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Energy frontier: what colliders after the LHC?  

Energy frontier (collider) is irreplaceable in fundamental particle physics. 



The Unique Higgs Target

Higgs couplings to 
gauge bosons 

Higgs couplings to 
fermions

Higgs self-coupling

Higgs decay width

Higgs compositeness?

How to explain the Higgs 
mass? 



How to explain the Higgs mass? 

© P. Tanedo

from C. Anastasiou, CTEQ-MCnet summer school 2008

Higgs coupling proportional to mf, MW
2, MZ
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from C. Anastasiou, CTEQ-MCnet summer school 2008

Higgs coupling proportional to mf, MW
2, MZ

2We do not have an explanation for the Higgs mass itself in the standard  
model! One has to rely on BSM to explain the Higgs mass. 



SUSY
Composite Higgs

Other ideas: neutral naturalness, cosmic relaxion ….. 

SM



Traditional strict naturalness 
requirement ⟹ new physics close to 
weak scale (~ 1TeV). 

Cornered by data and leads to more 
complicated models: more difficult 
signals but still new physics at (1- 10) 
TeV.  

split SUSY, Arkani-Hamed, Dimopoulos, 
Giudice, Romanino 2004….

O(10-100) TeV

a few TeV

SUSY scalars: stops

SUSY fermions

Loose naturalness requirement: i.e. 
~(0.1 -1)% fine tuning: same level 
as the fine-tunings we have 
encountered in nuclear physics and 
Nature. 



Explaining the Higgs mass (aka the naturalness/fine-tuning puzzle) has been a major 
drive for BSM physics for the past 40 years.  

No matter what your tolerance level of fine-tuning is, we need an explanation for the 
Higgs mass!  

The emergence of some “folk-lore” knowledge: new physics at O(10 - 100) TeV in a 
broad range of BSM models aiming at explaining the Higgs mass. 



The Unique Higgs target

Higgs couplings to 
gauge bosons (precision/
energy)

Higgs couplings to 
fermions (precision/
energy)

Higgs self-coupling 
(energy)

Higgs decay width 
(precision)

Higgs compositeness? 
(energy)

How to explain Higgs mass?
(energy) 



Precision Energy
Lepton Colliders 

 

Hadron Colliders 

 ILC, FCC-ee, CEPC, CLIC SppC, FCC-hh



Precision Energy
Lepton Colliders 

 

Hadron Colliders 

 ILC, FCC-ee, CEPC, CLIC SppC, FCC-hhIs that it?

Just potentially amazing all in one Higgs?
 ©Meade



Is that it?

Just potentially amazing all in one Higgs?
High Energy Muon Collider = Precision + Energy; 

Erode the precision/energy dichotomy!  

 ©Meade



Muon Collider Pirate Ship



High Energy muon colliders as vector gauge boson colliders

Large EW Sudakov factor 
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Vector boson fusion: with bosons as 
initial state (just as PDF for hadron 
collider); always wins at moderately 
high energies. 

Figure 1: VBF production of a single Higgs boson at a high energy muon collider via WW

fusion. For ZZ fusion, replace the W propagator by the Z propagator and the outgoing
neutrinos by muons.

(a) (b) (c)

Figure 2: Double Higgs production at a high energy muon collider via WW fusion. The
production goes through the VBF topology, as in Fig. 1.

2 Higgs Boson Production at a High-energy Muon Collider

The Higgs boson couples predominantly to heavier particles. The production of a Higgs boson
thus involves other heavy particles in the SM. At high energies, gauge bosons will copiously
radiate off the colliding beams. Therefore, the vector boson fusion (VBF) mechanism are the
dominant source for the Higgs boson production at a high-energy muon collider [29, 30]. The
production processes involving the Higgs boson at a high-energy muon collider include

µ
+
µ
� VBF

�! H, ZH, HH and tt̄H , (2.1)

which are all dominantly from the VBF processes. We list the production cross sections in
Table 1 for those Higgs production processes with a few representative benchmark energy
choices. Cross sections are computed using the package MadGraph [34]. Recently it has been
advocated that, in high energy collisions, it may be appropriate to adopt the approach of elec-
troweak parton distribution functions (EW PDF) [30] to resum the potentially large collinear
logarithms at high scales. For the processes under consideration, the difference is insignificant
since the single Higgs production is set by a low scale mH , while the Higgs pair production HH

is dominated by the longitudinal gauge boson fusion (WLWL), that has no scale dependence
at the leading order.

