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Input documents 
´ Out of 277 submissions scrutinised by the Dark Matter and Dark Sectors group, 114 were found to 

contain material relevant to the DMS area.
´ Submissions focusing on major collider facilities (and references therein) have been considered, as 

well as dedicated submissions underlining the impact of collider searches on the dark matter & dark 
sector theme – list of most relevant given below (in no particular order):

´ Strong interplay with submissions on accelerator-based facilities, direct and indirect detections
´ See lists in dedicated talks in this session 

´ National facilities and other submissions also mentioning relevance of dark matters – not listed 
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#77: Discovery potential of LHCb Upgrade II
#195: The Muon Collider
#74: The Compact Linear e+e- Collider (CLIC)
#176: LEP3: A High-Luminosity e+e− Higgs & Electroweak Factory in 
the LHC Tunnel
#65: Future Opportunities with Lepton-Hadron Collisions
#201: The Large Hadron electron Collider (LHeC) as a bridge 
project for CERN
#144: The Circular Electron Positron Collider (CEPC)
#204: Prospects in Electroweak, Higgs and Top physics at FCC
#133: The ECFA Higgs/Electroweak/Top Factory Study

#132: A Linear Collider Vision for the Future of Particle Physics
#106:Enhancing European Cooperation in the Search for Dark Matter
#229 : Prospects in BSM physics at FCC
#64: Input from the ALICE Collaboration
#260: Dark Matter Complementarity: from the Snowmass process to 
the EPPSU
#228: The FCC integrated programme: a physics manifesto
#214: Prospects for physics at FCC-hh
#159: Highlights of the HL-LHC physics projections by ATLAS and CMS



Dark ma1er @ colliders
´ Many models, classification by mass range: 
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● Ultralight DM: Axion, ALPs, Dark Photon (Z’)

● Light DM: ALPs, Z’ (Dark Photon), Freeze-In Dark Matter

● Heavy DM: Wino & Higgsino (WIMPs), portals to EWK (e.g. Higgs Portal),
● Scalar and Pseudoscalar mediator simplified models (O1 and velocity-dependent)

● Exotica: Dark Showers, Dark Compact Objects (PBH + Exotic Compact Objects)

Relevant for this talk -  inputs for ESPP 2026 preliminary plots in back-up



Projects and main targets
● A non-exhaustive list of targeted models at main collider facilities

● HL-LHC: Heavy DM, Higgs Portal, Long-Lived Particles (LLP) in dark sector, ALPs etc  
● FCC (ee/hh):  WIMP, Higgs portal, LLP, ALPs, DP - minimal, heavy, light DM
● Linear Collider:  WIMPs, Simplified Models
● CLIC: Minimal DM, ALPs
● Muon Collider: Minimal DM, Portals, ALPs
● LEP3: similar to other e+e-
● Lepton-Hadron (LHeC/FCC-eh):  ALPs, Dark Photons, LLP
● CEPC:  WIMPs, Scalar and lepton portal, Simplified Models

23/6/25Monica D'Onofrio, DM&DS at Collider and interplays4

Collider searches
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Indirect detection

● Complementary to direct* and indirect* detec2ons, as 
well as accelerator-based* programme (for which 
colliders are, by nature, instrumental)

* See other contributions in this session

Note: in several cases, prospects are as in 
ESPP2020/Snowmass; where no prospects are 

available but there is potential, this is indicated



Heavy Dark Ma1er  
´ Mass mDM: O(GeV) à 10 TeV scale, collider searches naturally focus on models 

with sizeable coupling to SM particles 
´ for mDM ~ EW scale à classical WIMP candidates: Higgsino, Wino (SUSY or not)  

´ OR portal to EW physics à Higgs or other portals (scalar or axial-vector simplified models)

´ Dark and stable à missing transverse energy signatures 
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Introduction Higgs portal Comparison to direct detectionBSM scalar mediator

Searches for DM @ colliders 
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Production of invisible particles 
is common in the SM:  

backgrounds need precise 
estimation

Process of interest:  
invisible (DM) particles 

produced in association with 
radiated recoiling SM particle  

DM

DM

e/q

e/q DM

g/ɣ

g/ɣe/q

e/q

input from theory/precision machines

X

example DM process

Searches in the / + ⇢
miss
T final state can also be used to probe simplified DM models [12, 13], in which

DM is produced through a mediator particle that also couples to quarks and as such searches for dÚet
resonances are the most sensitive [14, 15]. In the analysis presented here, benchmark models are used, and
these consider s-channel production of DM particles through vector or axial-vector mediators. The models
are defined by five parameters: the mediator and DM particle masses, and the mediator couplings 6j, 6@,
and 6✓ to the DM particles, quarks, and leptons, respectively. Exclusion limits are set in a plane spanning
the DM and mediator masses, for chosen values of the mediator couplings.

Furthermore, the analysis tests two-Higgs-doublet models (2HDM) that include an additional pseudoscalar
mediator 0 and are called 2HDM+0 [16–18]. The two Higgs doublets in the model are CP-conserving
and of type II [19–22], and the lighter scalar is identified as the observed 125 GeV Higgs boson. Four
benchmark scenarios are probed in various planes as a function of the mass of the pseudoscalar Higgs
boson, <�; the mass of the additional pseudoscalar, <0; the ratio of the vacuum expectation values of the
two Higgs doublets, tan V; and sin \, where \ is the mixing angle between the two CP-odd weak spin-0
eigenstates [17]. Example Feynman diagrams for all probed models are shown in Figure 1.

The / + ⇢
miss
T channel is one of the most sensitive for the � ! inv search and the most sensitive channel

over much of the parameter space for 2HDM+0 searches.
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Figure 1: Example Feynman diagrams of the probed processes: (a) associated production of a Higgs boson and a /

boson, where the Higgs boson decays into DM particles, (b) production of a / boson and a mediator from a quark
initial state in the simplified DM models, and (c) 66- and (d) 11-initiated 2HDM+0 diagrams.

Previous results in the / + ⇢
miss
T final state were obtained with partial Run-2 datasets by the ATLAS

Collaboration. Using 36 fb�1 of data, ATLAS set a 95% confidence level (CL) upper limit of 67% on
the Higgs boson branching ratio to invisible particles, with an expected limit of 39% in the absence of
signal [23]. The same paper also reported exclusion limits for the simplified DM models mentioned above.
Combining di�erent Higgs boson production channels and di�erent LHC runs, including 36 fb�1 from
Run 2, ATLAS set an upper limit of 26% (17% expected) on the Higgs boson branching ratio to invisible
particles [24]. The CMS Collaboration published results in the / + ⇢

miss
T final state based on 137 fb�1 of

Run-2 data, including limits on the branching ratio for invisible decays of the Higgs boson (29% observed
vs 25% expected), simplified DM models and 2HDM+0 models [25]. CMS also combined results from
di�erent production modes and LHC runs to set an upper limit of 19% (15% expected) on the Higgs boson
branching ratio to invisible particles [26]. Constraints on 2HDM+0 models were also set by the ATLAS
and CMS collaborations using various final states [18, 25, 27, 28].

The analysis strategy is outlined briefly in the following. Using the full LHC Run-2 dataset of 139 fb�1

recorded with the ATLAS detector, events in this search are required to have two oppositely charged
electrons or muons, consistent with originating from a / boson decay, as well as significant ⇢miss

T . The same
event selection is applied in both the /� ! ✓✓ + inv search and the other DM searches. A boosted decision
tree (BDT) is trained so that its output is used as the discriminating observable in the search for invisible
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à cc

à ccà cc

- Recoiling against SM par2cles
- Produced through mediators
or from Higgs decays (Higgs portal)

Note: depending on coupling, mediators can decay back 
in SM particles à resonance signatures

/SM

/SM



Heavy Dark Matter  
´ Mass mDM: O(GeV) à 10 TeV scale, collider searches naturally focus on models 

with sizeable coupling to SM par2cle 
´ for mDM ~ EW scale à classical WIMP candidates: Higgsino, Wino (SUSY or not)  

´ OR portal to EW physics à Higgs or other portals (scalar or axial-vector simplified models)

´ But also – specialized techniques such as “disappearing tracks” 
´ Higgsino and Wino models predict very compressed ‘triplet’, with lowest mass parLcle being the DM candidate

´ ‘heavier’ partners decay through emission of a pion 
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(µ)

(µ)
- Short “tracklet” + additional jet(s), especially at hadron colliders
- Charged stubs + photon at lepton colliders (but also “soft” tracks) 



