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Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.

Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.
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estimate of the minimal useful luminosity can be readily obtained as follows. Reactions induced by
electroweak interactions, with cross-section of order

� =

 
10TeVp

sµ

!2

· 1 fb , (1)

are the benchmark processes at a muon collider. This is the cross-section estimate for both the production
of new particles with a mass of the order of (or much below) the collider energy, or large-PT 2 ! 2 SM
processes. The number of events corresponding to Eq. (1), normalized to 5 years run and assuming
10

7
s/year operation, is

N =
time

5 yrs

 
10TeVp

sµ

!2
luminosity

1034cm�2s�1
· 500 . (2)

Collecting 100 events might be sufficient to discover new particles with easily identifiable decay
products, such as Stops and Top Partners related with Naturalness. An instantaneous luminosity of
2 · 1033cm�2

s
�1, at 10 TeV, would be sufficient to probe these particles up to the collider reach. Ten

thousands events would instead be needed to aim at percent-level measurements of electroweak SM
processes at high invariant mass, allowing to probe hundreds of TeV New Physics scales indirectly as
previously mentioned. In this case the luminosity requirement becomes:

L & 5 years

time

 p
sµ

10TeV

!2

2 · 1035cm�2
s
�1

. (3)

If extrapolated down to 3 TeV, this formula corresponds to a luminosity of around 2·1034cm�2
s
�1, which

is a factor of 3 less than that of the 3 TeV CLIC [8]. However thanks to the absence of beamstrahlung
this luminosity is entirely available for high-energy reactions, and furthermore two interaction points are
foreseen at the muon collider. At 10 TeV, the formula corresponds to 10 ab

�1 integrated luminosity in 5

years, which is the one assumed above in the estimate of the total number of produced Higgs bosons.

Physics potential along the way
A vigorous and ambitious R&D program is needed to assess the feasibility of a tens-of-TeV’s muon
collider. Therefore it is important to investigate the physics potential of smaller-scale machines that
might be built along the way as technology demonstrators. Starting from medium energy, the first option
to be considered is a muon collider operating around the top production threshold (⇠ 400 GeV). This
could have the same potential as the CLIC Stage 1 [9] in terms of top [10] and Higgs [11] physics,
provided a comparable luminosity (of the order of 1034cm�2

s
�1) is obtained. The physics case becomes

less clear at lower energies, where the muon collider luminosity is expected to be not comparable with
that of circular e+e� machines. A remarkable exception is of course a muon collider operating at the
Higgs pole, which might study the Higgs boson line-shape. See Ref.s [12] and [13] for a recent study,
which assumes 4 fb

�1 integrated luminosity and 3 · 10�5 relative energy spread of the muon beams.
Comparisons with updated projections from HL-LHC shows that the impact on the Higgs coupling will
be limited, but significant progress is possible in the measurement of the Higgs mass and in the model-
independent determination of the Higgs width. In particular it is worth emphasizing that the Higgs mass
is a fundamental input parameter of the SM, which would be measured at one part per million. On the
other hand, the practical impact of such an astonishingly precise measurement is not fully clear yet.

3 Machine Design

3.1 Introduction

Because of their great potential and critical challenges, muon-based facility concepts have been devel-
oped for more than three decades. The present status of the various options considered and the necessary
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Novel issue: decaying beam particles (=BG?)



Electroweak Dark Matter
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If neutralinos are to be thermal relic WIMPs, we have a few options: for generic weak-scale
masses we can fine-tune a mixture of gauginos and higgsinos to obtain a “well-tempered neutralino”
[22]; we can have a pure higgsino at about 1.1 TeV or a pure wino at around 3 TeV [23]; or we
can have pure higgsinos or winos that are lighter but acquire a larger relic abundance through a
non-thermal mechanism like a late-decaying gravitino or modulus [24,25]. A higgsino of mass near
1 TeV is a good candidate to keep in mind for much of the discussion in this paper.

