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Introduction

● There is a strong motivation to push the energy frontier 
into the 10s of TeV range. As well as the indirect
sensitivity to BSM accessed through high-precision 
measurements of high-mass/ rare processes 
(Higgs/Top/EW), target direct access to:

○ (WIMP) dark matter
○ Probe EWK baryogenesis and shape of Higgs potential.
○ Maximise sensitivity to broad range of BSM particles.

● Exploration is key, but all options would present 
significant experimental and theoretical challenges
⇒ opportunities for study in the coming years!

● Will focus on FCC-eh/hh and the muon collider, but note 
that arguments relevant for FCC could apply to a 100 
TeV pp collider in the CEPC tunnel.
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Strong complementarity: EF 
exploration could directly 
probe NP seen indirectly at 
e+e- Higgs factory

12 Energy Frontier

Figure 1-2. The direct coverage of various colliders in the schematic space of coupling to the SM versus
mass scale of BSM physics. “Higgs factory” and “multi-TeV colliders” correspond to a generic option among
the ones listed in Table 1-1 and Table 1-2 respectively.

for Higgs related parameters, where v is the vacuum expectation value of the Higgs, or in general as

�⌘SM ⇠ g2
BSM

E2

M2
, (1.2)

where it is assumed that the energy scale E ⌧ M for the formalism to be applicable. If new physics only
creates loop level deviations in a SM observable, then one can insert a loop factor ⇠ 1/16⇡2 into Eqns.
1.1 and 1.2. Therefore depending on the precision achievable, as seen in Eqns. 1.1 and 1.2, mass scales
larger than the direct reach can be probed. We can then overlay these types of indirect collider searches,
particularly relevant for Higgs factories in Table 1-1, on our schematic space of BSM physics shown in
Fig. 1-2, as explicitely illustrated in Fig. 1-3. As can be seen in Fig. 1-3 the energy versus precision trade-o↵
crucially depends on the precision attainable. Suggestively, we have shown a 1% precision often associated
with parameter measurements (except for e.g. the HZZ coupling at Higgs factories), where the scaling
typically does not extend beyond the LHC without invoking strong coupling. However, for quantities that
are measured significantly more precisely, e.g. . 0.1%, at future Higgs-factory programs, such as MW , the
reach can extend much further. This exact scaling in mass reach depends on the type of BSM physics, and
both Higgs parameters and EW observables measured at Higgs factories are important for understanding
complementary measurements available at future multi-TeV colliders. The precision that can ultimately be
reached and in what types of observables strongly motivates advances in detector technology, increases in
luminosity, use of polarization at lepton colliders, and improved theoretical calculations. Moreover depending
on the type of collider, for example at a multi-TeV collider, the dichotomy between precision reach and energy
reach can potentially be bridged with the availability of large statistics for processes as e.g. Higgs production
if the environment can be fully controlled.

There can be a multitude of phenomena studied at low masses, incompatible with the EFT framework at
those energies, that benefit from a reduced background environment at an e+e� Higgs factory. Additionally,
even within one collider, precision measurements and direct searches coexist and o↵er multiple complementary
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Assumptions in sensitivity projections

Lepton colliders: Projections are m<√s/2, with 
assumptions:

● Particles are pair produced
● Backgrounds are low 
● High enough cross-section / luminosity

Need to be careful at higher energies when 
primary production mode would be VBF so 
particles produced at ranges of energies.

Hadron colliders: multiple approaches

1. Directly simulate collider beam, collision physics 
and detector response, and analyse resulting 
samples.

2. Extrapolate from LHC (run 2) using parton 
luminosity assuming reconstruction efficiencies, 
background rejection and signal-to-background 
ratios remain constant.