We will examine the precision measurements of the Higgs boson couplings via the pro-
duction processes as depicted in Figs. 1 and 2. For instance, at a 10 TeV muon collider with
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Muon colliders are gauge boson colliders
That’s why a lot of this physics case ports directly to high energy e, mu, gamma colliders

Winner at moderate energies!

Can think of this as VV to H fusion, with VV initial states (PDF like for hadron colliders)
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Muons vs Protons
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Figure 1: The c.m. energy
p
sp in TeV at a proton-proton collider versus

p
sµ in TeV at

a muon collider, which yield equivalent cross sections. Curves correspond to production
via a gg (orange) or qq̄ (blue) initial state at the proton-proton collider, while production
at the muon collider is determined by µ

+
µ
�. The partonic cross sections are related by

� ⌘ [�̂]p/[�̂]µ. The bands correspond to two di↵erent choices of proton PDF sets, NNPDF3.0
LO (as in [?]) and CT18NNLO. Left: 2 ! 1 scattering. Right: 2 ! 2 scattering.

collider to achieve the equivalent production rate, see ??. Our focus here will be on “s-

channel” processes, which are dominated by ⇠ ⇠ 1 at a muon collider. This is in contrast to

vector boson fusion (VBF)-like processes dominated by ⇠ ⌧ 1, where the electroweak boson

content of high-energy leptons becomes relevant; we reserve this for detailed study in ??.

Note that much of this section is essentially a reprise of the arguments given in [?].

To make a concrete comparison, we work in terms of generalized parton luminosities,

such that the inclusive cross section for the final state F (with unspecified remnants X)

arising from collisions of (possibly composite) particles A and B takes the form

�(AB ! F +X) =

Z 1

⌧0

d⌧

X

ij

dLij

d⌧
�̂(ij ! F ) (1)

where hats denote partonic quantities, ⌧ = ŝ/s in terms of the collider center-of-mass energy
p
s of the collider and partonic energy

p
ŝ, ⌧0 is the production threshold, and the parton

luminosity is given by

dLij

d⌧
(⌧, µf ) =

1

1 + �ij

Z 1

⌧

d⇠

⇠


fi(⇠, µf )fj(

⌧

⇠
, µf ) + (i $ j)

�
(2)

Here the fi(⇠, µf ) are the parton distribution functions (PDFs) for parton i carrying a fraction

⇠ of the longitudinal momentum, at factorization scale µf which we take to be µf =
p
ŝ/2.

First, we assume that the process results from a 2 ! 1 collision, so that AB ! Y to

a final state Y with mass M =
p
ŝ. In this case, the cross section �p at a proton-proton

4
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2 ! 2

100 TeV pp collider ⇔ 12 TeV muon collider (β = 100) 

Muon: probe all 
values of       ; 

Proton: probe 
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Costantini et.al 
2005.10289;  
reprise in white 
paper from the 
muon pirate ship 
group, to appear. 



Much cleaner background



Figure 8: Summary of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities. The upper horizontal axis marks
the accessible scale ⇤, assuming c6,H ⇠ O(1).

TeV at a collider of (10 � 30) TeV, we would be probing new physics at very high scales or
deeply into quantum effects.

p
s (lumi.) 3 TeV (1 ab�1) 6 (4) 10 (10) 14 (20) 30 (90) Comparison

WWH (�W ) 0.26% 0.12% 0.073% 0.050% 0.023% 0.1% [41]
⇤/

p
c
i
(TeV) 4.7 7.0 9.0 11 16 (68% C.L.)

ZZH (�Z) 1.4% 0.89% 0.61% 0.46% 0.21% 0.13% [17]
⇤/

p
c
i
(TeV) 2.1 2.6 3.2 3.6 5.3 (95% C.L.)

WWHH (�W2) 5.3% 1.3% 0.62% 0.41% 0.20% 5% [36]
⇤/

p
c
i
(TeV) 1.1 2.1 3.1 3.8 5.5 (68% C.L.)

HHH (�3) 25% 10% 5.6% 3.9% 2.0% 5% [22, 23]
⇤/

p
c
i
(TeV) 0.49 0.77 1.0 1.2 1.7 (68% C.L.)

Table 7: Summary table of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities.

