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Experimental Evidence for Dark Matter

GALAXY EVOLUTION
CONTINUES...
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Dark Matter Halo Solar System

What is established
experimentally about
Dark Matter?

Galactic Disk

optically dark
bound to our galaxy
3 s density ~ 0.3 GeV/cm?3

dark matter particle mass: ?

interactions: very weak

Dark Energy:
10%
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Experimental Tools

N

Cosmological &
Indirect Detection
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Accelerator Production
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What could Dark Matter be? H. Murayama, ESPP2019

Mmass
[GeV]
T

microlensing etc

I 0501

too fluffy
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What could Dark Matter be? H. Murayama, ESPP2019

Mmass

[GeV]
| il

I 0501

>

too fluffy microlensing etc

QCD axion

Old sociology: dark matter candidates emerge from theories that solve
(other) problems in the Standard Model.
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What could Dark Matter be? H. Murayama, ESPP2019

Mmass

[GeV]
| il

I 0501

>
microlensing etc

vector mediation
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gravitino

c_> moduli w/
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non-thermal mass

[GeV]

New sociology: dark matter definitely exists!
Need to explain dark matter on its own.
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ESPP2026 Schema

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

vector mediation

- 901
6101

c_> moduli w/
I

o
>

gravitino non-thermal mass

[GeV]

Ultra-light: Light: heavy: Ultra-heavy:
m<eV keV<m<GeV ~ GeV<m<I0TeV m <<TeV

= | | | | | | | | | | | >
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ESPP2026 Schema
Ultralight mass range: experiment

* Dark matter as a classical wave.

Affecting e.g. eleciromagnetic response.

E—Vx§)=gaw(d§)+§}axf>

« Astrophysical/cosmological production also important.
a o

4

* Can be produced in the laboratory.

(® B

Disclaimer: showing only non-exhaustive lists.
Ultra-light: Light: heavy: Ultra-heavy:
m <eV keV < m < GeV GeV<m< [0TeV m >>TeV
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ESPP2026 Schema
Light mass range: experiment

* Light but weakly coupled. Precision is crucial.
e.q.

Missing energy experiments:

Decay volume

Beam-dump experiments:

* DM direct detection (DD) with lower threshold/lighter target:

2 2 -
m m. 10 GeV
Erecoil ~ £ 2~ 0.1keV < £ ) © -
Miarget 1 GeV Miarget - —

for m, < myype -

« Astrophysics/cosmology relevant, especially for m, < 10 MeV .
Disclaimer: showing only non-exhaustive lists.
Ultra-light: Light: heavy: Ultra-heavy:
m < eV keV < m < GeV GeV <m < [0TeV m >>TeV
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ESPP2026 Schema

Heavy mass range: experiment

« Sizable coupling but heavier.

High energy colliders crucial.

* DM direct detection most sensitive here.

E

recoil Y 2 Myarget -

m
~ mtargetV2 ~ 10keV ( " tarect ) for m

0GeV

* Indirect detection provides another strong probe.

Ultra-light: heavy: Ultra-heavy:
m < eV GeV<m< 10TeV m >>TeV
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ESPP2026 Schema

Ultraheavy mass range

« Simple (perturbative) thermal production does not work

2
. 10726 cm?/sec 01 1 m, \*
“ (oV) S\ &2 10 TeV

Coupling becomes non-perturbative for m, > 1TeV .

* Can be composite and/or non-thermally produced.

e.g. s T
Primordial Black Hole (PBH) : jL .,: /O e
o il

, 7

* DM direct detection, astrophysics, ... can probe these models.

Ultra-light: heavy: Ultra-heavy:
m < eV GeV<m< 10TeV m >>TeV
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Experimental Tools

.......... Jocelyn Monroe

Cosmological &
Indirect Detection
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Cosmology & Indirect Detection

What dark matter does with/to the environment J. Pradler

SM

-
Ty

SM
Energetic particle fluxes SM
SM
Dynamics of astrophysical
objects through gravitational Capture/scattering/accretion
interaction infonto astrophysical objects
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CMB Observables - X @ X

Rich science program associated with (ultra-)light DM CMB-S4 collaboration
] Pradler 1907.04473

10%0 1027 1024 1020 101 1015 1012 10 106 103

—————————

Light Relics

annihilation

Ultralight M Neutrino Mass
Axions ' & Warm DM
|

Axion DM Isocurvature | DM-baryon scattering

-

=

Primary CMB Low-/ CMB CMB lensin \ B-modes
g \ |

oce/yn Monroe June 26, 2025 p. 9



Indirect Detection Observables

J. Pradler
EuCAPT White Paper, arXiv:2110.10074
Super-rad
GW EMRI dephasing PBH mergers & SGWB
GW NS mergers
NS heating
CMB SD CMB SD CMB SD
/
X &7 rays Xrays 7Y, cosmic rays & V Radio, X &7y rays
Radio lines X-ray lines
Microlensing Microlensing
Structure formation Structure formation
1079V peV. 01eV  keV MeV  GeV  10°TeV  107%M, 10My 10°M,
< >
Fuzzy DM QCD axion Sterile v WIMPs PBH
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Visible Final States:

