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Evidence from a range of times, 
        from a range of scales 

Experimental Evidence for Dark Matter 
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What is established  
experimentally about  
Dark Matter? 

optically dark 

bound to our galaxy 

density ~ 0.3 GeV/cm3 

dark matter particle mass: ? 

interactions: very weak 

~150
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What could Dark Matter be?
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dark matter here!
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Old sociology: dark matter candidates emerge from theories that solve 
(other) problems in the Standard Model. 
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ESPP2026 Schema

mass
[GeV]

New sociology for experiments: many well-defined places to look, 
             beyond “the streetlight effect”.

dark matter here!
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Visible Final States:  
Light Dark Matter 

Amole et al., arXiv:1902.04031

Aprile et al., arXiv:1902.03234

   F. Calore
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Amole et al., arXiv:1902.04031

Aprile et al., arXiv:1902.03234

Self-Annihilation Searches: 
Heavy Dark Matter 

Dwarf Spheroidal Galaxies
Current Constraints

Prospects

F. Calore
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Higgsino DM exclusion in reach of CTA  
by end of decade
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Higgsino DM exclusion in reach of CTA  
by end of decade



Amole et al., arXiv:1902.04031

Aprile et al., arXiv:1902.03234

Complementarity with Accelerator Searches 

M. D’Onofrio
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Self-Annihilation Searches: 
Invisible Final States  

Amole et al., arXiv:1902.04031
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Ultralight Dark Matter  
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ESPP2019 vs ESPP2026 
Challenges / Opportunities: 
Large parameter space to cover!  
• Need for complementary approaches 
Mostly smaller experiments so far 
• Now upscaling started/needed 

    ESPP2019

“near-term”  
   ~ 5-10 years 

“long-term” 
   > 10 years
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ESPP2019 vs ESPP2026 

Cross-cutting 
topics:  

X-ray astronomy, 
radio astronomy, 
NMR,  
gravitational 
waves,  
quantum sensing 
… 

Challenges / Opportunities: 
Large parameter space to cover!  
• Need for complementary approaches 
Mostly smaller experiments so far 
• Now upscaling started/needed 
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—J. Vogel

Axion Search Programme Upscaling J. Vogel
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MADMAX @ DESY scaling up 

CERN magnet synergy for both
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γ γ

1

  0.01

100 GeV/c2 WIMP mass
1E-46 cm2 WIMP-nucleon SI σ

Signal: χN ➙ χN  
            (or  χe- ➙ χe-)

experimental challenges:  

1. keV-scale energy threshold +  
2. <1/t/y event rate 
3. need particle ID at ppm-ppb-ppt-ppq!  

scattering kinematics: v/c ~ 8E-4!

Direct Detection: Particle Dark Matter 
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Snowmass Cosmic Frontier Report,  
arXiv:2211.09978

H
ow

 do w
e get here?

Direct Detection Status & Prospects 
ESPP submissions from large collaborations, networks
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   P. Agnes
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~10 yrs
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limits on branching ratio 
translated to limits on cross 
section vs. mass

Collider Complementarity 
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Direct detection  
Current constraints

Direct detection  
Current constraints

Caveat: model dependence In conversion

Higgs Portal 
Scalar DM

Higgs Portal 
Majorana DM
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Snowmass Cosmic Frontier Report,  
arXiv:2211.09978Light Dark Matter  

area of growth since ESPP2019

how do we get here?
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~tonne x year

~g x day
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Snowmass Cosmic Frontier Report,  
arXiv:2211.09978

L. Canonica, IDM2024

Light Dark Matter  

how do we get here?

area of growth since ESPP2019
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Combination of new analysis strategies 
and dedicated, small experiments

Light Dark Matter  

C. O’Hare, https://github.com/cajohare  
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Since ESPP2019, increased focus on 
electron final states 

Combination of new analysis strategies 
and dedicated, small experiments

  Jocelyn Monroe                                                                                                                                           June 26, 2025  p.25

Light Dark Matter  
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Light Dark Matter  

Combination of new analysis strategies 
and dedicated, small experiments

Since ESPP2019, increased focus on 
electron final states 
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Light Dark Matter: Complementarity 

   P. Agnes

DM - electron final states access  
dark photon, ALPs portals

 Both DM-e and DM-N address  
 quasi-elastic models targeted by  
 accelerator searches
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M. Ovchynnikov
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Accelerator-Adjacent Searches

Since ESPP2019: SHIP approved! 
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ESPP2019 vs. ESPP2026 

M. D’Onofrio
Big advances in LHC dark matter searches!

Caveat: model dependence In conversion

ESPP2019

9.3. DARK MATTER AND DARK SECTORS AT COLLIDERS 149
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and DD experiments exclude the areas above the curves.

