! jj, ⌧

+
⌧
�), 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 Fig. 18 in App. 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 !

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

completely different than qq̄ luminosities 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 <

p
s0 as well as in the very precise measurement of the cross section at the highest

invariant mass bin, mµµ ⇡
p
s0. The latter method works much better at MuC compared to

similar methods at hadron colliders, see e.g. [64, 65], thanks to the large parton luminosity,
lower theory uncertainties, and cleaner collider environment. For NP states heavier than
p
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 App. B) and convoluting them with the parton luminosities of
the initial state (see App. A).
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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.

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. [15], 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
0 would show up as an s-channel resonance, while a leptoquark would lead

to a non-resonant effect via a t-channel contribution, see Fig. 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 [15, 66, 68–92]. 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 0 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
the SM where the Z

0 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
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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.

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. [15], 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
0 would show up as an s-channel resonance, while a leptoquark would lead

to a non-resonant effect via a t-channel contribution, see Fig. 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 [15, 66, 68–92]. 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 0 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
the SM where the Z

0 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
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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.

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. [15], 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
0 would show up as an s-channel resonance, while a leptoquark would lead

to a non-resonant effect via a t-channel contribution, see Fig. 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 [15, 66, 68–92]. 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 0 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
the SM where the Z

0 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
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Figure 18. Muon PDFs including the full unbroken SM interactions for Q = 3 TeV. The thickness
of the gluon and b quarks PDFs is obtained by varying the µQCD scale from 0.5 to 1 GeV.

Figure 19. Parton luminosities, for p
s0 = 3 TeV, involving two muons (left) or a muon and a b̄

(right).

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 m

2

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 [59].

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

Lij(⌧) =

Z
1

⌧

dx

x
fi(x,m)fj

⇣
⌧

x
,m

⌘
, (A.1)

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

⌧ =
m

2

s0
, (A.2)

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 Fig. 1 of [63] 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 p

⌧s0. For a given process, the total cross section is obtained after a convolution
with a partonic cross section,

�TOT =
X

i,j

Z
1

0

d⌧Lij(⌧)�ij(
p
⌧s0) =

X

i,j

Z p
s0

0

dm
2m

s0
Lij

✓
m

2

s0

◆
�ij(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

d
3
�

dy3dy4dm
= f(x1)f(x2)

m
3

2s

1

cosh y⇤

d�

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
p
s0

e
± y3+y4

2 , y⇤ =
1

2
(y3 � y4) , t̂ = �

m
2

2
(1� cos ✓⇤) , ✓⇤ = arcsin

✓
1

cosh y⇤

◆
.

(B.2)

For the process µ+

L
µ
�
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

0,
a S3 leptoquark, as well as a contact interaction CµLµLqLqL in Eq. (4.3):
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Figure 18. Muon PDFs including the full unbroken SM interactions for Q = 3 TeV. The thickness
of the gluon and b quarks PDFs is obtained by varying the µQCD scale from 0.5 to 1 GeV.

Figure 19. Parton luminosities, for p
s0 = 3 TeV, involving two muons (left) or a muon and a b̄

(right).

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 m

2

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 [59].

In Fig. 18 we report the PDFs relevant for our work at the scale Q = 3TeV, while in
Fig. 19 we show the parton luminosities Lij used to compute the various cross sections in
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Figure 18. Muon PDFs including the full unbroken SM interactions for Q = 3 TeV. The thickness
of the gluon and b quarks PDFs is obtained by varying the µQCD scale from 0.5 to 1 GeV.
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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 m

2

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 [59].

In Fig. 18 we report the PDFs relevant for our work at the scale Q = 3TeV, while in
Fig. 19 we show the parton luminosities Lij used to compute the various cross sections in
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Figure 18. Muon PDFs including the full unbroken SM interactions for Q = 3 TeV. The thickness
of the gluon and b quarks PDFs is obtained by varying the µQCD scale from 0.5 to 1 GeV.

Figure 19. Parton luminosities, for p
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(right).

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 m

2

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 [59].
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this work, given by

Lij(⌧) =

Z
1

⌧

dx

x
fi(x,m)fj

⇣
⌧

x
,m

⌘
, (A.1)

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

⌧ =
m

2

s0
, (A.2)

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 Fig. 1 of [63] 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 p

⌧s0. For a given process, the total cross section is obtained after a convolution
with a partonic cross section,

�TOT =
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i,j
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i,j

Z p
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Lij

✓
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s0

◆
�ij(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

d
3
�

dy3dy4dm
= f(x1)f(x2)

m
3

2s

1

cosh y⇤

d�

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
p
s0

e
± y3+y4

2 , y⇤ =
1

2
(y3 � y4) , t̂ = �

m
2

2
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✓
1
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◆
.