In our analyses, we only focused on the leading decay channel H ! bb̄. A more com-

– 15 –
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Han, Liu, Low, Wang 2008.12204 

Electron Collider 
(~106 Higgses)

Hadron Collider 
(~1010 Higgses)
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Higgs Couplings to Bosons



Top Yukawa

Fan and Reece, part of the white paper from the muon pirate ship group, to appear 

HL-LHC: 6%
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at a Higgs factory. Hence, we focus on the top Yukawa for a first case study of the potential

Higgs coupling reach of a muon collider.

The scattering amplitude for top production via longitudinal W bosons in the presence

of a fractional deviation �BSM in the top Yukawa scales as [?]

M(W+
L
W

�
L

! tt̄) ⇡ �
mt

v2
�BSM

p

ŝ,

p

ŝ � mt. (31)

Taking into account only this growing term in the amplitude, we estimate that perturbative

unitarity is violated at a scale ⇤BSM . 10 TeV
�BSM

. For small �BSM, this is well above the energy

scale of a potential muon collider, so it is theoretically consistent to treat new physics in this

sector via the parameter �BSM without specifying the UV completion.

Figure 7: Di↵erential cross section for µ
+
µ
�

! tt̄ + X from di↵erent gauge boson fusion
processes at a 14 TeV muon collider, with unpolarized beams (left) or fully polarized (left-
handed µ

� and right-handed µ
+) beams (right). At high energies, a deviation from the

Standard Model top Yukawa leads to a significant increase in the rates for the WLWL ! tt̄

process. At low energies (visible in the insets), it produces either destructive interference
(�BSM > 0) or constructive interference (�BSM < 0).

In Fig. ??, we show the di↵erential distribution d�/dmtt̄ at a 14 TeV muon collider, both

for the case with unpolarized muon beams and the case with a fully left-handed µ
� and

right-handed µ
+. (FeynArts [?] and FeynCalc [?, ?, ?] were used in these computations.)

We see that the WW initial state is dominant in the case of polarized beams, increasing the

possible sensitivity to the enhanced W
+
L
W

�
L

! tt̄ process. In Fig. ??, we present the 2�

sensitivity of a muon collider to the parameter �BSM. The sensitivity is computed from the

di↵erence in BSM and SM predictions for the di↵erential distribution d�/dmtt̄ integrated

over a set of bins.10 We find that percent-level deviations in the coupling can be probed with

10We divide the energy range into 20 bins (with smaller bins at lower mtt̄, where the cross section is larger)
and find the value of �BSM for which the Poisson log likelihood di↵erence 2� log L = 4, where we compute

this di↵erence as 2
P

i2bins

�
nSM

i � nBSM
i + nBSM

i log(nBSM
i /nSM

i )
�
, where n(B)SM

i is the model’s predicted
mean for bin i and need not be an integer. This is a rough proxy for the sensitivity that one might obtain
by doing pseudo-experiments. We have checked that the result is not very sensitive to the choice of binning.

21

<latexit sha1_base64="jOI5/Uom5mttONWDGUoYmeNE+Sg=">AAACBXicbVDLSgMxFM34rPU16lIXwSIIxTIjii6LblxWsA/ojCWTZtrQZGZI7ghl6MaNv+LGhSJu/Qd3/o2ZtgttPZBwOOdeknOCRHANjvNtLSwuLa+sFtaK6xubW9v2zm5Dx6mirE5jEatWQDQTPGJ14CBYK1GMyECwZjC4zv3mA1Oax9EdDBPmS9KLeMgpASN17ANPpvdlnN8n2IMYA/YCojIY4XKrY5ecijMGnifulJTQFLWO/eV1Y5pKFgEVROu26yTgZ0QBp4KNil6qWULogPRY29CISKb9bJxihI+M0sVhrMyJAI/V3xsZkVoPZWAmJYG+nvVy8T+vnUJ46Wc8SlJgEZ08FKYC52lNJbjLFaMghoYQqrj5K6Z9oggFU1zRlODORp4njdOKe15xbs9K1atpHQW0jw7RMXLRBaqiG1RDdUTRI3pGr+jNerJerHfrYzK6YE139tAfWJ8/S7GXKg==</latexit>

µ+µ� ! tt̄+X
1% 3% 



Explaining the Higgs mass: supersymmetric tops

Fine-tuning 

~1%
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6TeV
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For comparison, a 100 TeV proton collider (3 ab-1) could potentially discover up to 6 
TeV stop and ~10-3 level fine-tuning.  