Wino and higgsino (1)  
´ DM part of a Dirac fermion doublet (Higgsino) or of a Majorana fermion triplet (Wino)

´ In SUSY, superpartners of the SM Higgs/gauge bosons [see back-up] 

´ Very predicLve models: requiring relic density under the assumpLon of a standard cosmology with thermal freezeout of the 
DM à mDM ~ 2.8 TeV for the Wino case, and ~ 1.1 TeV for the Higgsino case  
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Direct detection projections: close to colliders reach but also to 
neutrino fog region – difficult  
Indirect detection: 3.65 TeV at 95% CL for NFW profile (CTA and 
SWGO). Cored profile: 3.1 TeV (Private comm) 

ü FCC-hh (also with lower com 
energy) reaches wino mass

ü Similar to MuonC @10 TeV 

ü e+e- also sensitive through 
modification of propagators 
[see more in back-up]

WINO
#260: Dark Matter Complementarity 

https://arxiv.org/pdf/2405.13104
https://arxiv.org/pdf/2405.13104
https://indico.cern.ch/event/1439855/contributions/6461668/


Wino and higgsino (2)  
´ DM part of a Dirac fermion doublet (Higgsino) or of a Majorana fermion triplet (Wino)

´ In SUSY, superpartners of the SM Higgs/gauge bosons [see back-up] 

´ Very predictive models: requiring relic density under the assumption of a standard cosmology with thermal freezeout of the 
DM à mDM ~ 2.8 TeV for the Wino case, and ~ 1.1 TeV for the Higgsino case  
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Direct detection projections: still far from colliders reach (in  
neutrino fog region) – very difficult 
Indirect detection: [current] 270 GeV at 95% CL (Fermi g-ray data) 
– [prospects] reach 1.1 TeV Higgsino mass with CTAO 
Role of hadron/muon colliders is crucial if discovered 

ü FCC-hh reaches higgsino mass

ü MuonC and CLIC @ 3 TeV can 
also reach higgsino mass 

HIGGSINO
#260: Dark Ma6er Complementarity 

https://arxiv.org/pdf/2207.10090
https://arxiv.org/pdf/2207.10090
https://arxiv.org/pdf/2207.10090
https://arxiv.org/pdf/2207.10090
https://arxiv.org/pdf/2506.08084
https://indico.cern.ch/event/1439855/contributions/6461668/


Simplified models: axial-vector mediators (1) 
´ Simplified models are good benchmarks to compare diverse signatures and facilities

´ DM interacts with SM through coupling with a (axial-vector) mediator
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Vector-like mediator

Scalar-like mediator 
and Two Higgs Doublet Models

Common benchmarks for collider WIMP searches
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JHEP 03 (2018) 160 

SM mediator Beyond-SM mediator
M. McCullough’s talk 

A. Weiler and M. D’Onofrio’s talks

Also: DM models with 
long-lived particles

G. Perez and G. Lanfranchi’s talks 
R. Poettgen and A. Vallier’s talks

Typical signatures:
- ET

Miss+X (i.e. monojet, mono-g, ..)
- Di-jet/di-lepton resonances  

Widely considered since ES2020:

Matthew Mccullough, Granada 2019

interpretation à depend on gDM and gSM(l,q)
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https://indico.cern.ch/event/808335/contributions/3373976/attachments/1843115/3022814/MatthewDarkMatter.pdf
https://arxiv.org/pdf/1810.12238


Simplified models: axial-vector mediators (2) 
´ Simplified models are good benchmarks to compare diverse signatures and facilities

´ DM interacts with SM through coupling with a (axial-vector) mediator
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Vector-like mediator

Scalar-like mediator 
and Two Higgs Doublet Models

Common benchmarks for collider WIMP searches
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SM mediator Beyond-SM mediator
M. McCullough’s talk 

A. Weiler and M. D’Onofrio’s talks

Also: DM models with 
long-lived particles

G. Perez and G. Lanfranchi’s talks 
R. Poettgen and A. Vallier’s talks

Typical signatures:
- ET

Miss+X (i.e. monojet, mono-g, ..)
- Di-jet/di-lepton/di-X resonances  

Widely considered since ES2020:

Matthew Mccullough, Granada 2019

interpretation à mediator mass, gSM for fixed mDM
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https://indico.cern.ch/event/808335/contributions/3373976/attachments/1843115/3022814/MatthewDarkMatter.pdf
https://arxiv.org/pdf/1810.12238


Simplified models: axial-vector mediators (3) 
´ Assumption à Light dark matter (mDM = 1 GeV)
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Light dark matter, Mχ=1 GeV.

Projected Axial-Vector Limits
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ATL-PH
YS-PU

B-2022-018

Update for Snowmass

FCC-hh rescaled for 85 TeV 
    [for 100 TeV see FCChh prospects]. 

Light dark matter, Mχ=1 GeV.

Projected Axial-Vector Limits

Lepton collider limit 
assuming mediator 
couplings to leptons 
only.  Also in EFT 
limit, so can be 
easily rescaled for 
modified couplings.��� ��� � � ��
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à lepton-couplings only (gSM=gl)

Muon Collider not (yet) in this plot: mono-g but also 
mono-W reach also available (see back-up) 

..but also vector-mediator

https://indico.cern.ch/event/1439855/contributions/6461632/attachments/3046009/5390384/FCC_PED_ESPPU_FCC_hh_v02.pdf
https://indico.cern.ch/event/1513450/attachments/3042022/5374015/ESPPU_Muon_Collider_Backup.pdf
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• How to detect new scalar mediators of DM: 
• invisible decays (MET searches) 

• visible decays of scalar/pseudoscalar mediators 
• especially relevant in case of 2HDM+pseudoscalar  

(HL-LHC benchmark)  

• Dark matter type considered: 
• Dirac fermion DM

Also includes lepton couplings, requiring quark couplings for DD comparisons

Mono-jet search 
(or mono-photon)

In association with heavy flavor quarks 
(also: single top, Wt signatures)

4-top signatures

Yukawa couplings

Relic density: not entirely probed

arXiv:1606.00947 

arXiv:1902.10229 and ATL-PHYS-PUB-2018-036 

arXiv:1708.02245 & references

Simplified models: scalar mediators – BSM (1) 
´ Simplified models are good benchmarks to compare diverse signatures and facilities

´ DM interacts with SM through coupling with a (scalar) mediator

´ Signatures at colliders 
´ Mono-jet/mono-photon but also ET

Miss associated 
to top and b-quarks, or 4 tops e.g. relevant in 2HDM 
models –HL-LHC improvements à EPSS2026 update) 

´ Can be translated into limits in the DM-nucleon plane to evaluate interplays with DD 
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Introduction Higgs to invisible
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Comparison to direct detectionBSM scalar mediator
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CRESST III

arXiv:1904.00498
CRESST III

XENON
1T

PRL 121 (2018) 111302
XENON1T

PandaX

PRL 117 (2016) 121303
PandaX

DarkSide-50

PRL 121 (2018) 081307
DarkSide-50

LUX

PRL 118 (2017) 021303
LUX

Darkside-Argo(proj.)

DarkSide-Argo EPPSU submission

Argo-3000 (proj.)

DARWIN-200 (proj.)

JCAP 11 (2016) 017

DARWIN-200 (proj.)
-1

HL-LHC, 14 TeV,
3 ab

HL/HE-LHC Report: arXiv:1902.10229

HL-LHC, 14 TeV, 3 ab-1

-1

HE-LHC, 27 TeV,
15 ab HL/HE-LHC Report: arXiv:1902.10229

HE-LHC, 27 TeV, 15 ab-1

-1

FCC-hh, 100 TeV,
1 ab

PRD 93 (2016) 054030

FCC-hh, 100 TeV, 1 ab-1

-1

FCC-hh, 100 TeV,
30 ab

Rescaling of PRD 93 (2016) 054030

FCC-hh, 100 TeV, 30 ab-1

Preliminary, Granada May 2019

Scalar mediator, hadron colliders and direct detection
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• Limits on scalar mediator mass/scale can be 
translated to limits in the DM-nucleon plane 

arXiv:1603.04156

ttbar+MET

V/jet+MET
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Vector-like mediator

Scalar-like mediator 
and Two Higgs Doublet Models

Common benchmarks for collider WIMP searches
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Also: DM models with 
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G. Perez and G. Lanfranchi’s talks 
R. Poettgen and A. Vallier’s talks
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• How to detect new scalar mediators of DM: 
• invisible decays (MET searches) 

