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Dark Matter on all Scales

[Planck, 1502.01589]

[Rubin, Ford & Thonnard (1980)][astro-ph/0006397]
[Illustris, 1405.2921]

CMB

Galaxies
Galaxy clusters

Dark Matter makes up ~85% of the mass of the Universe!

https://arxiv.org/abs/1502.01589
https://ui.adsabs.harvard.edu/abs/1980ApJ...238..471R
https://arxiv.org/abs/astro-ph/0006397
https://arxiv.org/abs/1405.2921
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Local Dark Matter Density
DM density on Earth:

<latexit sha1_base64="BEg4QrAlBWHXbgVFQHklxf+U2Vw="></latexit>
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https://arxiv.org/abs/2004.11688
https://arxiv.org/abs/2304.00319
https://arxiv.org/abs/1204.1339
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Where should we look for Dark Matter?

Where in parameter space?

 
Where in signal space? 

Where in physical space? DM in extreme environments (e.g. around black holes)

DM mass scales and target models

New signals in light DM searches
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Dark Matter Mass Range
D

M
 M

as
s

10°84 10°75 10°66 10°57 10°48 10°39 10°30 10°21 10°12 10°3

MØ

10°27 10°18 10°9 100 109 1018 1027 1036 1045 1054

mproton

10°18 10°9 100 109 1018 1027 1036 1045 1054 1063

eV
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Wave-like (or “Fuzzy”) Dark Matter [Review, 2101.11735] 

[King's C
ollege London, 2025] 

[Zimmerman et al, 2405.20374]

<latexit sha1_base64="Z/PsJSb2AtNzY+Y4f8cBRIf+3do="></latexit>

mDM = 2.3⇥ 10�22 eV

Reconstruct DM density from 
stellar dynamics in dwarf galaxies

Compare with expected density 
from wave-like DM (using 

Schrodinger-Poisson equation)

Very light DM can have !λdB ∼ Rgalaxy

https://arxiv.org/abs/2101.11735
https://www.kcl.ac.uk/news/dwarf-galaxies-reveal-new-lowest-mass-for-dark-matter
https://arxiv.org/abs/2405.20374
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Wave-like (or “Fuzzy”) Dark Matter [Review, 2101.11735] 

[King's C
ollege London, 2025] 

[Zimmerman et al, 2405.20374]
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mDM = 2.3⇥ 10�21 eV
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mDM > 1.74⇥ 10�20 eV

[Liu, Gong & Liao, 2512.01361] 

Joint analysis of the Milky Way (MW) and Andromeda 
(M31) satellite galaxies gives an even stronger bound:

Reconstruct DM density from 
stellar dynamics in dwarf galaxies

Compare with expected density 
from wave-like DM (using 

Schrodinger-Poisson equation)

Very light DM can have !λdB ∼ Rgalaxy

https://arxiv.org/abs/2101.11735
https://www.kcl.ac.uk/news/dwarf-galaxies-reveal-new-lowest-mass-for-dark-matter
https://arxiv.org/abs/2405.20374
https://arxiv.org/abs/2512.01361
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Very light DM ( ) 
has wave-like properties on 
astrophysical scales, 
spoiling galactic structure

≲ 10−22 eV
[Tremaine & Gunn (1979)]

DM lighter than ~100 eV must 
be bosonic (fermions cannot 
be packed to high enough 
densities in galaxies)

https://link.aps.org/doi/10.1103/PhysRevLett.42.407
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Compact Object DM
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[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 2007.10722]

[Other reviews: 1801.05235, 

2002.12778, 2006.02838]

[Stegmann et al., 1910.04793]

DM in the form of compact 
objects (e.g. black holes) 

dynamically heats the stars in 
dwarf galaxies, disrupting the 

stellar density profiles

Constraints on primordial black hole as DM:

http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/1801.05235
https://arxiv.org/abs/2002.12778
https://arxiv.org/abs/2006.02838
https://arxiv.org/abs/1910.04793
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Axion Dark Matter

CP violation would give rise to a neutron 
electric dipole moment . 