(B.2)

For the process µ+

L
µ
�
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

0,
a S3 leptoquark, as well as a contact interaction CµLµLqLqL in Eq. (4.3):
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Figure 18. Muon PDFs including the full unbroken SM interactions for Q = 3 TeV. The thickness
of the gluon and b quarks PDFs is obtained by varying the µQCD scale from 0.5 to 1 GeV.
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Figure 19. Parton luminosities, for p
s0 = 3 TeV, involving two muons (left) or a muon and a b̄

(right).

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 m

2

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 [59].

In Fig. 18 we report the PDFs relevant for our work at the scale Q = 3TeV, while in
Fig. 19 we show the parton luminosities Lij used to compute the various cross sections in
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Figure 18. Muon PDFs including the full unbroken SM interactions for Q = 3 TeV. The thickness
of the gluon and b quarks PDFs is obtained by varying the µQCD scale from 0.5 to 1 GeV.
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of the gluon and b quarks PDFs is obtained by varying the µQCD scale from 0.5 to 1 GeV.
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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,
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 � L⌧ (Section 5.2).

In the following we consider the two models separately. In both cases, the Z
0 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. [144, 149, 154], to which we refer for more details. In the
unbroken phase, the U(1)B3�Lµ gauge boson Z

0 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 �, charged
only under U(1)B3�Lµ . The gauge-invariant operators (�†

Dµ�)(Q̄2

L
�
µ
Q

3

L
) and Q̄

2

L
H�bR 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

0
sb coupling in the broken phase after the rotation to the

mass basis of the left-handed down quarks by a small angle ✓sb. 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 ✓sb ⌧ 1, the leading Z
0

couplings to SM fermions are

L
int

Z0
B3�Lµ

=� gZ0Z
0
↵


1

3
Q̄

3

L�
↵
Q

3

L +
1

3
b̄R�

↵
bR +

1

3
t̄R�

↵
tR � L̄

2

L�
↵
L
2

L � µ̄R�
↵
µR+

+

✓
1

3
✏sbQ̄

2

L�
↵
Q

3

L + h.c.
◆
+O(✏2sb)

�
,

(5.1)

where for convenience we introduced ✏sb ⌘
1

2
sin 2✓sb. Thus, the total decay width to the

SM fermions for the Z
0 is

�Z0
B3�Lµ

⇡
MZ0g2

Z0

24⇡


3 +

1

3

�
4 + 4|✏sb|

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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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,
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 � L⌧ (Section 5.2).

In the following we consider the two models separately. In both cases, the Z
0 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. [144, 149, 154], to which we refer for more details. In the
unbroken phase, the U(1)B3�Lµ gauge boson Z

0 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 �, charged
only under U(1)B3�Lµ . The gauge-invariant operators (�†

Dµ�)(Q̄2

L
�
µ
Q

3

L
) and Q̄

2

L
H�bR 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

0
sb coupling in the broken phase after the rotation to the

mass basis of the left-handed down quarks by a small angle ✓sb. 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 ✓sb ⌧ 1, the leading Z
0

couplings to SM fermions are
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int
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(5.1)

where for convenience we introduced ✏sb ⌘
1

2
sin 2✓sb. Thus, the total decay width to the

SM fermions for the Z
0 is

�Z0
B3�Lµ
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MZ0g2

Z0
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3 +

1

3

�
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, (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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6 Leptoquark models

Leptoquarks [22] are hypothetical particles that can couple quarks to leptons at the renor-
malizable 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 [161].

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
Q

i

L
(i = 1, 2) form a doublet, while the third-generation Q

3

L
is a singlet. In addition, we

assume an exact U(1)µ�LQ symmetry under which L
2

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 Q

3

L
and L

2

L
. In the second scenario, we aim at addressing the bsµµ

anomalies by minimally adding a direct leptoquark coupling to Q
2

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 R

D(⇤) , see e.g.
Ref. [162]. 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 [59, 60]. 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

L
int

S3
= �iµQ

i c

L
✏ �

I
L
2

LS
I

3 + h.c. , (6.1)

where ✏ = i�2. We assume a real coupling matrix for simplicity. The leptoquark triplet can
be written as

�
S
I

3�
I
�
⌘

 
S
(1/3)

3

p
2S(4/3)

3
p
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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solution of the bsµµ anomalies [161].

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
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(i = 1, 2) form a doublet, while the third-generation Q
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is a singlet. In addition, we

assume an exact U(1)µ�LQ symmetry under which L
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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 Q

3
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and L
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. In the second scenario, we aim at addressing the bsµµ

anomalies by minimally adding a direct leptoquark coupling to Q
2
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.

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 R

D(⇤) , see e.g.
Ref. [162]. 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 [59, 60]. 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
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L
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where ✏ = i�2. We assume a real coupling matrix for simplicity. The leptoquark triplet can
be written as
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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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Figure 13. The 5� 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
�S3/MS3 < 0.25 is violated in the grey region. The labels for various colliders and processes are on
the discoverable side of a curve.