• visible decays of scalar/pseudoscalar mediators 
• especially relevant in case of 2HDM+pseudoscalar  

(HL-LHC benchmark)  

• Dark matter type considered: 
• Dirac fermion DM

Also includes lepton couplings, requiring quark couplings for DD comparisons

Mono-jet search 
(or mono-photon)

In association with heavy flavor quarks 
(also: single top, Wt signatures)

4-top signatures

Yukawa couplings

Relic density: not entirely probed

arXiv:1606.00947 

arXiv:1902.10229 and ATL-PHYS-PUB-2018-036 

arXiv:1708.02245 & references

Benchmarks as in ES2020/Snowmass
Caterina Doglioni, Granada 2019 

Caveat: strong model-dependence!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/fig_12b.png
https://indico.cern.ch/event/808335/contributions/3373983/attachments/1843062/3023210/20180513_Doglioni_DM_EPPSU.pdf
https://indico.cern.ch/event/808335/contributions/3373983/attachments/1843062/3023210/20180513_Doglioni_DM_EPPSU.pdf
https://indico.cern.ch/event/808335/contributions/3373983/attachments/1843062/3023210/20180513_Doglioni_DM_EPPSU.pdf
https://arxiv.org/pdf/1810.12238


Simplified models: scalar mediators – BSM (2) 
´ Assumption à Light dark matter (mDM = 1 GeV) for colliders
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A
TL-PH

YS-PU
B-2022-018

Update for Snowmass

FCC-hh rescaled for 85 TeV [for 100 TeV see FCChh prospects]

No new updates, but 
signatures like mono-
top (new) can also add 
to sensitivity
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Fig. 7: The 95% exclusion sensitivities for the mono-photon search at CEPC (left), ILC (middle), and CLIC

(right).

total cross sections are reduced with relatively stronger dependence on the collision energy
p
s

that is depleted by the ISR. In this paper, the ISR e↵ect is taken into account by using the

plugin MGISR [98, 99] to MadGraph5 [81].

The events at these future e+e� colliders are first selected with the following minimal cuts,

pT,� > 0.5GeV,
��⌘�

�� < 2.65 , CEPC; (3.9a)

pT,� > 6GeV,
��⌘�

�� < 2.79 , ILC; (3.9b)

pT,� > 60GeV,
��⌘�

�� < 2.44 , CLIC. (3.9c)

For CEPC, the rapidity cut is chosen according to its Conceptual Design Report (CDR) [86] for

the Electromagnetic Calorimeter (EMC) coverage and the pT,� cut is slightly larger to reduce

the radiative Bhabha background [66]. Due to the BeamCal configuration, two di↵erent cuts

pT,� > 1.92GeV and pT,� > 5.65GeV are needed at ILC [58, 85]. For simplicity, we use a

universal transverse momentum cut pT,� > 6GeV while the rapidity cut is taken from [58]. The

cuts for CLIC follow those in [100].

The signal significance is also be a↵ected by the photon reconstruction e�ciency. It can

reach above 99% for E� < 2GeV and 7� < ✓� < 173� (
��⌘�

�� < 2.79) at ILC [85] and similarly at

CLIC [100]. At CEPC, the identification e�ciency is nearly 100% for photons with E� > 5GeV

and more than 99% of their energy can be reconstructed [86]. Hence we simply take 100%

reconstruction e�ciency for illustration.

Since the photon energy E� spectrum for signals and background are quite similar in the

signal dominating region with small E� (see Fig. 3), the signal significance can not be enhanced

much by data binning. So we simply use the total event number to estimate the experimental

sensitivity with the following �
2,

�
2 =

�
N

Sig
�2

NBkg +NSig
, (3.10)

with N
Bkg and N

Sig being the background and signal event numbers, respectively.

Fig. 7 shows the expected 95% exclusion limits at CECP (left), ILC (middle), and CLIC

(right) with unpolarized beams. As we have shown in Fig. 3, total cross sections of the scalar
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Updates from https://arxiv.org/pdf/2306.00657 

= FCC-ee

Muon Collider not (yet)in this plot: mono-g/W reach in back-up 

gDM =1,gSM,f =1

DD n,e: max reach for XLZD 1000, OSCURA (nucleon, e respectively)
Note different assumptions of DM mass 

https://indico.cern.ch/event/1439855/contributions/6461632/attachments/3046009/5390384/FCC_PED_ESPPU_FCC_hh_v02.pdf
https://arxiv.org/pdf/2306.00657
https://indico.cern.ch/event/1513450/attachments/3042022/5374015/ESPPU_Muon_Collider_Backup.pdf


Simplified models: scalar mediators – BSM (3)
´ Limits can be translated in DM-nucleon cross sec2on constraints

´ Validity within the chosen benchmark models & parameters 

´ No major updates on the colliders side wrt ES2020 but updates in DD (current and potenaal)  
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Future colliders sensiLve to models with mediators 
decaying to lighter DM candidates as well as 
possibly reaching DM masses up to a TeV from the 
decays of mulL-TeV- mass mediators. 

Lepton colliders not included as would require translation in terms 
of quark-gluon coupling à sensitivity to DM-electron interactions 
could be considered – see Paolo’s talk

Scalar Model, Dirac DM
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Note: sketch done for vector portal models 
for which same considerations apply

N
otebooks for these sketches by L. 

Chazallet (LAPP) available through



Simplified models: scalar mediators – BSM (4)
´ Further interplays with indirect detection  

´ velocity-averaged annihilation cross section <sv> mapped to multiple values of LHC mediator mass–mDM pairs.

´ collider searches have better sensitivity for DM masses below the top mass (here considering 
pseudoscalar mediators) à complementary to indirect searches which are more powerful for higher 
mDM (No major updates on the colliders side wrt ES2020/Snowmass but several updates in indirect detection)
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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].

2020

New: 2025
Details on ID constraints in back-up



Higgs portal models 
´ Translate Higgs to invisible BR into DM-nucleon constraints. Results for BR of Higgs to invisible

´ HL-LHC: 2.5% from ES2020 Higgs report
´ 0.9% reach combining ATLAS+CMS for 6 ab-1 to be confirmed [see back-up] 

´ ILC: 0.16% combining 900 fb-1 per each polarisation at sqrt(s) = 250 GeV. 

´ FCC-ee: 0.052% combining 240 and 365 GeV results

´ FCC-hh: 0.02% for 100 TeV (to be rescaled for 84 TeV) 

´ Muon collider: 0.046% - with 1% relative uncertainty on resolution
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Searches in the / + ⇢
miss
T final state can also be used to probe simplified DM models [12, 13], in which

DM is produced through a mediator particle that also couples to quarks and as such searches for dÚet
resonances are the most sensitive [14, 15]. In the analysis presented here, benchmark models are used, and
these consider s-channel production of DM particles through vector or axial-vector mediators. The models
are defined by five parameters: the mediator and DM particle masses, and the mediator couplings 6j, 6@,
and 6✓ to the DM particles, quarks, and leptons, respectively. Exclusion limits are set in a plane spanning
the DM and mediator masses, for chosen values of the mediator couplings.

Furthermore, the analysis tests two-Higgs-doublet models (2HDM) that include an additional pseudoscalar
mediator 0 and are called 2HDM+0 [16–18]. The two Higgs doublets in the model are CP-conserving
and of type II [19–22], and the lighter scalar is identified as the observed 125 GeV Higgs boson. Four
benchmark scenarios are probed in various planes as a function of the mass of the pseudoscalar Higgs
boson, <�; the mass of the additional pseudoscalar, <0; the ratio of the vacuum expectation values of the
two Higgs doublets, tan V; and sin \, where \ is the mixing angle between the two CP-odd weak spin-0
eigenstates [17]. Example Feynman diagrams for all probed models are shown in Figure 1.

The / + ⇢
miss
T channel is one of the most sensitive for the � ! inv search and the most sensitive channel

over much of the parameter space for 2HDM+0 searches.
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Figure 1: Example Feynman diagrams of the probed processes: (a) associated production of a Higgs boson and a /

boson, where the Higgs boson decays into DM particles, (b) production of a / boson and a mediator from a quark
initial state in the simplified DM models, and (c) 66- and (d) 11-initiated 2HDM+0 diagrams.