Light Dark Matter

F. Calore

e Simple thermal freeze-out scenario for s-wave annihilation
generically ruled out

* But p-wave models (many of the portals) still viable ... .. 5o dings

1024 - —— CMB (Slatyer 2016)
—== MW diffuse (Laha et al. 2020) 1030 )
RetII (Siegert et al. 2022)
10-26 M31 (Ng et al. 2019) MW diffuse
) 1028 - ',u’-\/\“\\\ _____
C‘O\ i .- Ssap=s 7T \,\\

E 10—28~ CMB E —__\', \\\
O, 1026 ! N
—~ =

S 10°%
~ 24 |

/l/ 10 —— CMB (Slatyer et al. 2016) CMB

1032 //1'///’ MW diffuse ——- MW diffuse (Essig et al. 2013)

g 1022 MW diffuse (Calore et al. 2022)

M31 (Ng et al. 2019)
10_34 T T AL T AL | T T T L T T AL | N L | N LR | ' LR | T
1072 1071 10° 10! 102 1072 1071 10° 10! 102
mpm [MGV] MpmMm [MGV]
Two-photons annihilation Two-photons decay

https://zenodo.org/record/7984451 Siegert, FC+ MNRAS'24 FC+ MNRAS'23

<
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Self-Annihilation Searches: |02 ] — Bulmcal2  — Calorotal I

i ——- Abdalla et al. 21 Regis et al. 21
Alvarez et al. 20 Eckner et al. 22
Heavy Dark Matter |
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Complementarity with Accelerator Searches

Simplified models: scalar mediators M. D’Onofrio

= Further interplays with indirect detection

= collider searches have better sensitivity for DM masses below the top mass, complementary to
indirect searches more powerful for higher DM masses.

= No major updates on the colliders side wrt ES2020 but several updates in indirect detection

™ 1020} T ] = Fermi (bb only) 10720
1 F Astrophys. J. 834 (2017) no 2, 110 E
&L 1021 2020 ] E=HESS (bb only, proj.) 10-21 E New: 2025

PRL 117 (2016) 111301

g 10722} 4 E==CTA GC (bb only, proj.) 10~22
—_— F arXiv:1508.06128 _ _oa [
<~ 1023} ] -~ FermisLSST (bb only, proj) 10738
6 o4 F .. rer_~ arXiv:1902.01055 8 _24 F FermiLAT + LSST
~ 10=%*F [ S Tl 4 =—HL-LHC, 14 TeV, 3 ab" % 10 E CEOL S e
o5 I / N..,___________.é HLHE-LHC Report: arXiv:1902.10229 tf')\ -25 b -
102} - HESS (projection) 1 = HE-LHC, 27 TeV, 15 ab"" £ 107%F
26 5 S LT NPT LLL 4 HLHE-LHC Report: arXiv:1902.10229 o 10—26 F —]
10 3 ‘ CTA GC (projection) 1 ——FCC-hh, 100 TeV, 100 ab™ -
1 0_27 . ] PRD 93 (2016) 054030 Eg 10—27 Ei
HL-LHC, 14 TeV, 3 ab ~—

1028

HE-LHC, 27 TeV, 15 ab

10-29 [ 1 10—29 ér
10-30 L ) ? 10—30 - .
Pseudoscalar model, Dirac DM a1k ‘ ‘ | ‘ ‘ | ESPPU 2026: Preliminary
107} s o 107 10° 10*
1032 A lmis 31 9% ] m,, [GeV]
1 0 1 02 1 03 1 04 European Strateq}

Mpm [GeV]
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Selt-Annihilation Searches:
Invisible Final States

IeeCube

‘:[”‘( ".lli l(‘—l[ll

107 VSK

- -

1(»)—215, i Thermal Relic Abundance Neutrmos \Prospects_

1072 107t 10V 10! 102 10° 10 10’ 1(,)" 107
m, (GeV)

Arguelles et al. Rev. Mod. Phys. 93, 35007 (2021)
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Experimental Tools

Na

Cosmological &
Indirect Detection
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Ultralight Dark Matter

Categories of Axion Search Experiments J. Vogel
» Light-Shining-Through-Wall-Searches - Magnet Magnet
(no DM assumption) _JW/\%H '%\N\/V\)Detector