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

L
int

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

�S3 =
|�bµ|

2 + |�sµ|
2

8⇡
MS3 , (6.4)

assuming only �bµ (i = 3) and �sµ (i = 2) different from zero. The perturbativity limit
�S3/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 �bµ 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 |�sµ| ⇠ |Vts�bµ| and |�dµ| ⇠ |Vtd�bµ|, see Refs. [162–165]. Those can be neglected in our
collider study.
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6 Leptoquark models

Leptoquarks [22] are hypothetical particles that can couple quarks to leptons at the renor-
malizable 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 [161].

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
Q

i

L
(i = 1, 2) form a doublet, while the third-generation Q

3

L
is a singlet. In addition, we

assume an exact U(1)µ�LQ symmetry under which L
2

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 Q

3

L
and L

2

L
. In the second scenario, we aim at addressing the bsµµ

anomalies by minimally adding a direct leptoquark coupling to Q
2

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 R

D(⇤) , see e.g.
Ref. [162]. 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 [59, 60]. 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

L
int

S3
= �iµQ
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✏ �
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where ✏ = i�2. We assume a real coupling matrix for simplicity. The leptoquark triplet can
be written as
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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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Leptoquarks [22] are hypothetical particles that can couple quarks to leptons at the renor-
malizable 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 [161].

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
Q

i

L
(i = 1, 2) form a doublet, while the third-generation Q

3

L
is a singlet. In addition, we

assume an exact U(1)µ�LQ symmetry under which L
2

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 Q

3
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and L
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. In the second scenario, we aim at addressing the bsµµ

anomalies by minimally adding a direct leptoquark coupling to Q
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.

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 R

D(⇤) , see e.g.
Ref. [162]. 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 [59, 60]. 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

L
int

S3
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where ✏ = i�2. We assume a real coupling matrix for simplicity. The leptoquark triplet can
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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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Figure 13. The 5� 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
�S3/MS3 < 0.25 is violated in the grey region. The labels for various colliders and processes are on
the discoverable side of a curve.

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

L
int

S3
= ��iµS

(1/3)

3
(V ⇤

jiu
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+h.c. . (6.3)

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

�S3 =
|�bµ|

2 + |�sµ|
2

8⇡
MS3 , (6.4)

assuming only �bµ (i = 3) and �sµ (i = 2) different from zero. The perturbativity limit
�S3/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 �bµ 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 |�sµ| ⇠ |Vts�bµ| and |�dµ| ⇠ |Vtd�bµ|, see Refs. [162–165]. Those can be neglected in our
collider study.
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Figure 15. Discovery reach at 5� 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 perturbative limit
�S3/MU1 < 0.25 is violated.

comparable to the one of the FCC-hh. However, the leptoquark pair production prospects
are substantially lower, stopping at MS3 ⇡

p
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
3 TeV and a 10 TeV MuC might directly observe an s-channel resonance in the µq ! µj (see
Section 2.4) for masses up to approximately p

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

L
int

U1
= �iµQL

i
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2
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1 + h.c. = �iµU
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1
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⌘
+ h.c. , (6.7)

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

L
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, (6.8)

where Uµ⌫ = DµU1⌫ �D⌫U1µ. The dimensionless parameters s,Y depend on the specific
UV completion of the model. We assume that U1µ arises from a spontaneously broken
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Figure 15. Discovery reach at 5� 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 perturbative limit
�S3/MU1 < 0.25 is violated.

comparable to the one of the FCC-hh. However, the leptoquark pair production prospects
are substantially lower, stopping at MS3 ⇡

p
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
3 TeV and a 10 TeV MuC might directly observe an s-channel resonance in the µq ! µj (see
Section 2.4) for masses up to approximately p

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
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UV completion of the model. We assume that U1µ arises from a spontaneously broken
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Figure 15. Discovery reach at 5� 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 perturbative limit
�S3/MU1 < 0.25 is violated.

comparable to the one of the FCC-hh. However, the leptoquark pair production prospects
are substantially lower, stopping at MS3 ⇡

p
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
3 TeV and a 10 TeV MuC might directly observe an s-channel resonance in the µq ! µj (see
Section 2.4) for masses up to approximately p

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].
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95%CL exclusion by LHC is shown as a thick black line. In the grey region the perturbative limit
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are substantially lower, stopping at MS3 ⇡
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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
3 TeV and a 10 TeV MuC might directly observe an s-channel resonance in the µq ! µj (see
Section 2.4) for masses up to approximately p

s0. In other words, this seems to be the most
promising on-shell process at muon colliders.
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INFN, sezione di Roma Tre, I-00146 Rome, Italy

October 12, 2022

Xiaoran Zhao (Roma Tre) Dark matter at the muon colliders October 12, 2022 1 / 18



ZHAO

Thermal Masses

Thermal masses including Sommerfeld enhancement and bound-state
formation:
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MF and RS: odd n, Y = 0

DF and CS: both even and odd
n, non-zero Y

Masses are determined by n.

n = 4, 5 is at O(10) TeV,beyond
the reach of LHC!
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WIMP Dark Matter can be as heavy as 100 TeV 
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direct production at muon colliders

Bottaro et.al.2107.09688
Han,Liu,Wang,Wang,2009.11287
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Indirect probes

Direct production is limited by M <
p
s
2 .