Stop mass
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µ
+
µ
�

! tt̄ + ⌫⌫̄ does not meaningfully exceed the s-channel tt̄ cross section until
p
s ⇠ 5

TeV, at which point it grows relative to the s-channel cross section as ⇠ s log(s), exceeding

the signal cross section by 3-4 orders of magnitude by
p
s = 100 TeV. Even at such high

energies, this is far less daunting than the tt̄ background to the same final state at the LHC,

and su�ciently strong missing energy requirements and cuts on the angular distribution of

visible particles in the final state should substantially reduce background with high signal

e�ciency. Thus, to first approximation, for distinctive final states we assume the mass reach

will be of order m̃ ⇠ 0.9
p
s/2 up to

p
s = 100 TeV.

Not all supersymmetric final states are so distinctive, however. For the higgsino, if

Standard Model radiative corrections are the only source of mass splitting, then there is

little phase space for missing energy without additional initial-state radiation. The mass

reach then becomes more sensitive to backgrounds. Of course, if there is additional splitting

in the higgsino multiplet (due to e.g. mixing with a partially decoupled bino or wino), then

the final state rapidly becomes more distinctive and the reach follows the discussion above.

With this in mind, we can estimate the reach for various superpartners, beginning with

the higgsino. The mass of the higgsino is the most immediate measure of fine-tuning in the

Higgs potential, since supersymmetry relates the masses of the higgsino and Higgs doublets

at tree level. In general the contribution of the higgsino to the tuning of the weak scale11

scales as

�
h̃

⇡
2m2

h̃

m
2
h

(32)

From this we can conclude that 10% tuning (� = 10) corresponds to m
h̃

⇠ 300 GeV,

while the percent and per mille levels are reached by m
h̃

⇠ 900 GeV and m
h̃

⇠ 2.8 TeV,

respectively.

For a pure higgsino multiplet with only Standard Model radiative splittings, the final

state is indistinct and a detailed study is required to forecast reach as a function of
p
s.

Here we may rely on the dark matter analysis presented in Section ?? for a pair of SU(2)L
doublets with hypercharge ±1/2, which uses our optimistic luminosity assumptions. This

analysis suggests that percent-level tuning can be probed at the 2� level by a muon collider

operating at
p
s = 6 TeV, while per mille-level tuning is accessible by a

p
s = 30 TeV

collider. The ultimate exclusion limit of a
p
s = 100 TeV collider approaches m

h̃
⇠ 15 TeV,

corresponding to tuning at more than the per myriad level. But this is ultimately the worst-

case scenario; even a modest splitting in the higgsino multiplet would make it possible to

significantly suppress backgrounds beyond those considered here, and once su�cient phase

space becomes available for on-shell decays within the higgsino multiplet, bounds should

11Quantified here by the Barbieri-Giudice measure �M2 = |@ ln m2
h/@ log M2

| in terms of m2
h. As always,

we emphasize that individual fine-tuning measures should be taken with a grain of salt given our ignorance
of nature’s prescription, but provide a useful qualitative guide.
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UCSB group led by Craig, part of the white paper from the muon pirate ship group, to appear 

Gluino: affecting Higgs mass at two-loop order in SUSY 
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flat lumi after 10 TeV

Discovery reach



En route to the muon collider, possible discoveries from other complementary 
experiments, hinting the energy scales of new physics: 

- Flavor violation 

- EDM  

- g-2  Capdevilla, Curtin, Kahn, Krnjaic 2006.16277 

- DM: galactic center GeV excess?  

- gravity waves?  

- …..



Lepton flavor violation

Qianshu Lu, part of the white paper from the muon pirate ship group, to appear 
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of the doublet and Dirac triplet with a 10 TeV muon collider. For the Majorana triplet,

a 30 TeV option would su�ce. The thermal targets of Dirac(Majorana) 5-plet would be

covered by 30 (100) TeV muon colliders. The 100 TeV option will also cover the thermal

target for the 7-plet. A Majorana triplet can be covered by a 20 TeV muon collider (still

assuming integrated luminosity scales with s). A Majorana 5-plet can be covered by a 50

TeV muon collider, while a 70 TeV muon collider is enough to cover the case of the 7-plet. A