If you want to try this- check out the “collider reach” 
programme http://collider-reach.web.cern.ch/

A lot of assumptions here that should be tested- opportunities for future study!
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Benchmark collider scenarios

● Table taken from snowmass EF report: 
https://arxiv.org/abs/2211.11084

● For FCC-hh : some early studies look 
at impact of varying COM energy in 80-
120 TeV range (little impact) but more 
planned.
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~20 years

~ 5 years
~ 5 years

1.3 Addressing the Big Questions with EF Colliders 11

Table 1-1. Benchmark scenarios for
Snowmass 2021 Higgs factory studies.

Collider Type
p

s P[%] Lint

e�/e+ ab�1 /IP

HL-LHC pp 14 TeV 3

ILC & C3 ee 250 GeV ±80/ ± 30 2

350 GeV ±80/ ± 30 0.2

500 GeV ±80/ ± 30 4

1 TeV ±80/ ± 20 8

CLIC ee 380 GeV ±80/0 1

CEPC ee MZ 50

2MW 3

240 GeV 10

360 GeV 0.5

FCC-ee ee MZ 75

2MW 5

240 GeV 2.5

2 Mtop 0.8

µ-collider µµ 125 GeV 0.02

Table 1-2. Benchmark scenarios for
Snowmass 2021 multi-TeV collider studies.

Collider Type
p

s P[%] Lint

(TeV) e�/e+ ab�1/IP

HE-LHC pp 27 15

FCC-hh pp 100 30

SPPC pp 75-125 10-20

LHeC ep 1.3 1

FCC-eh 3.5 2

CLIC ee 1.5 ±80/0 2.5

3.0 ±80/0 5

µ-collider µµ 3 1

10 10

To understand how future colliders have complementary potential to unlock the mysteries around these
fundamental questions beyond what the LHC and HL-LHC physics program can probe, it is illustrative
to use a simplified picture as depicted in Fig. 1-2. We can imagine that generic new physics lives in a 2D
parameter space governed by the coupling of new states to the SM and their mass scale. If the center-of-mass
energy of a collider is above the one of the LHC, it can directly search for new states to higher mass scales.
Higgs factories have smaller center-of-mass energies than the LHC, and therefore do not extend the direct
mass reach beyond the LHC. However, by colliding leptons they o↵er significantly reduced backgrounds and
the ability for triggerless readout, therefore they have the potential to probe new physics that is weakly
coupled to the SM. Additionally, even in the overlap region of Higgs factories with the LHC, the former can
be sensitive to new physics that is di�cult to discriminate from backgrounds at the LHC.

Beyond the direct search for new physics, a key program for the EF is the precision measurement of SM
predictions and parameters. Highly precise measurements allow the probing of scales above the kinematic
limit for direct searches at colliders. This can be captured through E↵ective Field Theory (EFT) techniques
when there is a gap between the probed energy scale and the scale of new physics. In EF studies, typically
this is done by employing specific EFTs, e.g. SMEFT or the more general HEFT formalisms. If M is
the mass scale of new physics and gBSM is its generic coupling to the SM, then often deviations in SM
parameters, ⌘SM , which occur from integrating heavy particles out at tree-level, scale at the leading order
as

�⌘SM ⇠ g2
BSM

v2

M2
, (1.1)
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Case study: SUSY
•Strong-production processes – like top squarks, see in hh an advantage, as expected. 
Compressed scenarios better covered with muon collider - similar consideration for 
EWK sparticles including staus
•Consider 10 TeV muon and 100 TeV hh comparisons in the plots below 

5See Snowmass BSM report: https://arxiv.org/abs/2209.13128

Figure 5: Estimated stop exclusion reaches for various colliders and search methods. The
two, three, and four-body decay searches target the regions �m(et1, e�0

1
) 2 (mt, 1), (mb +

mW , mt), and (0, mb + mW ) respectively. The bars show the largest limit on m(et1) in the
m(et1) � m(e�0

1
) phase-space for each region. The Precision Higgs constraints are based on

measuring production rates of the Higgs boson assuming the only BSM contributions are
from stops. ILC, CLIC, and Muon Collider limits are estimated to be

p
s/2, with slight

inefficiencies in the three and four-body decay searches due to soft decay products. Current
expected limits from the LHC [87] are shown as vertical lines. A table detailing the origin
of each line is given in Table 9. The hashed gray band indicates the range of estimates in
the case where both a dedicated study and Run-2 extrapolation are available.

reach is expected to
p

(s)/2.