Indirect probes through loop corrections: no such limit!
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Fig. 7 Luminosity needed for a 95% CL exclusion at a given center-of-mass energy Ecm.
Each dark matter candidate is labelled next to its line or band. Bands thickness reflect the
uncertainty on the thermal mass given in Tab.1. Lighter color lines and band correspond to
polarized beams. The orange line tracks the expected baseline luminosity at each energy of
the high energy muon collider. Any dark matter candidate whose line goes below the orange
line can be excluded at the high energy muon collider for the corresponding values of Ecm.

whose line drops below the orange line can be excluded at the high-energy muon
collider in the corresponding range of values of Ecm. The orange line corresponds
to about the luminosity necessary to measure the neutral current rate for e

+
e
�

at 1% precision. With such luminosity the dijet rate, owing to a much larger
total rate, will be measured in deep sub-percent precision, but still probably not
precisely enough to require a very careful analysis of systematic uncertainties. For
reference in Fig. 7 we draw the line that corresponds to the luminosity necessary
to measure the dijet rate at 0.1% precision and we shade all the part of the plot
above this line, as to indicate that luminosities above that line are so large that
even tiny sources of uncertainty need to be evaluated before claiming sensitivity
to dark matter.

We observe that all the fermionic dark matter candidates with n  5 can be
excluded at the high-energy muon collider for some center-of-mass energy at or
below 14 TeV using the baseline luminosity. The higgsino-like 2-plet, a notoriously
elusive dark matter candidate, can be excluded at low energy, close to its produc-
tion threshold around 2 TeV, only if beams can be polarized. Otherwise a collider
at Ecm � 8 TeV, well above the threshold energy for 2-plet pair production is
needed. The possibility to probe a Majorana 5-plet at 14 TeV also seems to hinge
on the availability of polarized beams if one stick very strictly to the baseline
luminosity. In absence of polarization, otherwise, the luminosity required for an
exclusion may be slightly larger than the baseline.

It should be remarked that for the n = 5 Majorana fermion the pair production
threshold for thermal mass is around 28 TeV, thus the e↵ects of the 5-plet WIMP
can be captured approximatively in an EFT expansion over the parameter s/4M2,
e.g. via the measurement of the W parameter [46]. Putting together the results
of Ref. [20, 47] on the size of the W parameter generated by the Majorana 5-plet
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Fig. 7 Luminosity needed for a 95% CL exclusion at a given center-of-mass energy Ecm.
Each dark matter candidate is labelled next to its line or band. Bands thickness reflect the
uncertainty on the thermal mass given in Tab.1. Lighter color lines and band correspond to
polarized beams. The orange line tracks the expected baseline luminosity at each energy of
the high energy muon collider. Any dark matter candidate whose line goes below the orange
line can be excluded at the high energy muon collider for the corresponding values of Ecm.

whose line drops below the orange line can be excluded at the high-energy muon
collider in the corresponding range of values of Ecm. The orange line corresponds
to about the luminosity necessary to measure the neutral current rate for e

+
e
�

at 1% precision. With such luminosity the dijet rate, owing to a much larger
total rate, will be measured in deep sub-percent precision, but still probably not
precisely enough to require a very careful analysis of systematic uncertainties. For
reference in Fig. 7 we draw the line that corresponds to the luminosity necessary
to measure the dijet rate at 0.1% precision and we shade all the part of the plot
above this line, as to indicate that luminosities above that line are so large that
even tiny sources of uncertainty need to be evaluated before claiming sensitivity
to dark matter.

We observe that all the fermionic dark matter candidates with n  5 can be
excluded at the high-energy muon collider for some center-of-mass energy at or
below 14 TeV using the baseline luminosity. The higgsino-like 2-plet, a notoriously
elusive dark matter candidate, can be excluded at low energy, close to its produc-
tion threshold around 2 TeV, only if beams can be polarized. Otherwise a collider
at Ecm � 8 TeV, well above the threshold energy for 2-plet pair production is
needed. The possibility to probe a Majorana 5-plet at 14 TeV also seems to hinge
on the availability of polarized beams if one stick very strictly to the baseline
luminosity. In absence of polarization, otherwise, the luminosity required for an
exclusion may be slightly larger than the baseline.

