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The Lessons We’ve Learned
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Avoiding Modern-Day Heliocentrism



Visible Matters
Visible, baryonic matter makes up 16% of all the 
matter in our Universe.  73% of visible matter is 
Hydrogen.  25% is Helium.  All the rest: 2%.

So, to a good approximation, the majority of 
visible matter is in relatively uninteresting 
atoms.  Particularly hydrogen.



But the phenomenology of visible matter is not, to 
a good approximation, the phenomenology of 
hydrogen!

Within that visible 16% we observe extraordinary 
complexity.

The visible sector is rich, whichever length scale 
you view it at.
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Dark Matters
Historically assumed the phenomenology of the 
dark sector, including interactions with us, is 
also dominated by a single state.

Consider the rich phenomenology of the visible 
sector.  Why should the dark sector be simple?



An Evolving Landscape



Knowing the Unknown
What is increasingly appreciated is that the 
phenomena driving interactions with the dark 
sector could be rich, diverse, complex.

It’s not that we don’t know where to look.  Rather 
we know there are many many places to look!



Knowing the Unknown

Theoretical perspectives now typically motivated 
by portals:

• Higgs
• Dark Photon
• ALP
• Neutrino

These portals aren’t to be taken as fundamental 
theories.  They are intended to capture the diverse 
phenomena that could be mediated from complex 
sectors.  Consider the pion, for instance.



The standard model provides examples of neutral 
particles which can comfortably be light and have 
arbitrarily weak interactions:
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And a new, intriguing, portal…



Cosmic Horizons
Cosmology, such as structure formation, crucial to 
explore light dark sectors (Pradler).

Buen-Abad+ 2107.12377



Cosmic Horizons

Boyarsky+ 1807.07938

Cosmology, such as structure formation, crucial to 
explore light dark sectors (Pradler).



A Collision Course



Vast array of probes.  Future colliders extend 
intensity to new frontiers.  EIC to be added.
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Vast array of probes.  Future colliders extend 
intensity to new frontiers.

Dark Lights
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Vast array of probes.  Future colliders extend 
intensity to new frontiers.

Neutrino Portal
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Vast array of probes.  Future colliders extend 
intensity to new frontiers.

Elastic DM Photon Portal
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Vast array of probes.  Future colliders extend 
intensity to new frontiers.

Inelastic DM Photon Portal
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Opening The Higgs Portal
Great deal of 
complementarity 
between colliders and 
direct/indirect 
detection.
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Fate of the Ino

Great deal of complementarity between colliders 
and (present) indirect detection.  Long live the 
Ino?



Fate of the Ino

Great deal of complementarity between colliders 
and (present) indirect detection.  Long live the 
Ino?



Simplified Models

Great deal of complementarity between colliders 
and direct detection, but comparison nuanced…. 
DD:  Long term: XLZD, Oscura.  Near: DarkSide 
and DAMIC.  Muon collider yet to be added.



Conclusions
The theoretical landscape is maturing.

• More open-minded, less anthropocentric.
• Portals attempt to capture diverse phenomena.
• Need to hedge, through breadth of programme, 

for future evolution of pheno landscape.

It’s not that we don’t know where to look.  It’s that 
we do know there are many places we should look.

Let’s look forward to a dark future 
together!
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Backup
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Then versus now.  Thanks 
Monica!!!



Wino and higgsino: old vs new  

23/6/25 Monica D'Onofrio, DM&DS at Collider 
and interplays 30
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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

From ESPP2020 to ESPP2026
- A reduced com energy for FCC-hh still make it possible the 

discovery of a higgsino DM
- CTAO could discard or discover it much sooner indirectly 
- Indirect searches already in tension with wino hypothesis 

- MuC results now available:
- MuC higgsino in reach also for MC 3 TeV with new soft-

track based feasibility studies 



Simplified model benchmarks
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From ESPP2020 to ESPP2026
- Minor impact from reduced com energy for FCC-hh
- MuC results now available but not yet in the plot:
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Fig. 8.15: Summary of 2s sensitivity to axial-vector and scalar simplified models at future
colliders for a DM mass of MDM = 1 GeV and for the couplings shown in the figure. References
and details on the estimates included in these plots can be found in the text.

model are taken from [448,486]. For the lepton colliders, the CLIC monophoton estimates were
provided privately by the CLICdp collaboration and all other lepton collider estimates are taken
from [487]. For CEPC estimates, without considering systematic uncertainties, see [488]. It is
clear from these estimates that future colliders can provide sensitive probes of DM, potentially
revealing evidence for invisible particle production, even for very massive mediators.