A second model, shown in Figure 7, is considered where the LSP is primarily the Hig-
gsino with small mixings with the other states. Such a scenario is of particular interest in
naturalness-motivated scenarios, because the fine-tunning of the Higgs mass is particularly
sensitive to the Higgsino mass parameter which contributes to the Higgs mass at tree-level.
This leads to small mass splitting between the neutralino LSP and the lightest chargino
and the next-to-lightest neutralino. CMS and ATLAS have performed dedicated searches
for this compressed region using a combination of the two and three lepton and E

miss

T
final-

states using Run-2 LHC data [210, 211]. They also have dedicated studies for the HL-LHC
and HE-LHC sensitivity. These provide a good opportunity to compare dedicated studies

33

Figure 6: Wino NLSP bino LSP sensitivity comparison for various collider scenarios. A
table detailing the origin of each line is given in Table 10. Most of the results are based on
Run-2 using Collider Reach, but where a dedicated study is also available the results are
consistent. Lepton colliders are assumed to be energy limited with a limit of

p
(s)/2.
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Figure 9: Stau sensitivity comparison for various collider scenarios. A table detailing the
origin of each line is given in Table 13

. Results include extrapolations of Run-2, and dedicated studies. The HE-LHC
high-mass-splitting result is one of the few cases where the extrapolation is not very

consistent with the dedicated study.

38

https://arxiv.org/abs/2209.13128


Case study: (minimal-WIMP) dark matter

For minimal WIMP dark matter- EW multiplet 
with clear thermal targets.

For lepton colliders, X+MET analyses dominate 
at lower energies with disappearing track more 
sensitive at higher energies. Mono-muon and 
mono-W important at muon collider.

Sensitivity of disappearing track analysis strongly 
dependent on mass splitting and detector 
design.

For both hh and muon colliders, key to study 
impact of pileup (mu~1000) and beam-induced 
backgrounds on tracking efficiency.
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beyond the minimal scenario. The loop-induced mass splitting among the components of the EW multiplet
also results in a disappearing track signature which can enhance the reach but is more sensitive to the mass
splitting and detector backgrounds.

The basic lesson from Fig. 1-37 is that high energy colliders, such as a hadron collider with ECM ' 100 TeV
or a Muon Collider with ECM ' 10 TeV, can definitively test these scenarios. High energy e+e� colliders,
with energies up to 3 TeV, can cover lower-mass regions.

X+MET inclusive
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Kinematic limit, 0.5 � ECM
Precision measurement
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Figure 1-37. A summary of the reach of future colliders for simple WIMPs from four search strategies,
as indicated in the legend. For comparison, the reaches of the direct and indirection detectors are also
included (orange bars at top). For lepton colliders where a detailed study is not available, the kinematic
limit m� = 0.5 ⇥ ECM is used to indicate potential reach; Muon-collider studies suggest this is likely to be
an overestimate. Hadron-collider projections are from [440, 502], while lepton-collider projections are from
projections in [441, 496, 497].

Higgs mediation. DM could also couple to the SM via portals, which is a direct coupling via gauge-
invariant operators. The Higgs boson provides a prime example: as a spin-0 particle, this ‘Higgs portal’
allows a renormalizable coupling with the DM that can have a sizable e↵ects on SM Higgs properties.
Searches at colliders are powerful probes of the Higgs portal. For example, DM production would enhance
tiny rate of invisible decays of the Higgs predicted by the SM, provided the DM mass is less than half the
Higgs mass. Precision measurements of the Higgs couplings, another main objectives of a future collider,
would also contribute to probe the Higgs portal scenario. Future prospects for the Higgs portal were studied
in the European Strategy physics Briefing Book [412] and are discussed in the BSM Topical Group report [18].