9.3. DARK MATTER AND DARK SECTORS AT COLLIDERS 149

1 10 102 310
mχ [GeV]

−5010

−4910

−4810

10−47

−4610

−4510

10−44

σ
(χ

-n
uc

le
on

)[
cm

2 ]
SI

Direct searches, Majorana DM
Higgs Portal model

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

XENON1T

PRL 121 (2018) 111302
XENON1T

PandaX

PRL 117 (2016) 121303
PandaX

LUX PRL 118 (2017) 021303
LUX

DarkSide-Argo (proj.)

DarkSide-Argo EPPSU submission

DarkSide-Argo (proj.)

DARWIN-200 (proj.)

JCAP 11 (2016) 017

DARWIN-200 (proj.)

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

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

Higgs PPG, arXiv:1905.03764

CEPC, FCC-ee240, ILC250: BR<0.3%

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

1 10 102 310
mχ [GeV]

−4810

10−47

−4610

−4510

10−44

−4310

10−42

σ
(χ
-n
uc
le
on
)[
cm

2 ]
SI

Direct searches, Scalar DM

XEN
ON1

T

PRL 121 (2018) 111302
XENON1T

Pand
aX

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

DarkSide-Argo (proj.)

DARWIN-200 (proj.)

JCAP 11 (2016) 017

DARWIN-200 (proj.)

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

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

Higgs PPG, arXiv:1905.03764

CEPC, FCC-ee240, ILC250: BR<0.3%

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

Higgs Portal model

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

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.

ESPP2019

ESPP2019

Higgs Portal 
Scalar DM

Higgs Portal 
Majorana DM



SI
M

P

Q
C

D
 a

xi
on

gravitino

st
er

ile
 n

eu
tr

in
o

as
ym

m
et

ri
c 

D
M

WIMP

de
fe

ct
s

non-thermal

Case 2) we have not discovered dark matter, yet. We will be searching for 
dark matter beyond the places we already know how to look! 

10
19

moduli w/
vector mediation

ESPP2032 Prediction

10
–10

10
0

10
6mass

[GeV]

Case 1) we have discovered dark matter.  
Probably it’s a surprise! We are trying to figure 
out what it is with complementary techniques.
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Summary & Outlook 
Dark matter searches are evolving rapidly since ESPP2019… 

New technologies and ideas deployed in experiments across all scales —  
strong incubator for creativity in experimental approaches,  
new analysis strategies, and technology innovation. 

Important progress has been, and will continue to be, made by relatively  
small/rapid projects.  This is great for training and skills development.  

Dark Matter and Dark Sectors have important complementarity                     
across a (uniquely) broad range of non-accelerator and  
accelerator-based experimental techniques. 

Strong support in ESPP inputs for diversity of experiments/techniques. 

Complementary measurements required for a convincing discovery! 
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Planck-scale dark matter may be produced non-thermally in GUTs,                                           
primordial black hole radiation or extended thermal production                                                             

Unlike WIMPs, super heavy dark matter may scatter multiple                                              times as 
it traverses a detector… signal: multiple nuclear recoils
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Ultra-heavy Dark Matter
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Warm Dark Matter

48

Constraints from indirect detection: x-ray energy 
spectrum strongly limits |Ue4|2 

Constraints on |Ue4|2 from beta decay: energy  
spectrum modified by sterile neutrino mixing. 

Sterile neutrino dark matter can scatter 
 with electrons NS e-       νe e- 

Dragoun, Venos, Phys. 3 (2016) 77-113

Weinheimer, ESPPU’19
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Direct Detection … any Signals? 

Amole et al., arXiv:1902.04031

Aprile et al., arXiv:1902.03234
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Exclude DAMA at ~3 sigma