Searches at high-energy hadron colliders have the best reach for the visible decays of
multi-TeV mediator particles. Going beyond the HL-LHC reach for those same resonances
in the mass region between 10 GeV and 1 TeV is still possible with an increased dataset at
hadron colliders (see Sect. 8.6 and e.g. Ref. [489]), but it is inherently more challenging than
for lepton colliders. It is often the case that signatures of sub-TeV resonances at hadron col-
liders are indistinguishable from those of their high-rate backgrounds, especially considering
the impact of simultaneous pp interactions on searches for hadronically decaying resonances at
high-luminosity hadron colliders. Since it is generally not possible to record all events in their
entirety for further analysis, as doing so would saturate the experiment data-acquisition and
trigger systems, maintaining the sensitivity for sub-TeV resonances at hadron colliders requires
the employment of specific data-taking and analysis techniques [490] (see also Chapter 11).

The discovery of invisible particles at a collider experiment does not imply that those
invisible particles constitute the cosmological dark matter; for that, it would be necessary to
compare collider results to direct and indirect detection experiment, as well as to astrophysical
observations (e.g. the dark matter relic density). The comparison of the sensitivity of experi-
ments at future colliders and direct/indirect detection experiments searching for dark matter for
the models in this section can be found in Chapter 9.

8.6 Feebly-interacting particles
Unknown particles or interactions are needed to explain a number of observed phenomena and
outstanding questions in particle physics, astrophysics and cosmology. While there is a vast
landscape of theoretical models that try to address these puzzles, on the experimental side most
of the efforts have so far concentrated on the search for new particles with sizeable couplings
to SM particles and masses above the EW scale. An alternative possibility, largely unexplored,
is that particles responsible for the still unexplained phenomena are below the EW scale and
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Scalar Model, Dirac DM
gDM =1,gSM,f =1
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Fig. 9.4: Top: Comparison of projected limits from future colliders with constraints from cur-
rent and future DD experiments on the spin-independent WIMP–nucleon scattering cross sec-
tion in the context of a simplified model where a scalar particle with unit couplings mediates
the interaction between SM fermions and Dirac fermionic DM. Collider limits are shown at
95% CL and direct detection limits at 90% CL. Bottom: comparison of a selection of projected
limits from future colliders with constraints from current and future indirect detection experi-
ments in the context of a simplified model where a pseudoscalar particle with unit couplings
mediates the interaction between SM fermions and Dirac fermionic DM. All limits are shown
at 95% CL. In both figures, collider searches and DD experiments exclude the areas above the
curves [585, 586].

From ESPP2020 to ESPP2026
- Main changes in reach of DD – complementarity still very clear
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Fig. 9.4: Top: Comparison of projected limits from future colliders with constraints from cur-
rent and future DD experiments on the spin-independent WIMP–nucleon scattering cross sec-
tion in the context of a simplified model where a scalar particle with unit couplings mediates
the interaction between SM fermions and Dirac fermionic DM. Collider limits are shown at
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limits from future colliders with constraints from current and future indirect detection experi-
ments in the context of a simplified model where a pseudoscalar particle with unit couplings
mediates the interaction between SM fermions and Dirac fermionic DM. All limits are shown
at 95% CL. In both figures, collider searches and DD experiments exclude the areas above the
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2020

New: 2025
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Higgs Portal - Scalar DM

• Colliders do not change much 
• Current LHC results cover regions at low mass
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.
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Higgs Portal - Majorana DM

• Colliders do not change much 
• Current LHC results cover regions at low 

mass difficult for DD 
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.
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– Some improved analyses from LHCb 
covering regions in the low 
mass/intermediate couplings

– Colliders picture almost unchanged 
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Fig. 8.16: Sensitivity for Dark Photons in the plane mixing parameter e versus Dark Photon
mass. HL-LHC, CEPC, FCC-ee and FCC-hh curves correspond to 95% CL exclusion limits,
LHeC and FCC-eh curves correspond to the observation of 10 signal events, and all other curves
are expressed as 90% CL exclusion limits. The sensitivity of future colliders, mostly covers the
large-mass, large-coupling range, and is fully complementary to the the low-mass, very low-
coupling regime where beam-dump and fixed-target experiments are most sensitive.

considered in this study. Non-minimal models used by, e.g. the HL-LHC experiments [443]
and other future facilities, are not addressed here. The results are shown in Fig. 8.16.

Visible decays of vector mediators are mostly constrained from searches for di-electron or
di-muon resonances and from the re-interpretation of data from fixed target or neutrino experi-
ments in the low (< 1 GeV) mass region. NA48/2 [497], A1 [498] and BaBar [499] experiments
put the strongest bounds for e > 10�3 in the 0.01�10 GeV mass range. These results are com-
plemented by those from beam dump experiments, such as E141 [500] and E137 [501, 502] at
SLAC, E774 at Fermilab [503], CHARM [504] and NuCal [505].