Models involving a larger extension of the scalar sector can also be probed with Higgs measurements and
BSM Higgs searches. Example of such extensions are the Inert Doublet Model, where an extra scalar doublet
provides a DM candidate, and a 2HDM where an additional pseudoscalar has direct couplings to DM. The
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Case study: Dark matter 

Closer look to disappearing track for 
Higgsinos- key to reach thermal targets
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Constraints from Higgs->invisible

Early studies (https://arxiv.org/pdf/2303.14202) indicate μC competitive with FCC-hh through measuring forward muons 
in VBF. Result depends on ability to instrument the forwards region (tungsten nozzles).

HL-LHC 0.3HL-LHC 0.15

HE-LHC 0.598

FCC-eh 0.419

LE-FCC 37.5 TeV 0.839

FCC-hh 1.602FCC-hh 1.1

Muon Collider 3 TeV 0.62Muon Collider 3 TeV 0.45

Muon Collider 10 TeV 1.37Muon Collider 10 TeV 1.1

m(e�±1 ) [TeV]10
�1 1

Higgsino

2�, disappearing track

5�, disappearing track

Figure 23: Overview plot for the sensitivity of the HL-LHC [236], HE-LHC [405], LE-
FCC [2], FCC-eh [406], FCC-hh [407] and several high energy muon colliders [404] to the
pure Higgsino, assuming its natural mass splitting. Figure adapted from [404].

As a result of these features, standard particle trigger and reconstruction algorithms may
be unable to identify HSCPs. HSCPs are predicted for instance in split SUSY or gauge
mediation scenarios, in which the (next-to-)lightest supersymmetric particle could be stable
on collider lengths scales. If the (N)LSP in a squark or gluino, it will hadronize with SM
quarks to form “R-hadrons” [411, 412], which can carry electric charge and will interact
strongly with the detector material. A slepton or chargino (N)LSP will behave like a very
heavy lepton. There is a great potential for improvements in HSCP searches in the future,
for example by making use of the MIP timing detector at CMS, which has been shown to
greatly improve the velocity measurements of LLPs, and thus the analysis sensitivity [336].
Care will also be needed in future experimental designs to ensure particle identification
capabilities are matched for these new physics scenarios, as for instance briefly mentioned
earlier in Section 11.1.2.

11.3.2 Low mass displaced vertices

LLPs that are electrically neutral can produce many different signatures, as they can show
up in different final states and with varying multiplicities. It is moreover useful to make
a distinction between “light”(. 100 GeV) and “heavy” (& 100 GeV) LLPs: light LLPs
must be neutral under the SM gauge interactions, given the robust bounds from LEP II in
particular. This means that they must be produced in the decay of a heavier particle, which

69

1 10 102 310
mχ [GeV]

−5010

−4910

−4810

10−47

−4610

−4510

10−44

−4310

10−42

σ
(χ

-n
uc

le
on

)[
cm

2 ]
SI

inv, Scalar (full line) and Majorana (dotted line) DM→H
Higgs Portal model

Collider limits at 95% CL, direct detection limits at 90% CL

XENON1T

PRL 121 (2018) 111302
XENON1T

DarkSide-50 PRL 121 (2018) 081307
DarkSide-50

Higgs PPG, arXiv:1905.03764
HL-LHC: BR<2.6%

Higgs PPG, arXiv:1905.03764
HL-LHC+LHeC: BR<2.3%

Higgs PPG, arXiv:1905.03764

: BR<0.3%, ILC250CEPC, FCC-ee240

Higgs PPG, arXiv:1905.03764
FCC-ee/eh/hh: BR<0.025%

Inputs from European Strategy Higgs PPG, arXiv:1905.03764 and Briefing Book, arXiv:1910.11775

Figure 29: Projected limits from future colliders (direct searches for invisible decays of the
Higgs boson) on the spin-independent WIMP-nucleon scattering cross-section versus DM
mass plane, for a simplified model with the Higgs boson decaying to scalar or Majorana
invisible (DM) particles. Collider limits are shown at 95% CL and current direct detection
limits at 90% CL. Collider searches and current DD experiments exclude the areas above
the curves.
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Case study: hidden sectors

● EF colliders have the 
potential to either indirectly 
(through higgs self coupling) 
or directly probe a first order 
EWPT through discovering 
new particles responsible.