The limit of very pure higgsinos occurs when the bino and wino are much heavier (for more
detailed exploration of models in this limit, see for instance [5, 6]). In that limit, if the bino and
wino masses are dominantly Majorana (as in the MSSM), there is a threshold correction to the
higgsino mass:

�µ ⇡ �sin 2�

32⇡2

✓
3g2M2 log

mH

M2
+ g

02
M1 log

mH

M1

◆
, (2)

with mH the mass scale of the heavy higgs bosons. Without fine-tuning we expect that the low
energy value satisfies |µ| & |�µ|. For dark matter, we are chiefly interested in the regime |µ| .
1.1 TeV, which then leads to a requirement that M1,2 are not too large, e.g. M1 . 3 ⇥ 106 GeV.
This, in turn, leads to a minimum expectation for the mass splitting between the two neutralino
states. For example, if we focus on the bino (as motivated by the Hypercharge Impure model of [6],
assuming the wino decouples via a Dirac mass), we have

� & g
02 sin 2� sin2 ✓W

m
2
Z

32⇡2µ
log

mH

M1
(3)

⇡ 970 keV
1.1 TeV

|µ|
log(mH/M1)

log(100)

sin(2�)

sin(2 arctan(2))

⇡ 240 keV
1.1 TeV

|µ|
log(mH/M1)

log(100)

sin(2�)

sin(2 arctan(10))
(4)

where in the last two lines we have chosen a modest value of the logarithm and shown results for
the cases tan� = 2 and tan� = 10. The conclusion is that without fine-tuning to maintain |µ| more
than a loop factor below M1,2, we tend to expect that the tree-level mass splitting in the higgsino
sector is at least a few hundred keV at large tan� or at least an MeV at small tan�. Splittings
below 200 keV or so are also in tension with the absence of inelastic dark matter scattering signals
in direct detection experiments [9, 18, 26]. On the other hand, as emphasized in [6], the roughly
MeV minimum splittings can fit nicely into an appealing scenario that maintains gauge coupling
unification and achieves the right Higgs mass (though with the usual split SUSY fine-tuning to
achieve the correct Higgs vev).
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Figure 2: Decays of the heavier neutral higgsino mass eigenstate to the lighter neutral higgsino mass
eigenstate.
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� / m� [TeV] DM HL-LHC HE-LHC FCC-100 CLIC-3 Muon-14

(1, 2, 1/2)DF 1.1 – – – 0.4 0.6
(1, 3, ✏)CS 1.6 – – – 0.2 0.2
(1, 3, ✏)DF 2.0 – 0.6 1.5 0.8 & [1.0, 2.0] 2.2 & [6.3, 7.1]
(1, 3, 0)MF 2.8 – – 0.4 0.6 & [1.2, 1.6] 1.0
(1, 5, ✏)CS 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1, 5, ✏)DF 6.6 1.5 2.8 7.1 3.9 11
(1, 5, 0)MF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
(1, 7, ✏)CS 16 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
(1, 7, ✏)DF 16 2.1 4.0 11 6.4 18

Table 1: Pure higgsino/wino-like DM and MDM candidates, together with the corresponding
masses saturating the DM relic density (second column) and the projected 95% CL exclusion
limits from EW precision tests at HL-LHC, HE-LHC, FCC-100, CLIC-3 and Muon-14 (see text
for details about center-of-mass energies and luminosities). In the last two columns the numbers
in square brackets stand for a mass interval exclusion. The cases where the DM hypothesis could
be fully tested are emphasized in light red.

multiplets of di↵erent kind, namely in the real scalar, complex scalar, Majorana fermion, Dirac
fermion representations, which we denote by the labels RS, CS, MF, DF respectively.

The MDM framework was extended in Ref. [28] to contemplate the possibility of a milli-
charge ✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence
no bearings for collider phenomenology, but it ensures the (exact) stability of the lightest
particle in the EW multiplet due to the SM gauge symmetry, in the same spirit of the original
MDM formulation. A notable feature of the milli-charged scenario is that the contribution of
the complex multiplet to the relic density gets doubled compared to the case of a single real
component (thus making the thermal mass roughly a factor

p
2 smaller). On the other hand,

the number of degrees of freedom are also doubled, thus improving the indirect testability of
those scenarios via EW precision tests at colliders.