» Helioscopes (no DM assumption)  [Detea

» Haloscopes
- (Conventional) Microwave cavities

- Dish antennas{dielectric/plasma 0, ___________ 4 \[Detector
Haloscopes (higher m,) U M

- Lumped element detectors (lower m,)

June 26, 2025 p.16
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Ultralight Dark Matter
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C. O’Hare, https://github.com/cajohare

J. Vogel
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Ultralight Dark Matter
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Ultralight Dark Matter
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ESPP2019 vs ESPP2026 - Lowopica ;

] CAST HB star§,':;—
Challenges / Opportunities: ] e
Large parameter space to cover! g e SRR

3 :
e Need for complementary approaches Jg :
) S -12 JURA

Mostly smaller experiments so far g |
e Now upscaling started/needed I
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HB stars. ==

-3 0

X-ray astronomy,
radio astronomy,

quantum sensing

I 1 1 I 1
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Axion Search Programme Upscaling

» Majorinternational effort: International Axion
Observatory (IAXO) and intermediate stage
BabylAXO

» Goal: Probe QCD axions at high mass end (meV-¢eV)
- Complementary to low mass searches
+ALPs+DP+...

» Mature design: upscaling technology
» BabylAXO@DESY entering construction phase

» Axion-photon, but can also study other couplings
(a-e, a-N), post-discovery science capabilities

» Includes haloscope setup for DM searches and
HFGW studies

MADMAX @ DESY scaling up

nnnnnnn

CERN magnet synergy for both

80 adjustable >
dielectric discs Parabolic cryogenic

Jocelyn Monroe ©:~1m o volume
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Direct Detection: Particle Dark Matter .

Electron Y

K
a
Ve

...
...
...
e,

(or Xe => Xe)

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

| l | l 100 Ge\lI/c2 WIMP r'nass '
1E-46 cm2 WIMP-nucleon Sl o
1L —Xe
! —Ge
A ey
Nucleus 8 -9
3
g
experimental challenges: S
1. keV-scale energy threshold +
2. <1/t/y event rate "o
3. need particle ID at ppm-ppb-ppt-ppq!

0 10 20 30 40 50 60 70 80
Recoil Energy (E,) [keV]
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Direct Detection Status & Prospects

ESPP submissions from large collaborations, networks
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Currently excluded
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New Technology
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Snowmass Cosmic Frontier Report,
arXiv:2211.09978
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Dark matter mass [GeV /c?]

Well established programme (>decade) to reach the neutrino floor > 10 GeV. Most established theoretical synergy ‘
(complementarity) and technological synergy
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Direct Detection Status & Prospects

Argon programme: DarkSide-

DarkSide-20k, currently in construction at LNGS (50 t active)
— protoDUNE-like cryostat delivered by CERN, already built underground

— will use need extraction and purification of 100 t of argon from
underground CO2 well (depleted from radioactive 39Ar)

— pioneers large area SiPM light detectors (25 m?)
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Direct Detection Status & Prospects

Argon programme: DarkSide-

DarkSide-20k, currently in construction at LNGS (50 t active)
— protoDUNE-like cryostat delivered by CERN, already built underground

— will use need extraction and purification of 100 t of argon from
underground CO2 well (depleted from radioactive 39Ar)

— pioneers large area SiPM light detectors (25 m?)

T —

Currently excluded at 90%CL

DM-nucleon ogj |

10°
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Direct Detection Status & Prospects

Argon programme: DarkSide-

DarkSide-20k, currently in construction at LNGS (50 t active)
— protoDUNE-like cryostat delivered by CERN, already built underground

— will use need extraction and purification of 100 t of argon from
underground CO2 well (depleted from radioactive 39Ar)

— pioneers large area SiPM light detectors (25 m?)
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m,y [GeV]
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Direct Detection Status & Prospects

Xenon programme XLZD

XENONNT+LZ
Reach physics reach, including DM, OvBB (136Xe), SN and solar neutrinos, double electron capture. -
R&D ongoing for drift field (3 m), internal 222Rn contamination (target: 0.1 uBg/kg)

Selection of hosting underground site (LNGS, Boulby) in 2026, TDR expected in 2027

1()713 'i\"”' T LI | T T T T TTTTH A.r)

[ 1l
W
| ]
w
B
|
|
]

Early phase Nominal Opportunity
(<40 t active) (60 t active) (80 t active)

T LR

[a—y
e
-

T T TTTTT

AN
AN
A N
| o |\\| L1l

—
—
o

\

U “JUI] UOISN[IXd JO JUSIPRIF)

T TTTTT
w

(N urp/ourp)—

[a—y
-~
(—

y -
& l’ 2 i A
»° _NBZID" (exclusion)-
200 ty (90%)
= = = 1000 ty (90%)

TS T T
DM mass [GeV /¢?]