● LH plot shows additional 
heavy singlet mixing with 
Higgs that could be detected 
through resonant di-Higgs 
production.
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Long-lived particles @ future EF colliders

● Detector geometry choices that provide 
similar hermeticity for prompt particles can 
differ significantly in their ability to 
reconstruct LLPs → important to consider 
LLP searches when designing future 
detectors.

● Background rejection can be as important 
as signal acceptance.

● Also consider dedicated LLP detectors at 
future colliders (and whether to integrate 
their trigger/readout with GPDs).
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LLPs

•ALPs and HNLs- lots of
complementarity between collider 
options

10

1.6 The physics beyond the Standard Model 63

Figure 1-36. Constraints and future sensitivities for HNLs with mass M and mixing U
2

µ with muon
neutrinos (summed over three HNL flavours). Medium gray: Constraints on the mixing of HNLs from past
experiments [442–452]. Colourful lines: Estimated sensitivities of the main HL-LHC detectors [453–455]) and
NA62 [456], with the sensitivities of selected planned or proposed experiments [457–462], as well proposed
future colliders [463–472]. Green band: Indicative lower bound on the total HNL mixing U

2

e +U
2

µ +U
2

⌧ from
the requirement to explain the light neutrino oscillation data [473] when varying the lightest neutrino mass
and marginalising over light neutrino mass orderings. Light gray: Lower bound on U

2

µ from BBN [474, 475].
More details can be found in Refs. [18, 476]

MATHUSLA, CODEXb, and future colliders. To guide the eye, the “type-I seesaw” line indicates the
approximate parametric scaling associated with a simplified model with just a single neutrino flavor. Realistic
three-generation models can populate the experimentally accessible regions in Fig. 1-36.

1.6.5 Dark Matter

The existence of dark matter (DM) is some of the most concrete evidence for particle physics beyond the
Standard Model. However, little is known about DM beyond its gravitational e↵ects. One of the central
questions of particle and astroparticle physics is “What is the nature of dark matter and how does it interact
with ordinary matter?”.

Observing non-gravitational interactions of DM would bring us closer to answering this question. Many
theoretical hypotheses foresee interactions between the DM and the SM to explain the measured relic dark
matter density in the universe. Such DM-SM interactions are also key to terrestrial searches for dark matter.
Since DM-SM interactions are generally feeble (as a consequence of DM’s darkness), DM produced in SM-
particle collisions would escape detection at collider experiments. Nevertheless, these invisible particles can
be discovered when collisions appear to fail to conserve transverse momentum, leading to missing transverse
momentum in a hermetic detector.

Community Planning Exercise: Snowmass 2021
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100 GeV, from the associated production process (Z ! �a), thanks to the potentially very large integrated
luminosity expected at the Z pole in circular e+e� colliders. In the more near term, the best collider limits
on ALPs coupling to photons over the range ma ⇡ 0.1 � 100 GeV will be set by exploiting photon-photon
collisions in ultraperipheral interactions of heavy-ions during the HL-LHC phase [384, 430]. It is worth
noting that the ALP is typically expected to have non-suppressed coupling to gluons, in particular in its
connection to the Strong CP puzzle of QCD [431, 432]. Having gluonic couplings changes the considerations
for the search channels and the performance at di↵erent facilities appreciably (see recent phenomenological
studies [139, 433, 434]).

