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TF: theory advances ⇒ fundamental questions  

- Physics is an experimental science. 

Big accelerator facilities have been and will continue to be 
front and center for the future advances.


Testing theory ideas, discoveries lead to new theories.

AF: accelerators design, feasibility, cost, …



Accelerator Frontier

+ implementation task force (ITF)

https://snowmass21.org/accelerator/start


White papers in TF in this area


Full list of white papers

TF7: collider phenomenology TF2: EFT techniques

TF8: model building

TF6: theory techniques for precision physics

Focus: theoretical techniques

https://docs.google.com/spreadsheets/d/1J5UOZgxWU9X5OnYyBI_tgEmrbYBi0KEDC5itxy7Clz0/edit#gid=2056806049
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Involvement of theory

- No dedicated discussion on the experimental (accelerator) 
facilities within the TF.


More in the energy frontier. 

At the same time: 

- Future collider has been a focus for many theorists.



Many accelerator related activities in 
Snowmass 21

Active participation and 
contribution from many theorists



Theorists -> AF: physics studies

- Theorists contribute: first looks, estimates, pheno 
studies.


- Available studies.

European Strategy updates


CDR/TDR:  ILC/CLIC/CEPC-SppC/FCC(hh, ee, eh)


muon collider forum + studies


- Still needed to do more.

photon collider, ep…

https://europeanstrategyupdate.web.cern.ch/
https://linearcollider.org/technical-design-report/
https://clicdp.web.cern.ch/content/conceptual-design-report
http://cepc.ihep.ac.cn/
https://fcc-cdr.web.cern.ch/
https://snowmass21.org/energy/muon_forum#muon_forumdiscussion_forum_on_muon_colliders
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List of proposals

T. Roser. Implementation Task Force

Low energy lepton colliders

Higgs (Z) factories.


Also physics of WW, ttbar 



List of proposals

T. Roser. Implementation Task Force

High energy lepton (photon) colliders

Mutli- to 10s TeV. 



List of proposals

T. Roser. Implementation Task Force

pp collider, 100-ish TeV
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M. Narain. Energy frontier restart workshop.

https://indico.fnal.gov/event/49756/timetable/


ITF will present
15

Possible Higgs factory comparison table
Proposal Name

Nominal COM energy

(Range) [TeV]

Luminosity per IP at 

nominal COM energy 

[10
34

cm
-2

s
-1

]

Years of pre-

construction R&D 

required

Construction cost range, 

including explicit labor

[2021 MUS$]

Estimated operating electric 

power consumption [MW]

FCC-ee
0.24

(0.09 - 0.37) 8.5

CEPC
0.24

(0.09 - 0.24) 2.9

ILC (Higgs factory)
0.25

(0.09 - 3) 1.35

CCC (Cryo Cooled Collider)
0.25

(0.25 - 0.55) 1.3

CLIC (Higgs factory)
0.38

(0.09 - 0.38) 1.5

CERC (ERL ee collider)
0.24

(0.09 - 0.6) 78

ReLiC (Linear ERL Collider)
0.24

(0.09 - 1.0) 115

ERLC (ERL Linear Collider) 0.25 100

XCC FEL-based !!Collider
0.125

(0.125 - 0.14) 0.1

Circular ee Fermi site filler 0.24 1.2

TWLC Fermi site filler 0.25 1.4

MC (Higgs factory) 0.13 0.01
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- Briefly summarizes the physics cases have been 
laid out (so far).



Frontiers: smaller distances

Tao Han: everything has a factory, Higgs needs one too!



Frontiers: smaller distances

Tao Han: everything has a factory, Higgs needs one too!

We all agree. 

At the same time, useful to say more about the physics 

questions we would like these facilities to address.
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- Dark matter

WIMP: higher energy


dark sector: intensity


- Rich physics program: portals, flavor physics, QCD, 
QFT tests, …
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couplings: precision measurement


naturalness: direct production (higher energy)


- Dark matter

WIMP: higher energy


dark sector: intensity


- Rich physics program: portals, flavor physics, QCD, 
QFT tests, …

No guarantee to discover new particles, of course.

But, we will learn a lot. 
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Fig. 3.9: 68% probability reach on Higgs couplings at the different future colliders from the
Global fit SMEFTND. For details, see Ref. [39].

The rate of rare Higgs boson decays such as H ! µ+µ� that allows the study of the
second generation lepton couplings, will be best measured by HL-LHC with an accuracy of
about 4%.