Previous results in the / + ⇢
miss
T final state were obtained with partial Run-2 datasets by the ATLAS

Collaboration. Using 36 fb�1 of data, ATLAS set a 95% confidence level (CL) upper limit of 67% on
the Higgs boson branching ratio to invisible particles, with an expected limit of 39% in the absence of
signal [23]. The same paper also reported exclusion limits for the simplified DM models mentioned above.
Combining di�erent Higgs boson production channels and di�erent LHC runs, including 36 fb�1 from
Run 2, ATLAS set an upper limit of 26% (17% expected) on the Higgs boson branching ratio to invisible
particles [24]. The CMS Collaboration published results in the / + ⇢

miss
T final state based on 137 fb�1 of

Run-2 data, including limits on the branching ratio for invisible decays of the Higgs boson (29% observed
vs 25% expected), simplified DM models and 2HDM+0 models [25]. CMS also combined results from
di�erent production modes and LHC runs to set an upper limit of 19% (15% expected) on the Higgs boson
branching ratio to invisible particles [26]. Constraints on 2HDM+0 models were also set by the ATLAS
and CMS collaborations using various final states [18, 25, 27, 28].

The analysis strategy is outlined briefly in the following. Using the full LHC Run-2 dataset of 139 fb�1

recorded with the ATLAS detector, events in this search are required to have two oppositely charged
electrons or muons, consistent with originating from a / boson decay, as well as significant ⇢miss

T . The same
event selection is applied in both the /� ! ✓✓ + inv search and the other DM searches. A boosted decision
tree (BDT) is trained so that its output is used as the discriminating observable in the search for invisible
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ILC ele/µ and hadron channels 
and combination

FCC-ee FCC-hh 
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Higgs portal models: interplays with DD 
´ Translated Higgs to invisible BR 

into DM-nucleon constraints
´ Nuclear form factor 𝑓𝑁 = 0.326
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From heavy to light DM - interplays
´ Complementarities with accelerator-based experiments, rare 

processes and precision measurements (ie B-factories) in 
several models, depending on mDM

´ Examples: quasi-elastic DM and inelastic DM 
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Beyond this, relevant interplays are in Dark Sectors à LLP
(see Yohei’s introduction and back-up for portal models definition)  

See also 
Maksym’s talk 

Further sensitivity for inelastic-DM of colliders possible! 
à Signatures with moderate/low ET

miss or long-lived particles 
https://arxiv.org/pdf/1810.01879 
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Minimal models: Dark photons
´ Colliders sensitivity mainly in medium-coupling region

´ Lowest mass ranges: LHCb, Belle-II (also at higher mass), LHeC 

´ High-mass ranges: reach down to 10-4 coupling e at FCC-hh, e/µ colliders reach higher mass/lower e
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High-mass region

Light mass range: theory
• Thermal freeze-out abundance:

• Dark sector can couple to SM via “portals”:

ℒ = 𝒪SM × 𝒪dark :

𝒪SM × 𝒪dark =

ϵBμνF′ μν

|H |2 S, |H |2 S2
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: Higgs portal,
: neutrino (HNL) portal,
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Minimal models: ALPs 
´ ALPs searches at colliders very diverse depending on couplings 

´ Here, focus on coupling gaγγ in units of GeV−1 vs mass 
´ Z-pole (e+e−→Z→ga) analyses at FCC-ee reach lower couplings  
´ Muon Collider searches assume invisible decays 
´ emphasis on light-by-light scatterings (gg→a→gg)
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Fig. 1: Left: HNL discovery potential in the mN1 � |UµN |

2 plane. The red (green) line represents the
prompt (long-lived) HNL decay channel to a muon and two jets. The blue line shows the reach for the
dimuon plus a neutrino analysis. The dashed green line indicates where three HNL decay events are
observed within the FCC-ee detector. The pink band represents the classic see-saw parameter region.
Existing LHC limits are shown in turquoise, and future long-baseline experiment potentials are shown
in green. Right: Projected sensitivity for ALPs in the photon coupling vs. ALP mass plane from the
three following processes at FCC-ee: e

+
e
�

! �a ! 3� [20], photon-fusion �� ! a ! 2� [21],
and e

+
e
�

! �a ! � + INV. Existing limits (in grey) are adapted from Refs. [22, 23]. Also shown
are projected exclusion limits at 95% C.L. on the ALP-photon coupling as a function of the ALP mass
expected from searches for �� ! a ! �� in pp (violet), pPb (dark pink), and PbPb (orange) collisions
at FCC-hh [24].

dark Higgs). At FCC-ee it will be possible to probe each of these portals, providing complementary
information to e.g. beam dump experiments.
Benchmark: Heavy Neutral Leptons. Searches for Heavy Neutral Leptons (HNLs) could provide
clues not only to the question of neutrino masses, but also to the baryon asymmetry of the universe [7],
and even provide a DM candidate [8]. Very low couplings to the existing neutrinos can be exploited in
displaced signatures with little to no background [9] complementarily to prompt searches. As shown in
the left panel of Fig. 1, searches performed at the Tera-Z run of FCC-ee will cover a wide unconstrained
parameter space [10], unreachable by collider options past and present. The FCC-ee discovery potential
for HNLs extends down to mixing values of O(10

�11
) in the mass range of 20 to 80 GeV and to O(10

�9
)

for larger masses [11–19].
Beyond the simplest models that incorporate HNLs, FCC-ee could explore e.g. models with two

majorana neutrinos [25] compatible with neutrino oscillations [26]; or the ‘Symmetry Protected See-
Saw Scenario’ [27, 28], that adds two right-chiral neutrinos [29, 30]. The main signature of the latter
are lepton flavour violating final states [18, 19]. For HNL masses below 35 GeV, for favourable ratios
of the HNL width and of the mass difference between the two pseudo-Dirac states, a striking oscillation
signal would allow for the measurement of the mass difference [31]. A large fraction of the parameter
space consistent with symmetry-enhanced neutrino mass [32–34] models, would be probed. For masses
around 40 GeV, the FCC-ee sensitivity would reach the smallest value of the mixing angle, close to
the see-saw limit. The HNL decay branching ratios could be measured with per-cent accuracy [35];
many parameters of the model could be constrained [36, 37]; the leptogenesis hypothesis [35] tested;
and underlying flavour and CP symmetries [38] could be probed. The number of HNL events and the
measurement of the HNL lifetime can reveal information about the violation of lepton number [10, 14].
Finally, the angular distribution and the energy spectrum of the HNL decay products can provide further
information regarding lepton number violation [36].

2

FCC BSM prospects

Example of LHC Run 3 and Run 4 prospects

Heavy Ion  
searches (UPC)
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Minimal models: Heavy Neutral Leptons
´ Sensitivity and analysis techniques depends on lepton-mixing assumptions

´ Consider case of muon-dominance (HNLs mixing solely to the muon neutrinos)
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Strongest reach below W mass 
threshold through µnn and µjj 
searches at FCC-ee [see Fig.29 
https://arxiv.org/pdf/2505.00272]

MuC covers high mass scenarios 

Electron-dominance or equal e-µ 
dominance also explored in past 
studies, with complementarities of 
ee-ep-pp facilities 
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Minimal models: Dark scalars
´ Higgs-like scalar S with the mixing hS and tri-linear hSS interactions with the Higgs

´ Impact of collider searches mostly at high sin2q and/or high mass
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Summary 

´ Understanding the nature and origin of dark matter remains one of the fundamental 
challenges of HEP and beyond 

´ Colliders offer the possibility of producing DM in controlled conditions, as such 
maximizing the chances for discovery and understanding of its properties and new 
physics related to this  

´ Strong interplay with direct and indirect detection, as well as with accelerator-based 
experiments, with clear complementarities despite model-dependencies to be taken 
into account 

´ Exploiting further and better these complementarities remain a key objective of the 
community  
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Wino and higgsino – comparison with ES2020  
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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
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Figure 2.2.2: Left: 95%CL exclusion reach on the mass of several BSM particles at future colliders
[13, 80, 82, 199–201]. Only EW pair production is considered to assess the MuC sensitivity. This
underestimate the reach in models where single-production is possible (see e.g. [47]). For the wino and
the Higgsino, we label as “⌦DM” the mass required to reproduce the observed dark matter abundance.
Right: exclusion contour [1] for a scalar singlet of mass mS mixed with the Higgs boson with strength
sin �.

Energy
The high available energy enables a search for new heavy particles, with a reach in mass that strongly
extends that of the LHC. This mass reach owes largely to the fact that the muons are elementary and
their collision energy is entirely available to produce new particles. The protons instead are composite
and their effective energy reach is limited to a fraction of the collider energy by the steep fall-off of the
parton distribution functions. This is the reason why a muon collider with 10 TeV energy can access
heavier particles than the 14 TeV LHC, as illustrated on the left panel of Figure 2.2.2.