The sensitivity to dijet resonances at pp colliders was explored during Snowmass 2021 as discussed in Refs. [36,
424, 435]. The process, pp ! X ! 2 jets, is an essential benchmark of discovery capability of pp colliders
and is sensitive to a variety of models of new physics at the highest mass scales. The sensitivity to a dijet
resonance is mainly determined by its cross section. The study considered strongly produced models, those
with large production cross sections, that include scalar diquarks, colorons and excited quarks. At the highest
resonance masses these strongly produced models can only be observed at a pp collider, as lepton colliders
can only produce diquarks and excited quarks in pairs at significantly lower masses. Also considered are
weakly produced models, with production cross sections that are roughly two orders of magnitude smaller,
that include W 0s, Z 0s and Randall-Sundrum gravitons, which can also be observed at lepton colliders as
previously discussed.

Figure 1-34. The ALP coupling in the diphoton channel ga�� versus 95% CL mass reach is shown for
multiple colliders [36, 412], including Snowmass 2021 studies on the Muon Collider [39, 429] (orange) atp
s = 3 TeV (dashed) and 10 TeV (solid) as well as from the DUNE near detector [436] with liquid Argon

technology (dark red) and gaseous Argon technology (dark yellow).
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Case study: resonances
Take Z’ as “standard candle” .

Complementarity between pp and lepton colliders-
FCC-hh has highest sensitivity for direct searches for 
masses < 28 TeV, muon collider can go to lower 
couplings and indirectly probe masses >100 TeV

Taken from snowmass BSM report
https://arxiv.org/abs/2209.13128
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characterized by their common phenomenological parameters of coupling and mass.

This coupling vs. mass framework for Z
0 searches [242, 243] thus fulfills a twofold pur-

pose especially suited for the Snowmass process. First, the framework helps distill the Z
0

resonance signal from disparate ultraviolet models into the minimal new physics parame-
ter space relevant for resonance searches at colliders. Second, the framework also affords
the direct comparison of experimental reach across different collider proposals, including a
comparison of e

+
e
�, pp, and µ

+
µ

� colliders as well as other collider options. This will be
illustrated and discussed in our summary table 3, presented at the end of this subsection.
We first discuss the specific Z

0 models studied in different Snowmass contributions.

9.1.1 Universal Z
0

Figure 11: (left) The coupling versus mass reach for a universal Z
0 at the muon collider [244],

for 95% CL exclusion (solid) and 5� discovery (dashed), and the envelope of other colliders [2]
for 95% CL exclusion (dashed blue). (right) Coupling versus mass reach at 95% CL for
electron-positron colliders (CEPC, ILC, CLIC and FCC-ee) and proton-proton colliders
(HL-LHC, HE-LHC and FCC-hh) and an electron-proton collider (FCC-eh) from Ref. [2]
and the muon collider [244].

The universal Z
0 model features a Z

0 boson with unit charges for all SM fermions, hence
its universal designation. Figure 11 compares a Snowmass result on the sensitivity to a
universal Z

0 at the muon collider [244] with other colliders [2]. A muon collider at
p

s = 3
TeV is competitive with other colliders, with sensitivity nearly identical to ILC at

p
s = 1

TeV. A muon collider at
p

s = 10 TeV has the highest mass reach for a universal Z
0 with

large couplings gZ0 , uniquely probing masses MZ0 > 100 TeV. A muon collider at
p

s = 10
TeV is sensitive to smaller couplings than the other colliders, with the exception of FCC-hh,
which has the highest sensitivity from direct searches within the mass region MZ0 < 28 TeV.
Lepton colliders have an edge in sensitivity when the boson is so heavy that only indirect
effects can be measured, arising from the fact that in the signal kinematic distributions, the
lepton collider experiments benefit from relatively smaller systematic uncertainties.