It is difficult to access the couplings for the first generation. The current limit ke < 611
[67] is based on the direct search for H ! e+e�. A study at FCC-ee [68] has assessed the
reach of a dedicated run at

p
s = mH . In one year, an upper limit of 2.5 times the SM value can

be reached, while the SM sensitivity would be reached in a five-year run. For the light quark
couplings, please see Ref. [39] for further discussion.

When FCC-ee is combined with FCC-eh and FCC-hh a further significant improvement is
seen, particularly for couplings to top quark, muons, photons and Zg where FCC-hh will benefit
from very large event samples. The improvement in kW comes primarily from FCC-eh. A study
of various other combination of aspects of the FCC programme is documented in Ref. [39].

The sensitivity of the Higgs branching ratio to BSM invisible final states is predicted to
be improved by a factor 3 (CLIC) to 10 (FCC-ee, ILC) with respect to HL-LHC. For FCC-hh a
sensitivity to branching ratios as small as 0.025% is expected to be achieved. Branching ratios
to untagged decays are typically probed with a precision of (1�2)%.

In Fig. 3.9, the results of the fit corresponding on the EFT benchmark, expressed in terms
of effective couplings, are shown. Again, it is seen that compared to the HL-LHC the e+e�

colliders improve most parameters by about factors of 5-10. The exceptions are the coupling
parameters related to top, Zg and µ couplings. The sensitivity of the different types of e+e�

colliders is similar in their first stages. The improvements seen for HE-LHC and LHeC are
more modest. For the Z and W a sensitivity below 0.3% can be achieved by ILC, CLIC and
FCC. At this precision, the uncertainty is potentially limited by the intrinsic theory uncertainties
which is not considered here (see discussion in Sect. 3.2.3). For fermions, the best sensitivity is
reached for b-quarks and t-leptons, and it is about 0.5%.

European Strategy Physics Briefing book

Fit Result [%]

10TeV Muon Collider with HL-LHC with HL-LHC + 250GeV e+e�

W 0.06 0.06 0.06

Z 0.23 0.22 0.10

g 0.15 0.15 0.15

� 0.64 0.57 0.57

Z� 1.0 1.0 0.97

c 0.89 0.89 0.79

t 6.0 2.8 2.8

b 0.16 0.16 0.15

µ 2.0 1.8 1.8

⌧ 0.31 0.30 0.27

Table 3: Results of a 10-parameter fit to the Higgs couplings in the -framework, based
on the attainable precision in each on-shell Higgs production and decay channel listed in
Table 2. Additionally, we include the e↵ects of adding data sets projected from the HL-LHC
and a 250 GeV e+e� Higgs factory. One should keep in mind that a muon collider will also
strongly constrain Higgs properties via o↵-shell measurements, which are not included here.

high energy muon collider is an impressive Higgs factory as well as a discovery machine, and

there are numerous interesting avenues for future work related to the Higgs.

4.1.2 Flavor and exotic couplings

Flavor physics in the SM only arises through the Higgs couplings, which determine both

the mass pattern of the di↵erent generations and the mixings that allow for flavor changing

processes. Taking as motivation that flavor is one of the strangest aspects of the SM, there

has been a rich history of testing the flavor structure of the SM indirectly using measurements

from intensity frontier experiments. This program has resulted in stringent bounds on flavor

changing processes, probing new physics scales that are naively well out of the direct reach

of any future energy frontier experiment. Nevertheless, not all of the SM Yukawas have been

measured yet, and large deviations in flavor diagonal Higgs couplings due to BSM physics are

possible [80,81] as well as smaller flavor-changing BSM Higgs couplings [82], depending on the

particular flavors involved. Measuring the SM Yukawas may require more than an O(10)TeV

muon collider. Any channel with a branching fraction similar to Br(h ! µ+µ�) ⇠ O(10�4)

will result in an absolute yield of 103 decays before backgrounds, acceptances, and e�ciencies

are accounted for. Nevertheless, if detectors are optimized, there is still the possibility to go

29

Muon smasher’s guide
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Fig. 3.9: 68% probability reach on Higgs couplings at the different future colliders from the
Global fit SMEFTND. For details, see Ref. [39].

The rate of rare Higgs boson decays such as H ! µ+µ� that allows the study of the
second generation lepton couplings, will be best measured by HL-LHC with an accuracy of
about 4%.