The figure shows the projected exclusion reach on the mass of a number of hypothetical particles (la-
belled with a standard BSM notation1) at the muon collider with 10 TeV energy in the centre of mass, at
the HL-LHC, and at the 100 TeV proton-proton future collider FCC-hh [13, 82, 199–201]. At a muon
collider, these particles are produced in pairs by electroweak (EW) interactions and the corresponding
EW production cross sections are determined by the EW and spin quantum numbers of the states. The
cross-sections range from 0.1 to 10 fb at the 10 TeV MuC, for masses almost up to the kinematic thresh-
old of 5 TeV. With the target integrated luminosity of 10 ab�1, enough events (more than 1000) will be
available for discovery up to the threshold provided the particle decays promptly to an easily-detectable
final state. Therefore, all particles considered in the figure with the exception of the wino and the Hig-
gsino (see later) can be discovered up to 5 TeV mass by only exploiting the model-independent process
of EW pair-production. An extended mass-reach is possible if BSM interactions mediate the production
of the new state. For instance, the 10 TeV muon collider reach on top partners is around 9.5 TeV from
single production [47].

The mass reach of the 10 TeV MuC is above the HL-LHC exclusion limit for all of the BSM candidates
considered in Figure 2.2.2. The 10 TeV muon collider has an even higher reach than a 100 TeV proton-
proton collider FCC-hh in QCD-neutral particles such as charginos e�±

1 and tau sleptons e⌧ . It surpasses
the thermal target (see later) for the Higgsino and the Wino dark matter candidates.
1For instance, T is a fermionic top partner, t̃ is the stop and W̃

0 and Higgsino H̃
0 are the wino and the Higgsino, respectively.

The notation is the same as in Ref. [201].
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Muon Collider update studies
ES2026 submission (ref from 
Snowmass)

..and soft-track analysis

https://indico.cern.ch/event/1513450/attachments/3042022/5374015/ESPPU_Muon_Collider_Backup.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.181802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.181802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.181802


Muon Collider – mediators 
´ From: https://arxiv.org/pdf/2303.08533
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Fig. 89 Direct reach on electroweak states in mono-X signals. Left: Luminosity needed to exclude a Dirac fermion DM
candidate for zero systematics [45] for X = � (solid), X = µ (dotted), X = µµ (dashed). Right: Mass reach on a fermionic
DM candidate (assumed Majorana when Y = 0, Dirac otherwise) at fixed 1 ab
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10 TeV muon collider in the channels X = � and X = W for 0.1% systematics [39,46]. Black vertical lines denote the thermal
mass for each DM candidate.

tion 2.4, and they fall in the same category of those
employed in Section 5.1 for EFT searches.

In what follows we consider as concrete examples
the dark matter candidates with Y = 0, 1/2, 1 listed in
Table 9. We refer to [49] for a study encompassing a
larger set of candidates. The search strategy that we
adopt leverages the observable effects that DM can-
didates can leave due to their propagation as virtual
states, which modify the rate and the distributions of
SM processes such as
µ+µ�

! ff̄ , (41)
µ+µ�

! Zh , (42)
µ+µ�

! W+W� , (43)
as well as 2 ! 3 processes like
µ+µ�

! WWh , (44)
µ+µ�

! ff̄ 0W . (45)

Measuring the total rate of eqs.(41-45) and using dif-
ferential information on the angular distribution of the
channels in which the charge of the final states, e.g.
f = e, µ, can be tagged reliably, it is possible to probe
the existence of new matter n-plets.

It should be noted that the 2 ! 3 processes cross
sections, while formally of higher order in the EW loop
expansion, are not suppressed relative to the 2 ! 2
cross sections, at the high energy MuC. This is a man-
ifestation of the EW radiation enhancement that we
described in Section 2.5. The enhancement emerges in
the phase-space region where a W boson is emitted with
low energy and collinear to one of the initial muons or
to one of the two other final state particles, which are
instead energetic and central. The EW radiation en-
hancement offers novel opportunities to search for new
physics. In the case at hand, it enables the high-rate
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Fig. 90 Mass reach in the mono-�, mono-W and DT channels with luminosity scaling with energy as in (1) at muon colliders
of different energy

p
s, from Ref. [39]. Vertical bars display the thermal mass of the candidates with its uncertainty. In the

mono-W and mono-� searches we show an error bar, which covers the range of possible exclusion as the systematic uncertainties
are varies from 0 to 1%. For single displaced tracks the error bar covers a possible systematic uncertainty from 0% to 10%.
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p
s. For such cases would be worth considering

also the VBF production modes.

https://arxiv.org/pdf/2303.08533


SUSY higgsino and wino-like scenarios
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Wino-bino scenarios Higgsino scenarios

´ DM part of a Dirac fermion doublet (Higgsino) or of a Majorana fermion triplet (Wino)

´ In SUSY, these are the superpartners of the SM Higgs/gauge bosons 
´ Lightest neutralino is the dark ma]er candidate

´ Depending on the mass hierarchy of the triplet (assuming chargino = next-to-lightest neutralino), sensi^vity (and analysis techniques) differ: 



More on WIMPs sensitivity
´ Sensitivity from indirect probes at e+e- and hh colliders à 1-loop, energy-enhanced corrections to EW 

gauge boson propagators (W, Y parameters) – from #229 : Prospects in BSM physics at FCC
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Fig. 2: Projected 95% CL sensitivities at FCC-ee to electroweak n-plet Dirac fermion and complex scalar
WIMPs with zero hypercharge [109], compared to expected sensitivity at HL-LHC (hatched) [113].
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Fig. 3: Projected 95% CL sensitivities at FCC-hh to electroweak n-plet WIMPs in neutral- and charged-
current Drell-Yan processes. Taken from Ref. [113].

tributions to Z-pole observables [75–77]. Besides often being stronger, the on-pole bounds also constrain
different directions in the SMEFT parameter space. This remark illustrates the importance of combining
results from the Tera-Z programme with those of the higher-energy runs in order to lift flat directions and
maximise the new physics reach of FCC-ee. This complementarity is illustrated by the W and Y oblique
parameters, as shown in [80]. The running of the EW coupling up to the multi-TeV scale at FCC-hh is
a further indirect probe of BSM weakly-coupled particles, as discussed in [110, 111].
FCC: Dark Frontier
Uncovering the unknown nature of dark matter, whose candidates span a tremendously wide range of
BSM models of varying masses and couplings, requires an open-ended exploration of dark sectors across
a variety of dedicated and general-purpose experiments. In this major scientific endeavour, FCC has a
unique role to play in covering regions of dark matter parameter space inaccessible by other means. The
search for DM at FCC-hh is amply documented, covering multiple scenarios and signatures, in [112].
Benchmark: Minimal DM. The minimal dark matter paradigm consists of new electroweakly charged
states of all viable representations, assumed to interact only via gauge interactions [114]. While the
larger representations are typically very heavy and cannot be directly produced at colliders, the lead-
ing indirect probe comes from 1-loop, energy-enhanced corrections to EW gauge boson propagators,
the so-called W,Y parameters [115]. FCC-ee is sensitive to W,Y at the 10

�5 level in both precision
EW measurements at the Z pole as well as in higher energy e

+
e
�

! f f̄ processes [80, 109], with a
combined sensitivity to WIMPs with mass in the TeV range as shown in Fig. 2. Ultimately, FCC-hh
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FCC-ee sensiavity to W, Y at the 10−5 level 
(from precision EW measurements at the Z 
pole and from e+e− → f ̄f processes)

Sensiavity to TeV-scale WIMPs 

Even better FCC-hh sensitivity to W, 
Y through DY high-energy studies

WIMP mass can be probed! 

https://indico.cern.ch/event/1439855/abstracts/191168/


Simplified models: scalar mediators – BSM (2) 
´ Assumption à Light dark matter (mDM = 1 GeV)
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FCC-hh rescaled for 85 TeV [for 100 TeV see FCChh prospects]

No new updates, but 
signatures like mono-
top (new) can also add 
to sensi^vity
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Fig. 7: The 95% exclusion sensitivities for the mono-photon search at CEPC (left), ILC (middle), and CLIC

(right).

total cross sections are reduced with relatively stronger dependence on the collision energy
p
s

that is depleted by the ISR. In this paper, the ISR e↵ect is taken into account by using the

plugin MGISR [98, 99] to MadGraph5 [81].