42

Table 3: For each collider we list the operating point and mass reach, for 5� discovery and
95% CL exclusion, of the SSM Z

0 model taken from Refs. [195,245–248], and the mass reach
of the universal Z

0 model with a coupling gZ0 = 0.2 from Refs. [2, 244] that we determined
from Fig. 11.

9.2 W 0
Bosons

Models that feature W
0 bosons differ from Z

0 models since W
0 bosons mediate a charged

current interaction and hence necessarily extend the SM electroweak gauge symmetry either
via a product gauge group or embedding the SM electroweak group in a larger symmetry.
We show the sensitivity of HL-LHC to the di-fermion decays of a right-handed W

0
R

gauge

45
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Complementarity between FCC-eh and hh- BSM

● Unique opportunities for leptoquark searches up to 3 
TeV.

● Sensitivity to compressed supersymmetric scenarios 
that would elude discovery at FCC-hh.

● Novel charged current interactions for Heavy Neutral 
Lepton (HNL) discovery

12

Plots taken from vol. 1 of 
FCC CDR: https://fcc-
cdr.web.cern.ch/

https://fcc-cdr.web.cern.ch/
https://fcc-cdr.web.cern.ch/


Hadron vs muon colliders: strengths and weaknesses

Muon collisions:

● Primary production mechanism VBF ⇒
favour BSM with EW couplings.

● Smaller theoretical uncertainties on 
(smaller) backgrounds.

But:

● Lower s-channel production cross-
sections.

● Need to handle beam-induced 
backgrounds due to muon decay.

pp collisions:

● Favour QCD couplings → strongest sensitivity for 
strongly produced processes (i.e. squarks and 
gluinos).

● High luminosities enable study of rarer 
processes.

But:

● High theoretical uncertainties on proton PDFs at 
high energies- but expect significant theoretical 
development (EW bosons in PDFs).

● Large QCD backgrounds and challenging pileup-
can we simulate mu~1000, including non-jet 
components, reliably? (it isn’t integrated in current 
toolchain). 

13



Complementarity beyond colliders

In-keeping with desires to “delve deep” and 
“search wide”, 10 TeV pCM colliders provide 
strong complementarity to sensitivity 
achieved across neutrino physics, direct 
detection and through 
astrophysical/cosmological probes.

14

Similarly if gravitational wave signals indicative of 1st order PT in Early Universe 
were seen, EF searches could directly probe the new physics responsible.

Snowmass 2021 Cross Frontier Report: Dark Matter Complementarity (Extended Version)
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Figure 1: Summary of case studies presented in this document, shown in the context of a sketch of the
coupling-mass plane including the parameter space typical of some of the rich variety of DM theories possible.
The rounded rectangles highlight the classic minimal WIMP paradigm, vector-portal dark matter (e.g. DM-
SM interactions mediated by a Z 0 or dark photon), sterile neutrino dark matter, and wave-like (axion) dark
matter examples discussed in subsequent sections. The shaded colors in this sketch are suggestive of the
Frontiers with experiments represented in the case studies in a given region, with color coding specified near
the rounded rectangles.

Given the low cross-sections and heavy masses of these DM candidates, indirect detection experiments
(as well as large future direct detection experiments) are well suited for their identification. The Wino and
Higgsino can also be produced and observed at future colliders. Predicting the observational signatures
of these candidates, and their thermal history in the early universe, can require sophisticated theoretical
techniques to capture the e↵ects of long-range interactions due to SM gauge boson exchange [50] and loop
diagrams enhanced by Sudakov logarithms [51–55].

CF: Indirect detection The annihilation of two WIMPs into photons and gauge bosons produces a
characteristic signal in the energy spectra detected by gamma-ray telescopes and other indirect detection
experiments. Exchange of SM gauge bosons provides a long-range force between DM particles that can en-
hance the annihilation cross section above the usual thermal value, and in particular enhances the branching
ratio to produce a gamma-ray line at the DM mass [50].