The MDM candidates (including for completeness also the higgsino-like (1, 2, 1/2)DF and
wino-like (1, 3, 0)MF DM, which require a stabilization mechanism beyond the SM gauge sym-
metry) are summarized in Table 1, together with their thermal mass saturating the DM relic
density4 and the projected 95% confidence level (CL) exclusion limits of five representative fu-
ture colliders: HL-LHC (

p
s = 14 TeV and L = 3/ab), HE-LHC (

p
s = 28 TeV and L = 10/ab),

FCC-100 (
p
s = 100 TeV and L = 20/ab), CLIC-3 (

p
s = 3 TeV and L = 4/ab), Muon-14

(
p
s = 14 TeV and L = 20/ab). The details of the analysis will be presented in Sects. 4–5.
We can anticipate here some results of our analysis. The HL-LHC and the HE-LHC are not

able to test any of the DM candidates for masses which allow these multiplets to saturate the
whole DM relic density. The FCC-100, on the other hand, could fully test the (1, 5, ✏)DF candi-
date and would come close to test the interesting mass range for the (1, 3, ✏)DF and (1, 7, ✏)DF

multiplets. Lepton colliders are usually better at testing small multiplets, which are di�cult

4The thermal masses in the ✏ = 0 cases are extracted from Ref. [29] which takes into account both Sommerfeld
enhancement and bound state formation e↵ects. In the cases ✏ 6= 0 we quote instead the results from Ref. [28],
which however do not include e↵ects from bound state formation that are expected to sizeable for n & 5 (e.g. in
the case of (1, 5, 0)MF the inclusion of bound state e↵ects leads to a 20% increase of the thermal mass [29]).
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SM representation Mass reach (TeV)

Existing work studied muon collider reach for mono-X channel

Goal: exploit displaced vertices with “realistic” muon collider setup to improve reach

Goal: how does ISR  VBF change the reach?     Constantini et.al. 2005.10289



Muon Philic DM

Q: Why haven’t we discovered DM thus far? 
A: Maybe because it couples more to higher generations
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Figure 2. Z 0 induced scattering and decay processes that can delay ⌫µ and ⌫⌧ decoupling.

where x = mZ0/T , H ⌘ ȧ/a is the Hubble expansion rate, a is the scale factor in an FLRW metric,
�Z0 is the rest frame width, K1,2 are Bessel functions of the first and second kind, and an (eq) label
denotes an equilibrium quantity – for a derivation and discussion, see Appendix A. Although there
are many other processes that can a↵ect nZ0 in the early universe, but since we are interested in the
weakly (or even feebly) coupled regime gµ�⌧ ⌧ 1, it su�ces to consider only decays and inverse decays
in the collision term.

We are interested in the e↵ect of Z 0 decays on the total radiation density at the surface of last
scattering, which can be written in terms of Ne↵ , the e↵ective number of neutrino species

⇢R = ⇢� + ⇢⌫ =

"

1 +
7

8

✓
4

11

◆4/3

Ne↵

#

⇢� , (3.2)

where ⇢� is the photon energy density, the factor of 7/8 accounts for the fact that neutrinos are
fermions, and the (4/11)1/3 = T⌫/T� in the SM. Note that the SM prediction for N

SM
e↵ = 3.046 is

slightly larger than 3 because of the small amount of entropy transferred to the neutrinos during e
+
e
�

annihilation [12, 13]. We categorize our study into four qualitatively distinct regimes whose impact
on �Ne↵ has distinct parametric dependence on model parameters.

3.1 Equilibrium Regime (Negligible Kinetic Mixing)

If gµ�⌧ is su�ciently large, the inverse decay process satisfies h�Z0i � H before neutrino-photon
decoupling and the Z

0 population is in equilibrium with SM particles at early times. In this scenario,
the Z

0 population always satisfies nZ0 = n
(eq)
Z0 where

n
(eq)
Z0 =

Z 1

0

d
3
~p

(2⇡)3
gZ0

eE/T � 1
, (3.3)

is the equilibrium number density and gZ0 = 3 is the number of spin states. Since the coupling is
su�ciently large, the (inverse)decays occur rapidly in equilibrium and their entropy is transferred to
other species once the population becomes nonrelativistic and inverse decays become kinematically
forbidden. We can write the e↵ective neutrino species as