75 TeV muon collider is su�cient to reach 5� discovery potential for all EW multiplets with

their thermal mass targets considered in this paper. At the same time, the disappearing

track signal has excellent potential. Based on our study, it could bring the reach very close

to the kinematical threshold m� ⇠
p
s/2. We note here, a 10 TeV muon collider with

disappearing track search can potentially cover the thermal target of the doublet and triplet

case, motivating further detailed studies in this direction. Note that the disappearing track

reach for the Higgsino-like EW doublet in the conservative luminosity scenario (lower panel)

at 100 TeV is less powerful compared to the inclusive missing energy searches, dominated

by the mono-muon sensitivity. This is because we require a minimal of 50 signal events pass

the mono-photon plus disappearing track selection, whose cross section decrease as fast as

beam center of mass energy squared.

4 Complementarity

The timeline leading up to first collisions at a future collider is populated by a number of

planned and proposed experiments capable of extending our sensitivity to indirect signs of

new physics by orders of magnitude relative to current limits. Among others, experiments

searching for electric dipole moments, anomalous flavor violation beyond the Standard

Model, and stochastic gravitational wave backgrounds will probe scales ranging from tens to

hundreds of TeV on relevant timescales. Ultimately, a signature at any of these experiments

would provide an indication of new physics at a scale amenable to further exploration. This

motivates asking what energies and luminosities would be required for a muon collider to

directly test the origin of indirect signals, providing another set of sharp goalposts.

4.1 EDMs

Electric dipole moments of elementary particles o↵er a nearly background-free probe of

new physics beyond the Standard Model, since all CP-violating SM e↵ects are accompanied

by flavor-violating spurions and give rise to extremely small EDMs. Recently, substantial

progress has been made in experimental searches for EDMs using paramagnetic molecules.

For instance, by studying the polar ThO molecule, the ACME collaboration set a bound on

the electron EDM of |de|  1.1⇥10�29
e cm at 90% confidence [?]. Rapid recent experimental

progress in the use of atoms and molecules, including novel approaches using polyatomic

32
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Cesarotti, Lu, Nakai, Parikh, Reece 2018



Simplest WIMP DM Alive: fermionic electroweak statesDirect detection
Hill and Solon, 1309.4902
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.

tainty from pQCD (hadronic inputs). Subleading cor-
rections in ratiosmb/mW and ⇤QCD/mc are expected
to be within this error budget. Stronger cancellation
between spin-0 and spin-2 amplitudes in the doublet
case implies a smaller cross section,

�D

SI . 10�48 cm2 (95%C.L.) . (5)

We may also evaluate matrix elements in the nf =
4 flavor theory. Figure 3 shows the results as a func-
tion of the charm scalar matrix element. Cancella-
tion for the doublet is strongest near matrix element
values estimated from pQCD. Direct determination
of this matrix element could make the di↵erence be-
tween a prediction and an upper bound for this (al-
beit small) cross section.

Previous computations of WIMP-nucleon scatter-
ing have focused on a di↵erent mass regime where
other degrees of freedom are relevant [14], or have

neglected the contribution c(2)g from spin-2 gluon op-
erators [2]. For pure states, this would lead to an
O(20%) shift in the spin-2 amplitude [25], with an
underestimation of the perturbative uncertainty by
O(70%). Due to amplitude cancellations, the result-
ing e↵ect on the cross sections in Fig. 2 ranges from
a factor of a few to an order of magnitude.

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0

� M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

Consider a mixture of Majorana SU(2)W singlet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 , with
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FIG. 3: SI cross sections for low-velocity scattering on
the proton, evaluated in the nf = 4 flavor theory as a
function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm
content estimated from pQCD [9]. The region between
orange (black) dashed lines correspond to direct lattice
determinations in [12] ([13]).

respective masses MS and MD. The heavy-particle
lagrangian is given by (1), where hv = (hS , hD1 , hD2)
is a quintuplet of self-conjugate fields. The gauge
couplings are given in terms of Pauli matrices ⌧a,

T a =

0
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The couplings to the Higgs field and residual mass
matrix are respectively given by

f(H) =
g21
p
2

0

B@
0 HT iHT

H 02 02

iH 02 02
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CA+

"
iH ! H

1 ! 2

#
+ h.c. ,

�m = diag(MS ,MD14)�Mref15 , (7)

where Mref is a reference mass that may be conve-
niently chosen. Upon accounting for masses induced
by EWSB, we may present the lagrangian in terms of
mass eigenstate fields and derive the complete set of
heavy-particle Feynman rules; e.g., the Higgs-WIMP
vertex is given by ig22/

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

2 and � ⌘ (MS�MD)/2. We may
also consider a mixture of Majorana SU(2)W triplet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 . Ex-
plicit details for the construction of the EFT for these
heavy admixtures can be found in [4].
Upon performing weak-scale matching [4] and map-

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0

� mW , im-
plies that the partner state contributes at leading

Scattering process loop induced. 