The events at these future e+e� colliders are first selected with the following minimal cuts,

pT,� > 0.5GeV,
��⌘�

�� < 2.65 , CEPC; (3.9a)

pT,� > 6GeV,
��⌘�

�� < 2.79 , ILC; (3.9b)

pT,� > 60GeV,
��⌘�

�� < 2.44 , CLIC. (3.9c)

For CEPC, the rapidity cut is chosen according to its Conceptual Design Report (CDR) [86] for

the Electromagnetic Calorimeter (EMC) coverage and the pT,� cut is slightly larger to reduce

the radiative Bhabha background [66]. Due to the BeamCal configuration, two di↵erent cuts

pT,� > 1.92GeV and pT,� > 5.65GeV are needed at ILC [58, 85]. For simplicity, we use a

universal transverse momentum cut pT,� > 6GeV while the rapidity cut is taken from [58]. The

cuts for CLIC follow those in [100].

The signal significance is also be a↵ected by the photon reconstruction e�ciency. It can

reach above 99% for E� < 2GeV and 7� < ✓� < 173� (
��⌘�

�� < 2.79) at ILC [85] and similarly at

CLIC [100]. At CEPC, the identification e�ciency is nearly 100% for photons with E� > 5GeV

and more than 99% of their energy can be reconstructed [86]. Hence we simply take 100%

reconstruction e�ciency for illustration.

Since the photon energy E� spectrum for signals and background are quite similar in the

signal dominating region with small E� (see Fig. 3), the signal significance can not be enhanced

much by data binning. So we simply use the total event number to estimate the experimental

sensitivity with the following �
2,

�
2 =

�
N

Sig
�2

NBkg +NSig
, (3.10)

with N
Bkg and N

Sig being the background and signal event numbers, respectively.

Fig. 7 shows the expected 95% exclusion limits at CECP (left), ILC (middle), and CLIC

(right) with unpolarized beams. As we have shown in Fig. 3, total cross sections of the scalar
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Higgs portal models: interplays with DD 
´ Translated Higgs to invisible BR 

into DM-nucleon constraints
´ Nuclear form factor 𝑓𝑁 = 0.326
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DM in hidden sector: Long-Lived particles  
´ Dark sector weakly coupled with ordinary matter à can search for DM “sister” particles 

´ e.g. dark photons, dark higgses, axions-like particles  etc (DM candidate might be heavy, or decoupled) 
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latter could decay into a DM pair. As such, precision measurements of the Branching Ratio (BR) of the428
Higgs boson decaying into invisible particles can be turned into exclusion limits on the spin-independent429
WIMP–nucleon scattering cross section. This is illustrated in Figure 7 (right): 90% confidence level limits430
for a simplified model with the Higgs boson decaying to Majorana DM particles are compared to current431
and future DM direct detection experiments. Low-energy e+e� colliders are particularly competitive in432
this scenario thanks to unprecedented precision expected in measuring Higgs couplings, whilst hadron433
colliders remain competitive thanks to the large datasets and high production rates.434
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Fig. 8.15: Summary of 2� 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 [447,485]. For the lepton colliders, the CLIC monophoton estimates were
provided privately by the CLICdp collaboration and all other lepton collider estimates are taken
from [486]. For CEPC estimates, without considering systematic uncertainties, see [487]. 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. [488]), 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 [489] (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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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.

Figure 7. Left: Exclusion reach for axial-vector simplified models at future colliders assuming a DM mass
of MDM = 1 GeV. Right: Results from searches for invisible decays of the Higgs boson, compared to
constraints of current and future direct detection experiments on the spin-independent WIMP–nucleon
scattering cross section (31).

8 FEEBLY INTERACTING PARTICLES

BSM theories extending the SM with a hidden sector populated by feebly interacting particles (or FIPs) are435
gaining significant attention as they can provide, depending on the model’s implementation, an explanation436
for the origin of neutrino masses, matter–antimatter asymmetry in the Universe and cosmological inflation,437
as well as insights into the EWK hierarchy and the strong CP problem. A comprehensive overview of the438
vast program at both current and future collider-based, fixed-target, and beam-dump experiments can be439
found in Refs. (31; 51). In this review, the focus is on the minimal “portal” framework introduced in the440
references above. In these models, the FIPs, which are not charged under the SM gauge groups, interact441
with the SM through portals that can be classified based on the type and dimension of the mediator. The442
most studied cases, listed in Table 8 according to the operator’s spin, are the vector, Higgs, axion, and443
neutrino portals:444
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HNL: discovery potenVal
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A word on non-minimal models: example
´ Non-minimal portal models – ALPs might result from Z or Higgs bosons decays 
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Zh| = 0.72 ⇤/TeV

and Br(a ! ��) = 1 (upper panels) and Br(a ! `+`�) = 1 (lower panels). Right: Corresponding

sensitivity regions for the example of the FCC-ee with |Ce↵
Zh| = 0.72 ⇤/TeV (solid contour), |Ce↵

Zh| =

0.1 ⇤/TeV (dashed contour), and |Ce↵
Zh| = 0.015 ⇤/TeV (dotted contour). The constraints from

Figure 4 are shown in the background.

with Br(h ! bb̄) = 0.58, we derive the sensitivity to Ce↵
�� and ma displayed in the upper left

panel of Figure 7. In the upper right panel of Figure 7 we show how these projected sensitivity
regions vary for di↵erent values of Ce↵

Zh. The expected sensitivity remains the same down to
a critical value of the branching ratio Br(a ! ��) < 1. Below this critical value less than 4
events are produced and the discovery reach is lost. For the FCC-ee, these critical values are
Br(a ! ��) = 2 ⇥ 10�4 for Ce↵

Zh = 0.72⇤/TeV, Br(a ! ��) = 10�2 for Ce↵
Zh = 0.1⇤/TeV

and Br(a ! ��) = 0.4 for Ce↵
Zh = 0.015⇤/TeV. For the case of leptonic ALP decays these

values do not change, and they are only slightly di↵erent in the case of CLIC. In that case,
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Figure 15: Projected reach in searches for h ! Za ! `+`� + 2� and h ! aa ! 4� decays with

the LHC (green), HE-LHC (light green) and a 100 TeV collider (blue). The parameter region with

the solid contours correspond to a branching ratio of Br(a ! ��) = 1, and the contours showing the

reach for smaller branching ratios are dotted.

`+`��� (upper panels) and pp ! h ! aa ! 4� (lower panels) for ma = 100MeV, 1GeV
and 10GeV and Br(a ! ��) = 1. We further indicate the reach obtained in the case that
Br(a ! ��) < 1 by the dotted lines. Even though we rely on leptonic Z decays with Br(Z !

`+`�) = 0.0673 to account for the more challenging environment at hadron colliders, a future
100TeV collider significantly improves beyond the projected reach in Ce↵

Zh and Ce↵
ah of the FCC-

ee shown in Figure 10. The sensitivity to Ce↵
��, however, is comparable between the FCC-ee

and FCC-hh, and the projections for searches for e+e� ! ha ! bb̄�� at the second and third
stage of CLIC even surpass the FCC-hh sensitivity in Ce↵

�� . For all considered ALP masses,
the h ! Za decay could be observed at a 100TeV collider for Br(a ! ��) & 10�6 and the
h ! aa decay could be fully reconstructed for Br(a ! ��) & 0.01.
The results are similar for leptonic ALP decays. In Figure 16 we show the reach in the ce↵`` �Ce↵

Zh
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Figure 15: Projected reach in searches for h ! Za ! `+`� + 2� and h ! aa ! 4� decays with

the LHC (green), HE-LHC (light green) and a 100 TeV collider (blue). The parameter region with

the solid contours correspond to a branching ratio of Br(a ! ��) = 1, and the contours showing the

reach for smaller branching ratios are dotted.

`+`��� (upper panels) and pp ! h ! aa ! 4� (lower panels) for ma = 100MeV, 1GeV
and 10GeV and Br(a ! ��) = 1. We further indicate the reach obtained in the case that
Br(a ! ��) < 1 by the dotted lines. Even though we rely on leptonic Z decays with Br(Z !