The low-mass range (0.01–1 GeV, see Chapter 9) is best covered by beam-dump exper-
iments (SHiP [431], NA62 in dump mode [506]), and by FASER at the ATLAS interaction
point [507] in the very low-coupling regime (e < 10�4). These are complemented by the LHCb
Upgrade [508] and Belle-II [340]. Future collider experiments (HL-LHC [489], CEPC [509],
FCC-ee [510], FCC-eh [511], FCC-hh [489], ILC500) have unique coverage in the high-mass
range (> 10 GeV) down to e ⇠ 10�4. FCC-eh could fill the gap left by LHCb in the low-mass
region. There is an interesting complementarity between future collider experiments, which
cover the high-mass large-coupling regime, and beam-dump experiments, which cover the low-
mass, very low-coupling regime.

Scalar portal
In the scalar or Higgs portal, the dark sector is coupled to the Higgs boson via the bilinear



Minimal models: ALPs 
• ALPs searches at colliders very diverse depending on couplings 

– Improvements from FCC-hh new analysis, Exploitation of light-by-light UP collisions at high 
mass/intermediate couplings

– New studies from FCC-ee Z-pole and LCF in low mass/low coupling are  
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Heavy Ion  
searches (UPC)
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Fig. 8.18: Exclusion limits for ALPs coupled to photons. All curves correspond to 90% CL
exclusion limits, except for LHeC/FCC-eh (95% CL exclusion limits), FCC-ee (observation of
four signal events) and FCC-hh (observation of 100 signal events). See text for details.

compatible with leptogenesis [523] almost down to the see-saw limit. The sensitivity to Heavy
Neutral Leptons coupled predominantly to the second and third generation is shown in Figs. 9.6
and 5.13, respectively.

8.7 Summary and conclusions
In recent years, the scene of BSM research has been evolving rapidly, thanks to a wealth of new
experimental data in particle and astroparticle physics. On the theoretical front, less emphasis
has been given to unified frameworks able to deal simultaneously with many key questions in
particle physics, and more attention has been given to models that address individual shortcom-
ings of the SM or simply single unexplained facts. This has created a more fragmented land-
scape of research activity, where there is no single dominating trend, but multiple approaches
pursuing different directions. The need to look for new theoretical paradigms is making today’s
research in particle physics very exciting, rich with opportunities for alternative and revolu-
tionary ideas. In this situation, more than ever, an intense and diversified programme of new
experimental projects is needed to unravel the many mysteries left unresolved by the SM and to
provide clues for progress in theoretical speculations.

The current report reflects broadly the present state of the field. Instead of giving a com-
prehensive account of all BSM model variations and their phenomenological signatures, the
analysis has focused on a representative set of cases that allow for an informative comparison
of the reach of future experimental projects. At the beginning of the ESPP physics activities,
four fundamental questions that would serve as a leitmotif for the BSM studies were identified
and presented to the physics community at the Open Symposium in Granada. This chapter is
concluded with a presentation, in the form of a summary, of those questions and the answers



Minimal models: Heavy Neutral 
Leptons

• ESPP2020 – electron dominance; 
ESPP2026 – muon dominance 

• Not directly comparable
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Fig. 8.19: 90% CL exclusion limits for a Heavy Neutral Lepton mixed with the electron neu-
trino. See text for details.

that have emerged from the study.

1. To what extent can we tell whether the Higgs boson is fundamental or composite?
Undoubtedly the Higgs boson is the centrepiece of today’s BSM physics. Its discovery has led to
an unprecedented situation in physics, since no fundamental scalar particles and no fundamental
forces different from gauge forces had ever been observed prior to the Higgs. These facts
are not mere curiosities, but are at the core of the main puzzles confronting particle physics
today. Progress with these issues requires an experimental programme targeted at precision
measurements of Higgs interactions and EW observables. This programme is a clear priority
for the future of particle physics. Higgs precision measurements are especially efficient in
testing strongly-interacting EW breaking sectors (such as in composite Higgs models), theories
for EW breaking in which there are no weak-scale coloured particles associated with the Higgs
(such as Neutral Naturalness), and theories in which the Higgs is mixed with other scalar states.

A central question for the precision programme is the nature of the Higgs boson, i.e.
whether it is a fundamental or composite particle. Theories like SUSY suggest that the Higgs
boson is as fundamental as any other SM particle, while models based on approximate Gold-
stone symmetries suggest that the Higgs has a composite structure, much like the pion in QCD.
As shown in Sect. 8.2, this question can be quantitatively addressed by future colliders, which
can test the ‘size’ of the Higgs up to inverse distances 1/`H ⇠ 10 � 20 TeV, more than four
orders of magnitude below the size of a proton. To put this result in perspective, we define the
degree of compositeness d of a particle with mass m as the ratio between its effective size and
its Compton wavelength lC = 2p h̄/mc (which is a measure of the particle’s quantum nature).
For a proton, which is a fully composite object, one finds dp ⇡ mp/(2pLQCD) ⇡ 1. For a pion,
which is a composite particle but emerges as a Goldstone boson below the QCD scale, one finds
dp ⇡ mp/(2pmr) = 0.03. Future colliders will be able to probe the Higgs degree of compos-