Large cancellation above two classes of diagrams. 

Prospect for heavy WIMP Searches

 19

✦Major on-going G2 experiments with Noble Liquids, with Liquid Xenon/Argon   
✦Start operational as early as 2020 and for ~5 years 

✦Next generation (G3) experiment DARWIN is under preparation to start ~2025 and run for 10 years. 
✦Expect another 15 years of “neutrino-background free” search for heavy WIMPs

XENON1T

Discovery Limits (Xe) due to CEvNS 

(Ruppin, Billard et al.)

triplet

doublet

Very challenging! 

Direct detection
Hill and Solon 2013

Indirect detection
Powerful for triplet; weak for doublet: 
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Figure 9: Complementarity of direct and indirect detection in the higgsino/bino plane. The direct detection bounds are ex-
tracted from Ref. [92]. The darkest purple region is the current XENON100 bound on spin-independent dark matter–nucleus
scattering. The two surrounding lighter purple regions are the projected LUX and XENON1T bounds, respectively. The dark
orange shaded region in the top left plot, and that in the bottom left plot, are IceCube bounds on the spin-dependent dark
matter–nucleus scattering rate (assuming annihilation to W +W �) while the lighter orange region in the top left plot is the
XENON1T spin-dependent projected reach. The red shaded regions are Einasto (lighter) and NFW (darker) exclusions from
Ref. [42]. Dot-dashed green curves show gamma-ray line rates and dashed red lines show gamma-ray continuum rates, com-
puted with MicrOMEGAs [93].

current and future constraints on mixed higgsino/bino dark matter in Fig. 9. The direct detection current and
prospective bounds (XENON and LUX spin-independent, XENON spin-dependent, and IceCube from solar cap-
ture followed by annihilation to W +W �) are all extracted from figures in Ref. [92]. We have superimposed the
Fermi-LAT gamma ray continuum limit from Ref. [42]. The gamma-ray continuum and line rates were computed
with MicrOMEGAs, which includes diagrams relevant for higgsino annihilation to Z� that are absent from the early
literature and treated for the first time in Ref. [57].

The figure displays an important complementarity between direct and indirect detection. As already noted,
direct detection bounds arise dominantly from Higgs exchange, which depends on the Higgs–bino–higgsino cou-
pling and hence on having µ ⇠M 1. The large bino mixture leads to a larger splitting between charged and neu-

15

Cohen, Lisanti, Pierce, Slayter; Fan, Reece 2013;

thermal 
doublet

Future Colliders are definitely needed! 
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Figure 16: Summary of the exclusion (upper panel) and discovery (lower panel) reaches of
various muon collider running scenarios. The thick bars represent the combined reach from
missing mass searches through mono-photon, mono-muon, and VBF di-muon channels. The
thin and faint bars represent our estimates of the mono-photon plus one disappearing track
search. The burgundy vertical bars represent the thermal target for a given EW-multiplet
model.

thermal relic abundance is saturated by the EW multiplets DM under consideration. When
combining the inclusive (missing mass) channels, the overall reach is less than the kinematical
limit mχ ∼

√
s/2, especially for EW multiplets with n ≤ 3 due to the low signal-to-background
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High energy muon collider can play 

a decisive role in probing WIMP dark matter!

mono-X
disappearing-track

Han, Liu, Wang and Wang, 2009.11287

FCC-hh reach



A lot of other (recent) theoretical efforts:  

Tao will tell us more in a latter talk;  

More than one muon collider physics white papers for snowmass: e.g., Buttazzo et.al; 



Conclusion
Muon Collider: an all in one machine;  

A big challenge but comes with big opportunities for high energy physicists in the 
current and coming generations!   

A long-term project that could eventually explore a plethora of deep physics questions 
with capabilities comparable to/beyond future electron and hadron colliders being 
discussed.  

Time is now to build up resonance between different groups and the excitement needs 
to be broadcast to P5!  



Thank you! 