It is difficult to access the couplings for the first generation. The current limit ke < 611
[67] is based on the direct search for H ! e+e�. A study at FCC-ee [68] has assessed the
reach of a dedicated run at

p
s = mH . In one year, an upper limit of 2.5 times the SM value can

be reached, while the SM sensitivity would be reached in a five-year run. For the light quark
couplings, please see Ref. [39] for further discussion.

When FCC-ee is combined with FCC-eh and FCC-hh a further significant improvement is
seen, particularly for couplings to top quark, muons, photons and Zg where FCC-hh will benefit
from very large event samples. The improvement in kW comes primarily from FCC-eh. A study
of various other combination of aspects of the FCC programme is documented in Ref. [39].

The sensitivity of the Higgs branching ratio to BSM invisible final states is predicted to
be improved by a factor 3 (CLIC) to 10 (FCC-ee, ILC) with respect to HL-LHC. For FCC-hh a
sensitivity to branching ratios as small as 0.025% is expected to be achieved. Branching ratios
to untagged decays are typically probed with a precision of (1�2)%.

In Fig. 3.9, the results of the fit corresponding on the EFT benchmark, expressed in terms
of effective couplings, are shown. Again, it is seen that compared to the HL-LHC the e+e�

colliders improve most parameters by about factors of 5-10. The exceptions are the coupling
parameters related to top, Zg and µ couplings. The sensitivity of the different types of e+e�

colliders is similar in their first stages. The improvements seen for HE-LHC and LHeC are
more modest. For the Z and W a sensitivity below 0.3% can be achieved by ILC, CLIC and
FCC. At this precision, the uncertainty is potentially limited by the intrinsic theory uncertainties
which is not considered here (see discussion in Sect. 3.2.3). For fermions, the best sensitivity is
reached for b-quarks and t-leptons, and it is about 0.5%.
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Fit Result [%]

10TeV Muon Collider with HL-LHC with HL-LHC + 250GeV e+e�

W 0.06 0.06 0.06

Z 0.23 0.22 0.10
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� 0.64 0.57 0.57

Z� 1.0 1.0 0.97

c 0.89 0.89 0.79

t 6.0 2.8 2.8

b 0.16 0.16 0.15

µ 2.0 1.8 1.8

⌧ 0.31 0.30 0.27

Table 3: Results of a 10-parameter fit to the Higgs couplings in the -framework, based
on the attainable precision in each on-shell Higgs production and decay channel listed in
Table 2. Additionally, we include the e↵ects of adding data sets projected from the HL-LHC
and a 250 GeV e+e� Higgs factory. One should keep in mind that a muon collider will also
strongly constrain Higgs properties via o↵-shell measurements, which are not included here.

high energy muon collider is an impressive Higgs factory as well as a discovery machine, and

there are numerous interesting avenues for future work related to the Higgs.

4.1.2 Flavor and exotic couplings

Flavor physics in the SM only arises through the Higgs couplings, which determine both

the mass pattern of the di↵erent generations and the mixings that allow for flavor changing

processes. Taking as motivation that flavor is one of the strangest aspects of the SM, there

has been a rich history of testing the flavor structure of the SM indirectly using measurements

from intensity frontier experiments. This program has resulted in stringent bounds on flavor

changing processes, probing new physics scales that are naively well out of the direct reach

of any future energy frontier experiment. Nevertheless, not all of the SM Yukawas have been

measured yet, and large deviations in flavor diagonal Higgs couplings due to BSM physics are

possible [80,81] as well as smaller flavor-changing BSM Higgs couplings [82], depending on the

particular flavors involved. Measuring the SM Yukawas may require more than an O(10)TeV

muon collider. Any channel with a branching fraction similar to Br(h ! µ+µ�) ⇠ O(10�4)

will result in an absolute yield of 103 decays before backgrounds, acceptances, and e�ciencies

are accounted for. Nevertheless, if detectors are optimized, there is still the possibility to go

29
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10-3 or better possible
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Fig. 3.9: 68% probability reach on Higgs couplings at the different future colliders from the
Global fit SMEFTND. For details, see Ref. [39].

The rate of rare Higgs boson decays such as H ! µ+µ� that allows the study of the
second generation lepton couplings, will be best measured by HL-LHC with an accuracy of
about 4%.

It is difficult to access the couplings for the first generation. The current limit ke < 611
[67] is based on the direct search for H ! e+e�. A study at FCC-ee [68] has assessed the
reach of a dedicated run at

p
s = mH . In one year, an upper limit of 2.5 times the SM value can

be reached, while the SM sensitivity would be reached in a five-year run. For the light quark
couplings, please see Ref. [39] for further discussion.