`+`�) = 0.0673 to account for the more challenging environment at hadron colliders, a future
100TeV collider significantly improves beyond the projected reach in Ce↵

Zh and Ce↵
ah of the FCC-

ee shown in Figure 10. The sensitivity to Ce↵
��, however, is comparable between the FCC-ee

and FCC-hh, and the projections for searches for e+e� ! ha ! bb̄�� at the second and third
stage of CLIC even surpass the FCC-hh sensitivity in Ce↵

�� . For all considered ALP masses,
the h ! Za decay could be observed at a 100TeV collider for Br(a ! ��) & 10�6 and the
h ! aa decay could be fully reconstructed for Br(a ! ��) & 0.01.
The results are similar for leptonic ALP decays. In Figure 16 we show the reach in the ce↵`` �Ce↵
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WIMPs details: Wino and Higgsino
´ Inputs almost unchanged from the briefing book 2019 (Fig 8.14 and 8.15 in https://arxiv.org/abs/1910.11775v2), 

or Snowmass 2021, except for:
´ Higgsino - Wino:

´ Higgsino: Indirect det. 270 GeV at 95% CL for NFW - Reference is https://arxiv.org/pdf/2207.10090
´ Credit: Joshua W. Foster, Yujin Park, Benjamin R. Safdi, Yotam Soreq, Weishuang Linda Xu, Nick Rodd, Christopher Dessert

´ Wino: Indirect det. 3.65 TeV at 95% CL for NFW profile from Fig 20 and 22 from https://arxiv.org/pdf/2405.13104.Cored Profile (Core): 3.1 TeV - 
Private communication

´ Muon Collider have been updated based on inputs from Federico Meloni based on Fig. 20.0.1 in https://arxiv.org/abs/2504.21417. A more sophisticated 
analysis based on soft tracks allows for a more stringent limit, and is overlayed to the 1DT result. (Note that the soft tracks limit only dominates for 
Higgsinos, so it is not included in the wino plot.)

´ FCC-hh from Fig 5 in https://www.arxiv.org/pdf/1901.02987, rescaled to 80 TeV by the authors. Scenario considered: Alternative Layout, optimistic 
pileup = 200 with time information (which assumes background reduction rate to be the same for optimistic and pessimistic pileup scenarios).

´ Relic abundance lines:
´ Wino relic density with NLO Sommerfeld https://arxiv.org/pdf/2009.00640

´ This paper derives the thermal line at 2.842 TeV. It also provides an LO value that 2.886 TeV.

´ Higgsino relic density: https://arxiv.org/pdf/2205.04486
´ The relevant value is the 2_{1/2} entry in Table 1: 1.08 +/- 0.02 TeV

´ (more on) Indirect detection:
´ One source of wino limits is from this work: https://arxiv.org/pdf/2405.13104. However, this requires reconstructing HESS efficiencies, which come 

with uncertainties. Note that this corrects an issue with the HESS analysis, which is a factor of 8 too strong. Wino is done in Fig 20 and 22. Instead, we 
quote numbers from a study done looking for wino annihilation in the Fermi data. The paper will come out in a few weeks, so for now this is coming from 
private communication.
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WIMPs details: Axial Vector/Scalar
´ Inputs almost unchanged from the brifing book 2019 (fig 8.14 and 8.15 

in hlps://arxiv.org/abs/1910.11775v2), or Snowmass 2021, except for:
´ Axial Vector/ Scalar:

´ FCC-hh scaled to 84 TeV
´ ILC updates results provided via private communicaaon with Jenny List. Mass scale limits come from mono-

photon analysis and are based on Eur.Phys.J.C 81 (2021) 10, 955 (arXiv:2107.11194) including systemaac 
uncertainaes.

´ For Higgs portals:
´ Higgs to inv BRs from direct searches:

´ HL-LHC: 2.5% as taken from hsps://e-publishing.cern.ch/index.php/CYRM/arLcle/view/952/769 N.B: There is an 
addiLonal study (Phil Harris) that indicates 0.9% at 6 ab-1. To be confirmed. 

´ FCC-hh: 2 x 10-4 numbers from Phil Harris at sqrt(s) = 100 TeV
´ ILC: 0.16% combining 900 v-1 per each polarisaLon at sqrt(s) = 250 GeV. Number from Table 8 

in hsps://arxiv.org/pdf/2203.08330. NB: not blessed yet by the collaboraLon. 

´ FCC-ee: 0.052% from hsps://repository.cern/records/9b128-qqc43
´ Muon Collider: 4.6 x 10 e-4 with 1% relaLve uncertainty on resoluLon from hsps://arxiv.org/pdf/2411.00096, which is 

referenced in the Muon Collider Input ID 207
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Heavy DM indirect limits: details
´ Heavy_DM_ID_limits

´ Current limits:
´Fig.1 lem in hnps://arxiv.org/pdf/2108.13646; annihilaaon into 100% bb; combined limits of LAT and IACTs 

observaaons of dwarf galaxies

´Upper and lower limits of band in Fig. 4 lem bb annihilaaon of 2202.03076; limits from radio image of the 
LMC with ASKAP

´Fig. 8 top lem bb, Einasto annihilaaon of 2207.10471; HESS analysis of 546h observaaons of the Galacac 
center

´ Future projecaons:
´Fig.14 lem bb of hnps://arxiv.org/pdf/2007.16129; CTAO sensiavity for GC observaaons

´Fig. 19 of 1802.01055 bb; Projected sensiavity to dark maner annihilaaon combining LSST discoveries of 
new Milky Way satellites, improved spectroscopy of these galaxies, and conanued FermiLAT observaaons
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Inelastic DM: details - colliders

´ LHC sensitivities: estimate taken from https://arxiv.org/pdf/1810.01879.

23/6/25Monica D'Onofrio, DM&DS at Collider and interplays37

https://arxiv.org/pdf/1810.01879


Dark photons: details
´ Model description

´ Dark photons Aʹ are massive vector particles with the Lagrangian

´ For the masses mAʹ≪mZ, Aʹ interacts as a massive photon, with the coupling suppressed by ϵ.
´ Issue - theoretical uncertainties in the production of dark photons with mass O(1) GeV.

´ Available sensitivities
´ Belle II: (the curve "VisibleDarkPhoton_50invab.txt")
´ SHiP: sensitivity in the plane mAʹ [GeV]−ϵ2 (taken from the SHiP ESPP submission).
´ NA62: Production mode: Bremsstrahlung + meson mixing + light meson decays (without time-like form factor)

´ Projections based on Fig. 7 in arXiv:2502.04241, updated to 1018 PoT

´ NA64: Fig. 3 top right of the NA64 input to ESPP (e−Z→e−ZAʹàe+e-), Bremsstrahlung production + visible decay, taken 
from https://arxiv.org/abs/2305.01715

´ Faser 2: Fig.4.4 in arxiv:2203.05090
´ LHCb: Run 3 and Run 4 projections for inclusive Aʹ→e+e- from Fig.1 in LHCb Snowmass projection
´ Belle II: Fig.11 in arxiv:2207.06307
´ Muon Collider: Fig. 6 in arxiv:2412.09681 (gZ>>gD) Muon Collider production modes: associated production + Brem.

23/6/25Monica D'Onofrio, DM&DS at Collider and interplays38

https://arxiv.org/pdf/2504.06692
https://arxiv.org/abs/2305.01715


Dark photons: details
´ Available constraints – colliders 

´ FCCee - Private Communication. Available also data from Fig. 6 in arxiv:2412.09681 - FCC-ee: associated production + Z decays to Z' at the Z pole (ZH should be 
rescaled to 10 ab−1)

´ CEPC: Fig 8 in arxiv.org:1503.07209. Resonant production with ISR (radiative return)

´ HL-LHC is rescaled from CMS dark photon results (scouting plus offline trigger strategies, JHEP 12 (2023) 070 and PRL 124 (2020) 131802)

´ FCC-hh is rescaled from CMS dark photon results (scouting plus offline trigger strategies, JHEP 12 (2023) 070 and PRL 124 (2020) 131802). Cross section ratio are 
averaged over the mass interval and have been computed by Tim Cohen.

´ ILC 250 GeV 3ab-1: The plot is an update from Figure 123 in the ECFA 
report: https://indico.cern.ch/event/1439855/contributions/6461549/attachments/3045922/5381868/ECFA_HETFactories_Backup_FullReport_indicov1.pdf. It 
includes updated luminosity and doing a likelihood ratio weighting of the two polarisations.

´ LHeC: Fig. 5 top left (Pt(X)>5 GeV, N=10 expected dark photon decay. Zero background assumed.

´ Available constraints – accelerator-based 
´ NuCal, CHARM: computed using the approach of https://arxiv.org/abs/2409.11096 (mAʹ [GeV]−ϵ)

´ LHCb, NA48, Orsay, NA64 - taken from the FORESEE repository.