However, there is no evidence of CP 
violation in Strong interactions.

dn ∼ 10−16 θ̄ e cm

Quantum Chromodynamics (QCD), the theory of the strong force, could have a large 
Charge-Parity (CP) violating term:

Axions provide a dynamical solution to 
the Strong CP Problem (why )!θ̄ ∼ 0

Gluon field strength
<latexit sha1_base64="utQQ8yRB4ZXDBckEsYL3qBYXWwQ="></latexit>

LQCD � ✓̄
1

32⇡2
GG̃

Can be good DM candidates in the 
(rough) mass range ma ≈ 1 − 1000 μeV

https://cajohare.github.io/AxionLim
its/ 

https://cajohare.github.io/AxionLimits/
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[Griest & Kamionkowski, PRL, 1990]

DM with  would 
be overproduced in the early 
Universe (“Unitarity Bound”)

m ≳ 100 TeV

Can be produced with the correct 
abundance in the early Universe, 
through contact with the Standard 

Model (“Thermal” DM)
DM with  will be 
relativistic during Big Bang 

Nucleosynthesis (BBN), spoiling 
the yields of light elements

m ≲ MeV

[E.g. Sabti et al., 1910.01649]
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WIMP-like Dark Matter, χ

[Inspired by slides from Gordon Krnjaic]

Ultralight 

(Wavelike) DM

Macroscopic

DM
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1019 GeV

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.64.615
https://arxiv.org/abs/1910.01649
https://indico.ifca.es/event/1199/contributions/9557/
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Freeze-out
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)

Yeq(x)

Cosmic Time

Dark Matter ‘Yield’

(~ total DM number)

If DM-SM interactions are strong enough, 
DM is initially in thermal equilibrium

As the Universe cools and expands, 
these interactions become ineffective 
and the DM number freezes out

Increasing DM annihilation 
cross-section, reduces DM 
abundance

Correct DM abundance achieved for ⟨σv⟩ ≈ 3 × 10−26 cm2 s−1 roughly Weak scale 
masses and couplings

SM DM

DMSM
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Where in signal space?

SM*DM

SMDM

Di
re

ct
 D

et
ec

tio
n

Indirect Detection

*Standard Model 

(quarks, electrons, photons etc)

Collider  Searches
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Collider Searches for WIMPs
SM DM

?

DMSMThe same interactions which produce DM early 
in the Universe can be used to search for DM in 
colliders (e.g. proton-proton collisions):

Spin-1 Portal 2HDM+a Stealth SUSY

[C
re

di
t: 

C
M

S/
C

ER
N

]

[See talks on Tuesday by Alberto Escalante del 
Valle and Tamara Vázquez Schröder]
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Indirect detection of Dark Matter

Aquarius simulation - 0809.0898

Look for signals of Dark Matter annihilation in

 regions of large DM density!

<latexit sha1_base64="+tF/HDIc4wUg1OEvMu/XTq2jG1M="></latexit>

d��

dE�
=
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h�annvi
2m2

�

dN�

dE�
⇥
Z

d⌦
d⌦0

Z

los
⇢2dl (r, ✓0)

Annihilation cross section

 (particle physics)

Gamma-ray spectrum

(annihilation channel)

DM density distribution

(astrophysics)

WIMP annihilation:

[0806.2911]

1012.4515

https://arxiv.org/abs/0809.0898
https://arxiv.org/abs/0806.2911
https://arxiv.org/abs/1012.4515
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Gamma-ray constraints

[Fermi, 1503.02641]

Fermi constraints from 15 Dwarf Spheroidal Galaxies:

Leo II Dwarf Galaxy

(Satellite of the Milky Way)

Exact constraints depend on annihilation channel 
( , etc.)χχ → bb̄, χχ → W+W−, χχ → e+e−

[See also the talk by 

Javier Rico this afternoon]

https://arxiv.org/abs/1503.02641
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Long live the WIMP