It should be remarked that for the n = 5 Majorana fermion the pair production
threshold for thermal mass is around 28 TeV, thus the e↵ects of the 5-plet WIMP
can be captured approximatively in an EFT expansion over the parameter s/4M2,
e.g. via the measurement of the W parameter [46]. Putting together the results
of Ref. [20, 47] on the size of the W parameter generated by the Majorana 5-plet

All fermionic dark matter 
candidates with  
( ) can be 
excluded for some center-of-
mass energy at or below 14 
TeV

n ≤ 5
M ≲ 15 TeV
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Fig. 9 The e↵ect on the W parameter from Dirac Fermions, Majorana Fermions, and Real
Scalars for di↵erent n for thermal masses given in Tab. 1. The blue shaded area corresponds
to the 95% CL exclusion on W that can be attained at a muon collider running at center of
mass energy Ecm.

6 Conclusions

The puzzle on the nature of the Dark Matter of the Universe is a very sound
motivation to extend the Standard Model of particle physics. The search activity
for the several proposed Dark Matter candidates is wide in scope and has been
already a main subject of research for decades. A most motivated proposal for
Dark Matter is that of a new matter field charged under SU(2) weak interactions
and, with suitable arrangements, possibly charged under U(1)Y .

A “catalog” of the possible candidates of this type can be made by listing all
the n-plets of weak SU(2) for which the gauge charge carried by the n-plet does
not spoil the perturbativity of the SM at energies too close to the mass of the
n-plet itself. That is to say that the new theory made by adding � to the SM
ought to be su�ciently perturbative to allow reliable thermal relic calculations
and to imagine that such theory could be at least a valid e↵ective field theory for
a decade of energies. Concrete results about possible Landau poles and transition
scattering amplitudes find that candidates with n ' 10 are at best border-line,
while candidates up to n = 7 can be safely considered as WIMP candidates.
Thermal masses for these candidates tend to saturate the order of magnitude
estimate for the perturbative “WIMP miracle” usually quoted in the ballpark of
100 TeV.

The mass scale of saturation of the perturbative limit for the “WIMP miracle”
being so large has so far remained unreachable to direct and indirect collider
probes. Even imagining a very large hadron collider such as a 100 km pp 100 TeV
machine it would be just possible to scratch the surface in the search for WIMP
candidates at the scale of saturation of perturbative unitarity. This is due to the
fact that protons constituents can only reach a fraction of the pp center-of-mass
energy and, due to background processes, a hadron machine can reach WIMP
candidates only up to O(5%) of its beams center of mass energy [32, 33]. Thus it
seems very hard, if not even impossible, to fully test the idea of WIMPs in collider
experiments.

Other search approaches for WIMPs in the lab comprise searches in ultra-clean
underground experiments. These experiments can be sensitive to heavy WIMPs,
although these are not in the best sensitivity mass range for the experiment.
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Fig. 8 Luminosity needed for a 95% CL exclusion at a given center-of-mass energy Ecm.
Each dark matter candidate is labelled next to its line or band. Bands thickness reflect the
uncertainty on the thermal mass given in Tab.1. Lighter color lines and band correspond to
polarized beams. The orange line tracks the expected baseline luminosity at each energy of
the high energy muon collider. Any dark matter candidate whose line goes below the orange
line can be excluded at the high energy muon collider for the corresponding values of Ecm.

the e↵ects due to the large charge overtakes the growth of the thermal mass and
it is in priciple possible to test a real scalar 5-plet and a 7-plet at the baseline
luminosity for center of mass energy 30 and 100 TeV, respectively. Though very
large, these center-of-mass energies are not inconceivably large and it is nice to see
that otherwise very elusive dark matter candidates can in principle be probed at
colliders.

The fact that high energy muon colliders can probe quadratically smaller values
of W as the center-of-mass energy increases is a key to enable this sensitivity to
heavy WIMPs. In fact, the value of W generated by the WIMPs of Tab. 1 becomes
smaller as larger n is considered, but it decreases less fast than the quadratic
improvement of the bound on W . This is due to the fact that the e↵ect on W is
suppressed by the mass of the WIMP on one hand and it is enhanced by n on
the other hand, i.e. W / Cn,e↵/M

2. For M in Tab. 1 roughly scales as M ⇠ n
3

and Cn,e↵ ⇠ n
3, we get W ⇠ 1/n3

⇠ 1/M when the mass of the WIMP is fixed
at the value predicted to be a thermal relic. Thus we are lead to find that for a
su�ciently large center-of-mass energy one or more WIMPs outside the kinematic
reach of the collider can be probed by the measurement of the W parameter. The
exact value of n at which WIMPs of di↵erent spin can be probed through W can
be obtained from Fig. 9, that is obtained assuming a collider with Ecm = 2M is
used to search a WIMP of mass M . This assumption, though it may invalidate
the EFT expansion, turns out to be conservative, as the EFT computation of the
e↵ect of � do not enjoy the threshold enhancement that is clearly observed in
Fig. 8.