´ SN+cosmo: taken from 2502.01731 + to cite the future overview papers ("The Heavy Dark Photon Handbook: Cosmological and Astrophysical Bounds", A. Caputo, 
F. D'Eramo, Jaeyoung Park, Seokhoon Yun, "The Dark Photon: a 2025 Perspective", A. Caputo & R. Essig, Encyclopedia for Particle Physics 2025)

´ FASER: provided by Roshan Mammen and Felix Kling; basically, 27 fb^-1 + 57 fb^-1 curves 
from https://arxiv.org/pdf/2308.05587, https://arxiv.org/pdf/2410.10363

´ SHIFT: taken from https://arxiv.org/abs/2406.08557

´ DarkQuest: taken from https://arxiv.org/abs/2203.08322

´ FASER@HL-LHC: provided by Roshan Mammen and Felix Kling
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ALPs: details
´ Model and conventions

´ We are using the Lagrangian: 
and plotting the coupling gaγγ in units of GeV−1 against the mass ma in units of GeV.

´ Things to be careful of/make clear:
´ Some regions assume the ALP is invisible (i.e. decays outside the detector or decays into unknown invisible particles), which may not be a good 

assumption for some mass/coupling ranges

´ The FCC-ee Z pole regions assume that CWW=0

´ FCC sensitivities
´ Z pole (e+e−→Z→γa)

´ note that these regions are always under the assumption that CWW=0 (see p3 of https://arxiv.org/pdf/2502.08411). Darker yellow region labelled 
"FCCee Z-pole" from the FCC feasibility study fig 30 (p43) https://arxiv.org/pdf/2505.00272. Original ref https://arxiv.org/pdf/2502.08411. 

´ FCC-ee mono-photon is the lighter yellow region labelled "FCCee Z-pole" from the FCC feasibility study fig 30 
(p43) https://arxiv.org/pdf/2505.00272. Original ref https://arxiv.org/pdf/2502.08411. 

´ Both original datafiles are using a different Lagrangian 

than our convention above, as given in https://arxiv.org/pdf/2502.08411 Equation (2.1):
´ They present the limits on CγγΛ[TeV−1]. So the conversion to our conventions is: gaγγ[GeV−1]=10−3×4e2CγγΛ[TeV−1]. 

´ γγ→a→γγ
´ FCC-ee and FCC-Pb: all these regions (i.e. all not labelled Z pole)  are from the FCC feasibility study fig 30 (p43). The FCC-ee constraints here come 

from the original ref 2310.17270, while the FCC-hh and heavy ion constraints refer to a paper "in preparation". File received from Patricia Rebello 
Teles (patricia.rebello.teles@cern.ch). The definition of the coupling is as in https://superchic.hepforge.org/superchic4.2.pdf process (68) page 19 
(i.e same as our conventions).
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ALPs: details (2)
´ Muon collider

´ the bound is simply a straight line, bounds given here: Figure 20.3.2 of h6ps://arxiv.org/abs/2504.21417, which originally comes 
from h6ps://arxiv.org/pdf/2111.13220 DigiZsing these: gaγγ<1.06×10−2TeV−1 (95%CL, 10TeV muon collider), and gaγγ<3.60×10−2TeV−1 (95%CL, 3TeV muon 
collider), for the mass range 2.5MeV<ma<100GeV. 

´ **NB this assumes an invisible ALP

´ ALICE

´ From Figure 76 (p126) of h6ps://arxiv.org/pdf/2211.02491, which cites h6ps://arxiv.org/pdf/1607.06083 for the procedure. Received from Andrea Dainese 
(andrea.dainese@pd.infn.it). In the file names, “ideal” is the case with calorimeter and “eff” is the case with 5% photon efficiency without calorimeter (conversion 
reconstrucZon in the tracker). 

´ Belle II

´ This is the projecZon region from Fig 10 (p34) of h6ps://arxiv.org/pdf/2207.06307, originally taken from h6ps://arxiv.org/abs/1709.00009.

´ ILC and CLIC

´ Many of these same as in previous briefing book, which had regions for ILC-500, CLIC-380, CLIC-1500 and CLIC-300

´ New in this year's update is a projecZon for an ILC-250 beam dump mode - this is in Figure 44 of the Linear Collider Vision input, and comes from Fig 2 
of h6ps://arxiv.org/pdf/2009.13790.

´ Beam dump and collider-based sensiGviGes

´ DefiniZon of the ALP coupling gaγγ adopted for the sensiZviZes:

´ The sensiZviZes below are in the plane ma in GeV - gaγγ in GeV−1.

´ NA62-dump, NA64, LUXE-Nprod, FPF, DarkQuest - taken from 2310.17726, Fig. 27 (Belle II, FPF - already confirmed that the sensiZviZes are up-to-date).

´ SHiP - taken from the CollaboraZon.
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HNL: Details 
´ Simplified benchmark model: HNLs N with the mixing solely to the muon neutrinos. The mixing is given by the mixing 

angle Uμ (BC7).
´ For the realistic models with non-trivial coupling pattern, the probes of most of the experiments would look very similar 

to the benchmark one.
´ Available sensitivities

´ MATHUSLA40, ANUBIS, FASER2, SHiP: taken from https://arxiv.org/abs/2505.00947

´ Downstream@LHCb: taken from https://arxiv.org/abs/2312.14016
´ FCC-ee: provided by Giacomo Polesello, based on https://arxiv.org/pdf/2505.00272. There are three curves. The meaningful choice is 

"optimistic" (corresponding to the dashed green line of Fig. 29), as the setup and technologices (and hence efficiencies, etc.) are not yet 
completely fixed.

´ ILC: provided by Filip Zarnecki, based on https://arxiv.org/abs/2312.05223, and reevaluated in the single flavor dominance. The results are 
obtained for the ILC (in Japan) running scenarios assuming total of 2 ab^-1 at 250 GeV, 4 ab^-1 at 500 GeV and 8ab^-1 at 1TeV. Input exists 
also for the electron coupling (BC6).

´ ILC beam dump mode: provided by Yasuhito Sakaki, based on https://arxiv.org/abs/2206.13523, beam energy: 125, 500 GeV, (also Giga-Z 
option); number of electrons on target: 4x1022. Input exists also for electron (BC6) and tau (BC8) couplings.

´ DUNE, HL-HLC and FCC-hh are taken from https://www.hep.ucl.ac.uk/~pbolton/plots.html#id151

´ FCC-hh-based experiments: Mid-eta setup from https://arxiv.org/pdf/2204.01622, computed for the muon mixing and s=84 TeV. 
´ FCC-eh and LHeC limits not included as targeting a different BC scenarios – to be added 

´ PREFACE: taken from https://arxiv.org/abs/2502.14598
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Dark scalar: details 
´ Higgs-like scalar S with the mixing hS and tri-linear hSS interac5ons with the Higgs boson:

´ The tri-linear coupling α is fixed by sekng Br(h→SS). Widely adopted choices (hmps://arxiv.org/abs/1901.09966):

´ BC4 model: Br(h→SS)=0; BC5 model: Br(h→SS)=0.01

´ Available sensi+vi+es
´ SHiP: taken from h^ps://arxiv.org/abs/2504.06692v1

´ MATHUSLA40, ANUBIS, FASER2, MAPP, MAPP2, CODEX-b: taken from h^ps://arxiv.org/abs/2505.00947

´ Downstream@LHCb: taken from h^ps://arxiv.org/abs/2503.23087, h^ps://arxiv.org/abs/2505.00947

´ FOREHUNT@FCC-hh: taken from h^ps://arxiv.org/abs/2306.11803

´ FPF@FCC-hh: taken from h^ps://arxiv.org/abs/2409.02163

´ DarkQuest: taken from h^ps://arxiv.org/abs/2203.08322

´ PREFACE: taken from h^ps://arxiv.org/abs/2502.14598

´ Higgs -> LLP
´ Simplified model based on the Higgs-like scalar S in which S is a long-lived parocle produced in Higgs decays. Sensiovioes of various collider experiments 

are shown in the plane of cτ and BR(h→ϕϕ), where ϕ is the light scalar mass eigenstate.

´ Limit curves for ANUBIS, CODEX-b, MATHUSLA, HL-LHC (ATLAS), and the current LHC exclusion are taken from the PBC submission (2505.00947). The 
limit for FCC-ee is obtained by rescaling the 20 GeV benchmarks from 2412.10141 to obtain a limit as funcoon of branching raoo.
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