Ne↵ =
8

7

✓
11

4

◆4/3
⇢⌫

⇢�

�����
T=Tcmb

, (3.4)
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Example: gauged Interaction

Possible connection to muon g-2  anomaly
Compatible parameter space for freeze-out 

Goal: study muon complementarity for these otherwise elusive models



TeV+ scale BSM for g-2
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FIG. 1. Example Feynman diagrams contributing to (g � 2)µ. Left: In models that only feature SM singlet scalars or vectors
S or V , the chirality flip and Higgs vev insertion must originate on the muon line, so the contribution in Eq. (4) implies
O(1) couplings for singlets at the ⇠ TeV scale. Right: In scenarios that feature SM charged states, as shown for nightmare
scenario, the chirality flip and EWSB Higgs coupling insertion can be placed on internal lines, parametrically enhancing �aµ

and allowing for BSM mass scales above 10 TeV.

with sizable couplings that generate �aµ, or em-
pirically prove that nature (specifically the Higgs
and muon mass) is fine-tuned. If the latter is true,
the BSM states generating �aµ have to have sev-
eral very large couplings, and still be lighter than
⇠ 100 TeV due to perturbative unitarity bounds.
Such states would be discoverable at some future
facility.

In our no-lose theorem we assume the validity of quan-
tum field theory, so it is understood that a violation of
perturbative unitarity would also be a signature of (possi-
bly strongly-coupled) new physics with BSM states below
100 TeV.

SINGLET MODELS

If the BSM states are all EW singlets, their masses do
not arise from electroweak symmetry breaking (EWSB),
so the chirality flip (and hence the Higgs vev insertion)
in Eq. (2) originates on the muon line, as shown in Fig.
1 (top). Here Ce↵ ⇠ g

2
yµ, where g is the singlet-muon

coupling. These models for g � 2 must involve at least
one new particle coupled to the muon,

gSSµ̄µ , gV V⌫ µ̄�
⌫
µ , (3)

where S/V is a scalar/vector (axial or pseudoscalar cou-
plings give the wrong sign �aµ) and parametrically

�aµ ⇠
g
2
m

2
µ

12⇡2M2
⇠ 10�9

g
2

✓
300 GeV

M

◆2

, (4)

where we have taken the M � mµ limit [25, 37]. Thus,
singlets near the weak scale must have ⇠ O(1) couplings
to yield �aµ ⇠ 10�9 in Eq. (1) and the masses are
bounded by M . 2 TeV to satisfy unitarity bounds which
require gS/V .

p
4⇡.

In what follows, we assume that the singlet S or V

couples to the muon as in Eq. (3) with su�cient strength

to resolve the �aµ anomaly. We find that for all vi-
able masses and decay channels, low energy experiments
will test all singlet candidates below . few GeV, and an
appropriate muon collider can test the remaining heavy
singlets in a model independent fashion.

Light Singlets

Although there are many experiments designed to
probe light, singlet particles responsible for �aµ (see [45]
for a review), most candidates are already excluded based
on how they couple to light SM particles. Nearly all vec-
tor bosons from anomaly-free U(1) SM gauge extensions
(e.g. B � L) are ruled out as explanations for the �aµ

anomaly [46]; the only exception is a gauged Lµ � L⌧

gauge boson, which remains viable for mV ⇠ 10 � 200
MeV [47, 48], but will be fully tested with upcoming
kaon decay [49] and muon trident searches [42]. Light
scalars that couple preferentially to muons can still be
viable depending on their dominant decay modes and
lifetimes [37].

Proposed muon beam fixed-target experiments can
likely test all remaining �aµ candidates below the few-
GeV scale [36–44]. In particular, the proposed NA64µ

[36, 50] and M3 [38] experiments are projected to cover
all invisibly decaying singlet �aµ candidates lighter than
a few GeV. These concepts can likely be modified to also
test visibly decaying singlets produced in muon fixed-
target interactions, such as a muon beam variation on
the HPS experiment [51]. Combined, these approaches
would leave no room for sub-GeV singlets that explain
�aµ. (Small model dependent gaps may remain for sin-
glets that decay semi-visibly, but these typically within
reach of various future experiments [43]; we address this
possible loophole in future work [52].)