When FCC-ee is combined with FCC-eh and FCC-hh a further significant improvement is
seen, particularly for couplings to top quark, muons, photons and Zg where FCC-hh will benefit
from very large event samples. The improvement in kW comes primarily from FCC-eh. A study
of various other combination of aspects of the FCC programme is documented in Ref. [39].

The sensitivity of the Higgs branching ratio to BSM invisible final states is predicted to
be improved by a factor 3 (CLIC) to 10 (FCC-ee, ILC) with respect to HL-LHC. For FCC-hh a
sensitivity to branching ratios as small as 0.025% is expected to be achieved. Branching ratios
to untagged decays are typically probed with a precision of (1�2)%.

In Fig. 3.9, the results of the fit corresponding on the EFT benchmark, expressed in terms
of effective couplings, are shown. Again, it is seen that compared to the HL-LHC the e+e�

colliders improve most parameters by about factors of 5-10. The exceptions are the coupling
parameters related to top, Zg and µ couplings. The sensitivity of the different types of e+e�

colliders is similar in their first stages. The improvements seen for HE-LHC and LHeC are
more modest. For the Z and W a sensitivity below 0.3% can be achieved by ILC, CLIC and
FCC. At this precision, the uncertainty is potentially limited by the intrinsic theory uncertainties
which is not considered here (see discussion in Sect. 3.2.3). For fermions, the best sensitivity is
reached for b-quarks and t-leptons, and it is about 0.5%.
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Fit Result [%]

10TeV Muon Collider with HL-LHC with HL-LHC + 250GeV e+e�

W 0.06 0.06 0.06

Z 0.23 0.22 0.10

g 0.15 0.15 0.15

� 0.64 0.57 0.57

Z� 1.0 1.0 0.97

c 0.89 0.89 0.79

t 6.0 2.8 2.8

b 0.16 0.16 0.15

µ 2.0 1.8 1.8

⌧ 0.31 0.30 0.27

Table 3: Results of a 10-parameter fit to the Higgs couplings in the -framework, based
on the attainable precision in each on-shell Higgs production and decay channel listed in
Table 2. Additionally, we include the e↵ects of adding data sets projected from the HL-LHC
and a 250 GeV e+e� Higgs factory. One should keep in mind that a muon collider will also
strongly constrain Higgs properties via o↵-shell measurements, which are not included here.

high energy muon collider is an impressive Higgs factory as well as a discovery machine, and

there are numerous interesting avenues for future work related to the Higgs.

4.1.2 Flavor and exotic couplings

Flavor physics in the SM only arises through the Higgs couplings, which determine both

the mass pattern of the di↵erent generations and the mixings that allow for flavor changing

processes. Taking as motivation that flavor is one of the strangest aspects of the SM, there

has been a rich history of testing the flavor structure of the SM indirectly using measurements

from intensity frontier experiments. This program has resulted in stringent bounds on flavor

changing processes, probing new physics scales that are naively well out of the direct reach

of any future energy frontier experiment. Nevertheless, not all of the SM Yukawas have been

measured yet, and large deviations in flavor diagonal Higgs couplings due to BSM physics are

possible [80,81] as well as smaller flavor-changing BSM Higgs couplings [82], depending on the

particular flavors involved. Measuring the SM Yukawas may require more than an O(10)TeV

muon collider. Any channel with a branching fraction similar to Br(h ! µ+µ�) ⇠ O(10�4)

will result in an absolute yield of 103 decays before backgrounds, acceptances, and e�ciencies

are accounted for. Nevertheless, if detectors are optimized, there is still the possibility to go
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Muon smasher’s guide

At Higgs factories: Precision scale (very roughly) with (# of Higgs)−1/2

Low energy Higgs factories (Zh)

High energy (> 600 GeV) lepton colliders (WW fusion)

Sensitive to different couplings.

Measurement at lepton collider more model independent: width, Zh coupling, …

Tera Z (and ttbar threshold) can improve significantly other EW precision measurements. 

10-3 or better possible
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-

A few percent accuracy would cover most of the ground. 

Higher energy collider needed: 

TeV lepton collider, 100 TeV pp collider 
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Electroweak Phase Transition. How does the background Higgs field move 
from zero in the early universe to its nonzero value today?
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( T ~ 100 GeV,   t ~ 10 ps ) 

Which one is the right picture?