All  dark matter candidates 
up to the maximal WIMP 
mass   can be 
excluded for some center-of-
mass energy

M ≃ 100 TeV
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Future multi-TeV  provides a 
complementary physics program

μC
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Similar results to Greljo
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A beam dump experiment at the C allows us to 
push into both the energy and the intensity 

frontier

μ

Can probe NP scenarios with: 
• Very weak couplings 
• Couplings to 2nd gen. leptons 
• Masses  100 GeV≲
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New physics  ScenariosZ′ 

ℒV ⊃ ∓ igZ′ μ ∑
l∈μ,τ

(l̄γμl + ν̄lσμνl)ℒV ⊃ − iϵeZ′ μ ∑
l∈e,μ,τ

l̄γμl

Lμ − LτLμ − Lτ

 2202.12302 CC, S. Homiller, R. Mishra, M. Reece
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Beam Dump Setup
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“dark photon” search here means:


“shine through wall” experiment, 
also known as 


“thick target” beam dump visible 
search
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Figure 11: Projected sensitivities in terms of the kinetic-mixing parameter ✏ as function of
dark-photon mass in (left planel) visible and (right panel) invisible signatures.

if the A
0 decays to dimuon. A counting technique is used, relying on current Belle II

results [200] and simulated background. Figure 13 shows the expected sensitivities for
the dark Higgsstrahlung search. Systematic uncertainties are assumed to be at the same
present level of 2% both for signal and background.The Belle II sensitivity for this

topology is unique and limited by sample size even at the highest projected

integrated luminosities. Dark Higgs particles more massive than dark photons will be
also searched for in six-fermion final states.

Figure 12: Sensitivity for dark Higgs boson h
0. (Left panel) upper limits on cross sections

as functions of mA0 and mh0 with 50 ab�1 data. (Right panel) upper limit on "
2
↵D for

mh0 = 1 GeV as a function of mA0 .

10.3 Z’ in an Lµ � L⌧ model

A particularly economic SM extension that could explain the muon g�2 anomaly [201,202]
implies an anomaly-free addition of a new U(1)Lµ�L⌧ gauge symmetry [203], where Lµ

35
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“dark photon” search here means:


“shine through wall” experiment, 
also known as 


“thick target” beam dump visible 
search
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FIG. 4. Contour plots indicating 5 signal events detected with
Nµ = 1018, 1020, 1022 with a beam energy E0 = 1.5 TeV. The
dips in the contours near mZ0 = 1 GeV occur when there is
resonant production in the Z0 ! hadron decay channel, thus
reducing the dilepton branching ratio.

FIG. 5. Same as Fig. 4 but for the Lµ � L⌧ model. The
sensitivity is bounded at lower mZ0 by the dimuon production
threshold, since the electron channel is not open in this model.

The parameter space of the Lµ � L⌧ model is notably
unconstrained in the region g . 10�3 and mZ0 & 10
MeV. Existing constraints come from measurements of
the primordial abundances of light nuclei [67], from ob-
servations of SN1987A [68], from measurements of the
anomalous magnetic moment of the muon,2 limits from
neutrino trident production [71, 72] and searches for

2
Given the current discrepancy between the theoretical predic-

e
+
e
� ! µ

+
µ
�
Z

0(µ+
µ
�) at BaBar [73]. The current

bounds are shown in grey in Fig. 5. We also show the pro-
jected limits from other muon beam experiments, M3 [74]
and NA64µ [24]. Note that other proposed experiments
such as Ref. [75] might have comparable reach to NA64µ
and M3. The reach plot, drawn with the same values of
Nµ and beam energy E0, is shown in Fig. 5. The cov-
erage is completely separated from other constraints on
this model due to the novelty of both the beam of muons
and the energy of the beam.

CONCLUSIONS AND FUTURE WORK

A future multi-TeV muon beam dump experiment
would provide a window into previously unexplored pa-
rameter space for a variety of motivated new physics
models. The sensitivity improvements beyond other sim-
ilar proposed experiments, such as Refs. [18–24], stem
from two features of such an experimental setup: the in-
creased beam energy and direct coupling to muons.
As discussed, the unprecedented beam energy trans-

lates to boosted new particles with extended lifetimes.
Therefore couplings that would otherwise be too large to
be detected at previous beam dump experiments would
be accessible. Additionally, a muon collider is uniquely
well suited to study models with couplings to muons. In
this letter we computed the reach of the gauged Lµ �L⌧

symmetry as a motivated example, but this broadly ap-
plies to more general dark sectors with non-universal
fermion interactions.
In the proposed detection strategy, we’ve taken a min-

imalist approach to instrumentation. However, in the
event of an observed resonance, additional detectors to
identify the rate into taus could be used to determine the
underlying theory. If this experiment were to confirm the
existence of a gauged flavor symmetry, this would be sig-
nificant for several areas of particle physics. A gauged
Lµ �L⌧ symmetry could explain the near-maximal mix-
ing between muon neutrinos and tau neutrinos [33]. It
has recently been observed that an SU(3) extension of
this group can give rise to a complete model of lepton
masses [76]. Finally, we3 cannot resist noting that ev-
ery measured gauge coupling to date is an O(1) number,
while Fig. 5 shows that a discovery of Lµ � L⌧ at the
beam dump would necessarily imply a tiny gauge cou-
pling . 10�5, which would become a powerful constraint
on UV physics [77].
While we have focused on models with new vectors,

the improved reach would be similarly impressive for

tion [69] and experimental measurement of (g � 2)µ [70], we take

the 5� upper limit as a constraint, and show the 2� preferred

region in green in Fig. 5.
3
One of us, anyway.