10°

=
S,
- g
2
R
Q
L
. w2
w2
0}
@)
—
()
=
@)
9
O
=
.=
-
(e
)
P
N

Nm—— ol o ,:

[o—
-~
(-

(W)

June 26, 2025 p.23



Direct Detection Status & Prospects

Xenon programme XLZD

XENONNT+LZ
Reach physics reach, including DM, OvBB (136Xe), SN and solar neutrinos, double electron capture. -
R&D ongoing for drift field (3 m), internal 222Rn contamination (target: 0.1 uBg/kg)

Selection of hosting underground site (LNGS, Boulby) in 2026, TDR expected in 2027
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Collider Complementarity
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Scalar Simplified Models - 20 Sensitivity Reach
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Light Dark Matter
area of growth since ESPP2019
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Light Dark Matter
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Light Dark Matter

Combination of new analysis strategies

and dedicated, small experiments
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Light Dark Matter

Combination of new analysis strategies
and dedicated, small experiments
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Light Dark Matter

Combination of new analysis strategies
and dedicated, small experiments

Scalar Simplified Models - 20 Sensitivity Reach
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X
Light Dark Matter: Complementarity N
DM - electron final states access A

dark photon, ALPs portals

P. Agnes

Both DM-e and DM-N address
quasi-elastic models targeted by
accelerator searches

M. Ovchynnikov

Inetic mixing,

ap =01, my/my =1/3
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Dark photon mass [eV]
C. O’Hare, https://github.com/cajohare
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Experimental Tools
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Cosmological &
Indirect Detection
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Accelerator-Adjacent Searches
Since ESPP2019: SHIP approved!

MATHUSLA,
SHIFT MilliQan, PREFACE

North area
ProtoDUNE, NA62

NA64

MAPP, CODEX-b

FASER/FASERvV, SND@LHC
ANUBIS, FPF, advSND

|
SPS

Collider

&/
0

............ Jocelyn Monroe
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Accelerator-Adjacent Searches

Since ESPP2019: SHIP approved!

MATHUSLA,

ProtoDUNE, NA62
NA64

MAPP, CODEX-b

FASER/FASERvV, SND@LHC
ANUBIS, FPF, advSND

|
SPS

Collider
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Accelerator-Adjacent Searches

Since ESPP2019: SHIP approved!

MATHUSLA,

SHIFT

CMS

MilliQan, PREFACE

ALICE

North area

SHiP*

ProtoDUNE, NA62

L)Cb

NA64

MAPP, CODEX-

FASER/FASERvV, SND@LHC
ANUBIS, FPF, advSND

Collider
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ESPP2019 vs. ESPP2026

Big advances in LHC dark matter searches!

Caveat: model dependence In conversion s
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ESPP2032 Prediction

Case ) 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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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!
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} : ‘Summary & Outlook

* o

Dark-mdtter searches are evolving rapidly since ESPP2019..

. New technologles and ideas deployed in experiments across all scales —
strong lncubator for creativity in experimental approaches,
new anaIySIs 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!






Ultra-heavy Dark Matter

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
it traverses a detector... signal: multiple nuclear recoils

Ancient mica

Contact interaction

1012 101 108 1021 10% 10%
Dark matter mass [GeV /c?]

C. O’Hare, https://github.com/cajohare
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Ultra-heavy Dark Matter

Inflation
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Primordial
fluctuations
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Warm Dark Matter

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

100 i

Sterile neutrino dark matter can scatter
with electrons Ns e- =p 7. €

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

Constraints from indirect detection: x-ray energy
spectrum strongly limits |Ues|?
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Warm Dark Matter

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

Sterile neutrino dark matter can scatter
with electrons Ns e- =p 7. €
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Direct Detection ... any Signals: | AAAA A A I,

» DAMA/LIBRA: end of data taking by 2024 —
v Outstanding crystal development achieved, still unmatched ' g
&cry P ’ IDM2024

v A crucial anomaly in DM direct detection standing still
v’ Currently taking data with new PMT dividers since 2021
v’ Since 2021 in data taking without interruptions till Feb 2024 (Phase 2

empowered, ~0.5 ton x yr)
v' Crucial comprehensive analysis of background time dependence ongoing

 ANAIS-112 and COSINE-100
v Achieved outstanding noise events rejection in the ROI
v' Time-dependent background MC simulations: more details on systematics
v’ Stronger tests of DAMA/LIBRA accessible from preliminary analysis reported

at this meeting (goal: towards 50) S

cm copper
2,200LLS
)

Nal(Tl) crystals
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« DAMA/LIBRA: end of data taking by 2024
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v A crucial anomaly in DM direct detection standing still
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v' Crucial comprehensive analysis of background time dependence ongoing
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