Precision Higgs measurements 
can reveal a lot



Reach of the top partners

TeV 10 TeV 20 TeV 50 TeV

200 TeV pp
500 TeV pp
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ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
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All Colliders: Top squark projections
(R-parity conserving SUSY, prompt searches)

ILC 500: discovery in all scenarios up to kinematic limit
�

s/2

(*) indicates projection of existing experimental searches

(**) extrapolated from FCC-hh prospects

� indicates a possible non-evaluated loss in sensitivity

Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop

ILC 1 TeV
MuonC 3 TeV
MuonC 10 TeV
MuonC 30 TeV

Briefing book + my drawings. 

Reach for other top partners similar 

Lepton collider reach ≈ 0.5xECM 

Reach for other new physics similar.
Photon collider similar, but only for 
produce charged particles.

Hadron collider reach ≈ 10% of ECM 

Weaker if new physics without strong int. 

Motivated by the naturalness puzzle



Theorists -> AF: physics goals
- Good consensus in the community. 


Main physics drivers: Higgs, dark matter.


- Higgs.

couplings: precision measurement


naturalness: direct production (higher energy)


- Dark matter

WIMP: higher energy


dark sector: intensity


- Rich physics program: portals, flavor physics, QCD, 
QFT tests, …



WIMP Dark matter
Model Therm. 5� discovery coverage (TeV)

(color, n, Y ) target mono-� mono-µ di-µ’s disp. tracks
(1,2,1/2) Dirac 1.1 TeV — 2.8 — 1.8 � 3.7

(1,3,0) Majorana 2.8 TeV — 3.7 — 13 � 14
(1,3,✏) Dirac 2.0 TeV 0.9 4.6 — 13 � 14

(1,5,0) Majorana 11 TeV 3.1 7.0 3.1 10 � 14
(1,5,✏) Dirac 6.6 TeV 6.9 7.8 4.2 11 � 14

(1,7,0) Majorana 23 TeV 11 8.6 6.1 8.1 � 12
(1,7,✏) Dirac 16 TeV 13 9.2 7.4 8.6 � 13

Table 1: Generic minimal dark matter considered in this paper and a brief summary of
their 5� discovery coverage at a 30 TeV high energy muon collider with the three individual
channels. Further details of individual and combined channels, the 2� and 5� reaches, and
di↵erent collider parameter choices, including

p
s =3, 6, 10, 14, 30, 100 TeV are provided in

the summary plots in Figure 9. More details can be found in Ref. [22].

great potential in searching for these candidates, and rendering decisive conclusion on this

scenario.

The best-known examples include the SU(2) doublet and triplet, also known as the

Higgsino and Wino in supersymmetric theories. In addition to these, we also consider a

broader class of DM candidates, including higher SU(2) representations [23, 24, 25], the so-

called “minimal dark matter” scenario. More specifically, we will consider multiplets (1, n, Y )

under the Standard Model (SM) gauge group SU(3)C⌦SU(2)L⌦U(1)Y. First, we consider

fermionic multiplets. In this case, they only have gauge interactions at the renormalizable

level. The mass scale of the EW multiplet is set by the vector-like mass parameter M .

Minimally, after electroweak symmetry breaking, the mass degeneracy among the members

of the multiplet will be lifted by EW loop corrections [26, 27, 23, 24, 28]. For n > 7, the

Landau pole will be about one order of magnitude above the mass of EW multiplet [29].

Hence, we will focus on n  7 We begin with odd-dimensional multiplets, (1, n = 2T +1, Y ),

with a positive integer T . If Y = 0, the electrically neutral member is always the lightest

mass eigenstate in the multiplet. In this case, fermions in these multiplets can be either

Majorana or Dirac, as we listed in the left column of Table 1. Beyond the renormalizable

level, there could be operators that will allow the dark matter particle to decay. It has

been proposed [30] that the stability can be also guaranteed by introducing a small hyper-

charge Y = ✏, with the dark matter candidate acquiring a small electric charge Q = ✏.

Additional symmetries can be also imposed so that the neutral particle remains a good dark

matter candidate. Here, we will not insist on a particular mechanism for the stability of the

dark matter, since such a mechanism will not have an impact on the collider signals to be

investigated in this paper. We will, however, adopt the notation (1, n = 2T + 1, ✏) to label

a Dirac multiplet, and correspondingly (1, n = 2T + 1, 0) for a Majarona multiplet.

20

The simplest WIMP model: DM part of EW multiplet.

Interaction: Standard Model gauge interactions.  



EW Dark matter reach: pp collider

Higher energy needed to cover higher dimensional multiplets. 