Muon Beam Dump ( BD)μ
Existing BD literature

At existing experiments

At future experiments

With μ

• 160 GeV, 3 GeV 

• Light scalars
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Possible intermediate steps towards a Muon collider
from neutrino neutrino/lepton, electron muon to muon muon collisions?

“Exotica” Particle  ➵    😊  “Exotica” Collider

Qiang Li, Peking University  2022/10/12
arXiv:2205.15350,  arXiv:2204.11871, arXiv:2201.07808,  arXiv:2109.01265, arXiv:2107.13581, arXiv:2010.15144 1
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● “...enough intermediate physics goals (e.g. neutrino beams)”  
● neutrino mass …“This is certainly the most likely new physics 

there is…”

Muon Collider: intermediate steps?

Seattle Snowmass Summer Meeting 2022

link
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Neutrino Portal to BSM  

coupling ∝  
heavy neutrino mass 
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Neutrino Beam from 1TeV Muon beam

Highly collimated in angle, yet widely distributed in Energy

“Parton Distribution Function” 
Included in MadGaph

88 Lepton and Heavy Quark Decays 

mass, find the corresponding distributions f- 1& /dxi where Xi 
2Ei/ me in the c rest frame and compare with J.t decay results. 

Ezercise. Show that the physical ranges of the Xl are 

i#i#k, 

and that the corresponding ranges of the decay particle energies in the 
charm rest frame are 

0::; E. (or Ev) ::; - m;)/(2me) , 

mB ::; EB ::; + m;)/(2me) . 

These energy distributions can be readily calculated from the above 
invariant distributions using Eidf /d3pi = (41rPi)-1 df /dEi. The re-
sults in the "scaled" energy variables Xi = 2Ei/me are shown in 
Fig. 3.10 for masses me = 1.87 and mB = 0.5 GeV. We note that the 
v. energy distribution is harder than the e+ energy distribution. The 
s quark takes a higher fraction of the energy, due to its mass (com-
pare the formulas above for the kinematic ranges of the energies). 
The energy of the final quark is not directly measurable because of 
fragmentation, which is discussed in a later chapter. 

3 

Ol...O!l::.....--'--'.....u .................. ....L.J....lL...J 

o 0.5 o 0.5 1 

Fig. 3.10. Fractional energy spectra Xi = 2Ei/mQ of decay leptons 
and quarks from Q = c, b semileptonic decay. 
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Neutrino Beam from 1TeV Muon beam

Highly collimated in angle, yet widely distributed in Energy

“Parton Distribution Function” 
Included in MadGaph

72 Lepton and Heavy Quark Decays 

We henceforth work in the muon rest frame, where x = 2eo 1mI" 
The distribution becomes 

Idf r dx = 2x2(3 - 2x) , 

where r is the total width 

G2 m 5 
r= Fl'. 

19211"3 

df I dx peaks at x = 1 (the electrons from p. decay have a "hard" 
energy spectrum). Figure 3.2 compares the experimental spectrum 
of positrons from p.+ --4 e+ ".f)1' with the predicted V-A spectrum, 
including electromagnetic corrections. Experimentally it is easier to 
study p.+ decays, because when p.- are brought to rest in a block of 
material their interactions with nuclei via p.-p --4 "I'n compete with 
decay. 

Exerei.e. If the decaying muon has helicity ! AI" show that the x-
dependent factor in the invariant distribution becomes x(3 - 2x) + 
2(2x - I)A1'81' . e/ml" Hence show that if there is a polarized muon 
source with mean spin vector (8), the electron angular distribution in 
the muon rest frame is 

dfldcosedx = rx2(3 - 2x)(l- acose) , 

where cose =' (8) . e/eo and a = (2x - 1)/(3 - 2x) is the muon 
asymmetry parameter. 

1 df Fig. 3.2. Positron decay 1.6 f dl'. 
spectrum from muon decay; 

1.2 data from Phys. Rev. 119, 

0.8 
1400 (1960). The theoreti-
cal curve includes radiative 

o.t. corrections and experimen-
tal resolution; the latter ex-

0.2 0.4 0.6 0.8 1.0 1.2 plains the tail above x = 1. 
X 
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Neutrino Collider?

A small modulation of the muon decay 
angle through vertical bending, symbolized 
by the squiggly line, may be used to focus 
the neutrino beam.