What’s the heaviest BSM with unitary couplings that can explain  g-2? 5
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FIG. 2. Contours show the mass (TeV) of the lightest BSM state in two EW nightmare scenarios with a single BSM flavor
(RF
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2
10) (left) or (1�2,2 3

2
,11) (right), as a function of the scalar mass parameters (mA,mB). The

colored regions are labeled with their lightest BSM state. For each (mA,mB), we found the largest possible fermion mass mF

and couplings y1, y2, that generate �aµ = 2.8⇥ 10�9 without exceeding Higgs and muon mass tuning � = 100. In the gray
regions, the required �aµ cannot be generated.

for NBSM = 1�10. This sets the minimum energy of the
muon collider required to guarantee the pair-production
of BSM states at

p
s ⇠ 50 � 60 TeV (unless one allows

for extremely high numbers of BSM flavors). A heavy
charged state X can be pair-produced in Drell-Yan pro-
cesses independent of its direct couplings to muons, with
a pair production cross section similar to SM EW 2 ! 2
processes above threshold, �XX ⇠ fb (10TeV /

p
s)2 [61].

Since such states are visible if they are detector-stable,
or have to decay to visible SM final states, conclusive
discovery of such heavy new states should be possible re-
gardless of their detailed phenomenology. Of course, a
high-energy electron or much higher-energy proton col-
lider could also produce these states. This would likely
be even more technically daunting than a muon collider
at this energy (see also [62]).

While at least one of the charged states can always
be produced in EW processes, in some cases the lightest
state X0 is a SM singlet. This singlet has sizable direct
couplings y1,2 to muons, meaning only a muon collider
is guaranteed to produce X0 via t-channel exchange of a
heavy charged state with cross section � ⇠ y

2
1,2/(4⇡s) ⇠

O(10 fb) for y1,2 ⇠ O(1). (Smaller couplings can generate
�aµ only if all the BSM masses are significantly below
our upper bounds, in which case many new states become
discoverable.) We perform basic signal and background
estimates using MadGraph5 [63], leaving a more detailed
collider study for future work [52].

If X0 decays visibly inside the detector, it can be dis-
covered in similar searches as for the charged states. If
it is detector-stable, discovery has to rely on X0 pair
production in association with a photon, leading to a
� + /E signal with cross sections in the 1 � 10 fb range

for p� & TeV. The main SM backgrounds are µ
+
µ
�

!

�(Z ! ⌫̄⌫), which is easily vetoed since it is dominated
by on-shell Z-production with p� ⇡

p
s/2, and vector

boson fusion (VBF) processes like µ
+
µ
�

! ⌫̄⌫� with
t-channel W -exchange. The latter has a large cross sec-
tion ⇠ pb, since SM EW production processes via VBF
are greatly enhanced at high-energy muon colliders [62],
but the associated photon is relatively soft, so imposing
the p� & TeV cut reduces the total background rate to
⇠ O(10) fb, meaning discovery is possible with 10 - 100
ab�1 of luminosity depending on the BSM couplings.

CONCLUSION

The search for physics beyond the SM is one of the
key pursuits of high-energy physics. Unlike other pos-
sible sources of BSM physics, such as dark matter or a
solution to the strong-CP problem, a BSM explanation
for the muon anomalous magnetic moment requires new
states with couplings to SM particles and a mass scale
bounded from above. In this Letter, we have outlined a
model-independent search strategy which, assuming the
aµ anomaly is genuine, is guaranteed to discover new
physics in the same way that the LHC was guaranteed
to discover new physics related to electroweak symmetry
breaking.

It has recently been argued that a muon collider with
p

s ⇠ 10 TeV and integrated luminosity of ⇠ 10 ab�1 in
⇠ 3 years of running is a potentially achievable [61, 64].
A facility ramping up to this energy would be able to
discover all singlet model explanations for the (g � 2)µ
anomaly, and probe the most theoretically motivated

Recent study finds ~ few 10s TeV

Capedevilla, Curtin, Kahn, GK 2006.16277

“worst case scenario”

LOI goal: collider simulation
Quantify design parameters
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