Existing limits on gamma rays from the inner Milky Way using air Cherenkov telescopes already tightly
constrain thermal Wino DM, although these bounds weaken when taking into account uncertainties on the
DM density distribution toward the Galactic Center [56, 57], motivating probing this scenario further in the
near- and medium-term.2 Antiproton limits on Wino DM are also competitive [59], motivating studies to
reduce the uncertainties on cosmic-ray production and propagation.

Future indirect detection experiments (e.g. CTA) will be able to reach the Higgsino thermal target [57].
For larger multiplets, the formation of bound states becomes important (e.g. [60, 61]), and further theoretical
study of predicted signatures may be required. An initial detection would likely involve observation of gamma
rays or charged particles close in energy to the DM mass, but lower-energy observations with future detectors
could reveal spectral line signatures from bound state formation and transitions, permitting DM spectroscopy
[61].

2
Observations of dwarf galaxies provide a lower-background target compared to the Galactic Center, with smaller uncer-

tainties on the DM density profile, but also a lower signal. In an example of successful cross-community collaboration, Ref. [58]

uses data from multiple gamma-ray telescopes and common statistical tools to set stringent bounds on DM annihilation from

dwarf galaxies, in a broad mass range from 5 GeV to 100 TeV.
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Challenges/opportunities for further study.

● Reconstruction: highly boosted objects.
● For hadron colliders: how to model pileup ~1000. Can we build detectors in 

such extreme environments?
● Muon colliders: beam induced background requires careful study and restricts 

detector design (many  projections rely on ‘precision’ associated with lepton 
collisions that could be compromised by BIB).

● For both colliders: new physics studies planned for next ESPPU (see next 
slide)
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I.e. lots of areas where we could make key contributions!



The roadmap ahead: how to get involved

FCC-hh: dedicated kick-off meeting on 3rd September aiming to plan studies to feed into the 
ESPPU: https://indico.cern.ch/event/1439072/

● Dedicated efforts planned for new studies for ESPPU
● Opportunity to build on previous UK efforts towards FCC-hh under the FCC-UK umbrella (i.e. 

https://indico.cern.ch/event/1147914/ and https://indico.cern.ch/event/1254077/)

Muon collider: UK workshop in B’ham on July: https://indico.stfc.ac.uk/event/983/

● ESPPU studies run through IMCC (Tuesdays at 4 pm)

Great opportunity to get involved in either!
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Conclusions

● 10 TeV pCM machines allow a broad exploration that could directly discover 
BSM physics linked to key questions about our universe- DM, EWPT as well as 
characterising NP discovered indirectly through precision measurements at a 
Higgs factory.

● Lots of complementarity between FCC-hh and a muon collider → a world 
where we could have both would be very exciting!

● Lots of opportunities to contribute to (new) studies for the ESPPU- please get in 
touch if interested!

“Every time we increase pCM 10-fold…

… we learn something entirely new!” (Christophe Englert, yesterday)
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Back up
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Adding an electron-proton collider to the FCC: FCC-eh

The FCC-eh:
Ee=60  GeV
50 TeV protons, √s = 3.5 TeV
Integrated luminosity: ~ 1-2 ab-1
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Concurrent ep + pp 
(eA + AA) 

operations

Physics complementarity FCC-hh/FCC-eh
•PDFs, strong coupling constant, low-x measurements 
•W mass, top mass, on other precision measurements 
•Higgs measurements with additional sensitivity
•Searches for new physics, including prompt and long-lived new 
scalars from Higgs, SUSY particles, heavy neutrinos, dark photons 
and axions  
•High-energy and high-density measurements of heavy ion collisions  - Low pileup 

- Low background 
- But also lower production rate



Impact of FCC-eh on FCC-hh: PDF

•Complete unfolding of parton contents in unprecedented kinematic 
range: u,d,s,c,b,t, xg
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LLP (2)

•Interpreting the results for a specific 
model, where lifetime and production rate of 
the LLP are governed by the scalar mixing 
angle. 
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Dark photons