14
Question:    ?/fb in 1-10 years

Straight Section

Neutrino (anti-)neutrino collisions
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A small modulation of the muon decay 
angle through vertical bending, symbolized 
by the squiggly line, may be used to focus 
the neutrino beam.
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Neutrino Collision Processes

17

SM and BSM (Heavy Majorana)

● vvbar->Z:
 large cross section    
      >100pb
can be observed in 
short time!   
~days to weeks  

● May loosen 
requirement on beam 
quality!



Roberto Franceschini - Moriond QCD 2022 - https://moriond.in2p3.fr/2022/QCD/

N U M B E R  B R E A K I N GL E P T O N

Neutrino mass mechanisms 
L − violation (1,1,0) (at least 2)

(1,1,0) (at least 2+1)

(1,2,1,1), (1,1,2,1), (1,2,2,1), (1,1,1,2),

SU(3) ⊗ SU(2)L ⊗ SU(2)L ⊗ U(1)B−L

L − not accidental

L − gauged, SSB

(1,3,1) (1 is enough)

(1,2,1/2) (LH)2

Λ
d = 5

(1,1,2) (DHσ2H)2 S−−

Λ3
d = 7

new physics before 2012
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Plenty of neutrino mass models 
in reach

allowed

LLP

LHC 7 TeV

LEP

LHC 8 TeV LHC 13 TeV

muon anomalous magnetic moment

μ → e γ

ρ parameter

Figure 8: Parameter space of the type-II seesaw model. The black area in top is excluded because of the ⇢

parameter. The cyan vertical area is the estimate for the excluded region by searches at LEP. The orange

region on the bottom is excluded by the experimental measurement for the muon anomalous magnetic

moment. The magenta area is excluded by µ ! e� (for our example choice of PMNS parameters and

neutrino mass spectrum) and the green area is excluded by constraints on µ ! ēee. The red, yellow

and brown areas are excluded by the LHC searches for same sign di-lepton final states at 7, 8 and 13

TeV. The purple area is excluded by LHC searches for same-sign W bosons. Finally, the white area is

allowed. The part of the white area inside the dashed and dotted black lines on the left (denoted by

LLP) features displaced decays from long-lived H
±±

. The lower dashed line is obtained from the limit

on the prompt decays as described in the main text. The upper dotted line (where no experimental

constraints exist to date) shows the region where c⌧ > 1 mm. Above this line the dominant decay is the

three-body decay to W
±
ff̄
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Exclude ISS RH Neutrino up to 10 TeV for Yukawa ~1

WWH production

WWH production
Idea: Probe Y⌫ at tree-level with off-shell N ñ t-channel e

`
e

´ Ñ W
`

W
´

H

Good detection prospects in SM [Baillargeon et al., 1994]

SM contributions:

SM+ISS contributions:

SM electroweak corrections negligible for
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Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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LLP) features displaced decays from long-lived H
±±

. The lower dashed line is obtained from the limit

on the prompt decays as described in the main text. The upper dotted line (where no experimental
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Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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and brown areas are excluded by the LHC searches for same sign di-lepton final states at 7, 8 and 13

TeV. The purple area is excluded by LHC searches for same-sign W bosons. Finally, the white area is

allowed. The part of the white area inside the dashed and dotted black lines on the left (denoted by

LLP) features displaced decays from long-lived H
±±

. The lower dashed line is obtained from the limit

on the prompt decays as described in the main text. The upper dotted line (where no experimental
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Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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Neutrino lepton Collider

20

Similar design, but with only 
one sided neutrino beam,   
0.1-1/fb in 10 years?

Inspired by 
recent CDF W 
mass anomaly 
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Single W production

Larger MW   →
Higher incoming neutrino Energy   →
Larger outgoing Muon Energy (More boosted)

If  pT(outgoing muon) > 40 GeV 
the cross sections with MW = 80.4 (80.41) 
are 166.2 (167.6) pb. 

Based on a simple counting experiment, 
a 10 MeV accuracy on MW can be achieved 
with an integrated luminosity of 
only 0.1 fb−1. 

fiducial rate measurement 
 yields 
δσ/σ = 70 ⋅ 10−4

δmW /mW = 1.2 ⋅ 10−4

evidently the fiducial 
region of phase-space has a 
sensitivity to mW
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Robustness on W mass precision
We varied the incoming muon and electron
beam energy by 0.5 GeV and 10 MeV, 
respectively, which are quite conservative 
following previous refs. 

We found that the cross sections changed 
by about 0.6 pb for both variations. 

This uncertainty could be mitigated by
using the shape of the outgoing muon 
energy, by scanning different incoming beam 
energies, or by calibrating
the incoming muon beam energy with the 
electron decay products.
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More Physics from neutrino-lepton collisions

Anomalous Zνν couplings

⇚
leptoquark
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Higgs Pair

Single Higgs

bkg: em>vvz

bkg: em>vvw+w-

emu collider processes

mu-mu collider

A vector boson scattering/fusion machine