Either discovery or exclusion, we can make a clear 
statement of this very compelling WIMP DM scenario.
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High energy muon collider
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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

– 26 –

High energy muon collider can play 

a decisive role in probing WIMP dark matter!
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HE lepton collider:
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As initial stage, start with 
lower lumi?



Not covered in this talk

More details at AF page

https://snowmass21.org/accelerator/start


Looking forward

- Theorists have been, and will continue to be, at the 
forefront of high energy physics.


Identifying questions.


Suggesting solutions.


Proposing ways of testing ideas.


- Laying the foundation of the planning for future 
accelerator facilities. 


- With the future at stake, we need to think harder. 

Anything big we have missed?
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Dark matter reach

MuonC 10 TeV
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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [483] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [484] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [443, 485]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [139]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [486]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector

MuonC 3 TeV MuonC 3 TeV
MuonC 10 TeV

briefing book + my drawings for muon (or lepton) colliders. 

Simplest WIMP model, very predictive, definitive target mass ≈ TeVs. 

Out of reach for LHC, difficult for direct detection. 

Lepton collider reach close to 0.5xECM  (a little less), need 10(s) TeV and hi lumi

Hadron collider ≈ a few percent x ECM , need 100 (or more) TeV



Hadron collider scenarios

Figure 7: Cross sections for the production of dijet pairs with invariant mass Mjj > Mmin, at c.m. energiesp
s = 14 and 100 TeV. The jets are subject to the pT and ⌘ cuts shown in the legend.

notice that the benefit of luminosity is more prominent at low mass than at high mass. We also notice
that, considering the multi-year span of the programme, and assuming a progressive increase of the
luminosity integrated in a year, an early start at low luminosity does not impact significantly the
ultimate reach after a fixed number of years.
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Figure 8: Evolution with time of the mass reach at
p
s = 100 TeV, relative to HL-LHC, under di↵erent

luminosity scenarios (1 year = 6 ⇥ 106 sec). The left (right) plot shows the mass increase for a (qq̄) resonance
with couplings enabling HL-LHC discovery at 6 TeV (1 TeV).

These results are not an argument for modest luminosity as an ultimate goal, but a reminder
of the advantages of high collider energy. Should specific very-high-mass targets arise, the overall
optimization of energy and luminosity need not be restricted to a single parameter.
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Figure 7: Cross sections for the production of dijet pairs with invariant mass Mjj > Mmin, at c.m. energiesp
s = 14 and 100 TeV. The jets are subject to the pT and ⌘ cuts shown in the legend.

notice that the benefit of luminosity is more prominent at low mass than at high mass. We also notice
that, considering the multi-year span of the programme, and assuming a progressive increase of the
luminosity integrated in a year, an early start at low luminosity does not impact significantly the
ultimate reach after a fixed number of years.
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with couplings enabling HL-LHC discovery at 6 TeV (1 TeV).

These results are not an argument for modest luminosity as an ultimate goal, but a reminder
of the advantages of high collider energy. Should specific very-high-mass targets arise, the overall
optimization of energy and luminosity need not be restricted to a single parameter.
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Figure 7: Cross sections for the production of dijet pairs with invariant mass Mjj > Mmin, at c.m. energiesp
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notice that the benefit of luminosity is more prominent at low mass than at high mass. We also notice
that, considering the multi-year span of the programme, and assuming a progressive increase of the
luminosity integrated in a year, an early start at low luminosity does not impact significantly the
ultimate reach after a fixed number of years.
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Figure 8: Evolution with time of the mass reach at
p
s = 100 TeV, relative to HL-LHC, under di↵erent

luminosity scenarios (1 year = 6 ⇥ 106 sec). The left (right) plot shows the mass increase for a (qq̄) resonance
with couplings enabling HL-LHC discovery at 6 TeV (1 TeV).

These results are not an argument for modest luminosity as an ultimate goal, but a reminder
of the advantages of high collider energy. Should specific very-high-mass targets arise, the overall
optimization of energy and luminosity need not be restricted to a single parameter.
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1034 cm-2s-1 doing a reasonable job for 100 TeV.

Need higher luminosity for Higgs self-coupling.  

1035-1036 cm-2s-1 may be needed for higher energies. 



Theorists -> AF: 

physics goals vs luminosity (polarization…)
- Different physics goals need different machine parameters


For example: at high energy lepton colliders: 

Discovery of heavy new physics particles and  Higgs coupling 
measurements  can require very different luminosities. 
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Clarifying further such trade-offs can be very beneficial