[1805.10305]

Take the weakest constraint from Fermi and AMS to find the 
region ruled out by DM annihilation to visible SM particles:

Gamma-rays

Cosmic rays

The ‘classical’ WIMP 
is alive and well. 

https://arxiv.org/abs/1805.10305
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Direct Detection of Dark Matter <latexit sha1_base64="28mNECJiSKD4UnDwutKGpoUFDUE="></latexit>

Rate ⇠ ⇢DM ⇥ vDM ⇥ � ⇥Ntarget

DM SM

Key detector requirements:
• Low energy threshold

• Low backgrounds

• Large target mass (  )Ntarget ↑

<latexit sha1_base64="ev5+s6cjarbrQ6Utc5/kMn55QLY="></latexit>

hvDMi ⇠ 300 km/s

⇠ 10�3 c

<latexit sha1_base64="/HQ5uTSJs20iO34L7eVZrrEfv3c=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwIXXGanVZVNCNUME+oFNLJk3b0GRmSDJCGeZL3PgrblwoIrjSvzHTTkFbDwROzrmXe+9xA0alsqxvIzM3v7C4lF3OrayurW+Ym1s16YcCkyr2mS8aLpKEUY9UFVWMNAJBEHcZqbuDi8SvPxAhqe/dqWFAWhz1PNqlGCkttc0TR/T9tsOR6gseXd7E0JGUQ6tQdA4m6hWpxYeTD+bxfbFt5q2CNQKcJXZK8iBFpW1+Oh0fh5x4CjMkZdO2AtWKkFAUMxLnnFCSAOEB6pGmph7iRLai0Xkx3NNKB3Z9oZ+n4Ej93REhLuWQu7oyWVJOe4n4n9cMVfesFVEvCBXx8HhQN2RQ+TDJCnaoIFixoSYIC6p3hbiPBMJKJ5rTIdjTJ8+S2lHBLhVKt8f58nkaRxbsgF2wD2xwCsrgGlRAFWDwCJ7BK3gznowX4934GJdmjLRnG/yB8fUDIsyihA==</latexit>

⇢DM ⇠ 0.3GeV/cm3

Aim to constrain (detect?) DM  
scattering cross section σ
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Direct Detection Landscape
[APPEC

, arXiv:2104.07634]
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OUTDATED (c. 2021) SUSY?

We typically don’t worry too much about obtaining the correct relic density, as long as the DM is Weak Scale. 

[See also the talk by Maria Martinez next]
[G

AM
BIT, 1705.07935]

https://arxiv.org/abs/2104.07634
https://arxiv.org/abs/1705.07935
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For sub-GeV DM, we want to come up with viable models for DM-electron scattering…

[See also the talk by Maria Martinez next]
[G

AM
BIT, 1705.07935]

https://arxiv.org/abs/2104.07634
https://arxiv.org/abs/1705.07935
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Benchmark Models in Parameter Space

Dark Photon Mediator: Add a dark photon (A’) that 
mixes with the ordinary photon. This acts as a portal 
between the hidden sector and the SM, coupling to both 
protons and electrons 

[Slides inspired by Núria Castello-Mor]
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)
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Freeze-in

Cosmic Time

Dark Matter ‘Yield’

(~ total DM number)

If DM-SM interactions are very weak, 

DM never reaches thermal equilibrium

DM is slowly populated by SM 
interactions

Increasing DM annihilation 
cross-section, increases DM 
abundance

These models are typically hard to probe experimentally, but a light mediator can enhance direct detection 
cross section…

e DM

DMe

[Hall et al., 0911.1120]

https://arxiv.org/abs/0911.1120
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Benchmark Models in Parameter Space

[Slides inspired by Núria Castello-Mor]

Dark Photon Mediator: Add a dark photon (A’) that 
mixes with the ordinary photon. This acts as a portal 
between the hidden sector and the SM, coupling to both 
protons and electrons 

Relevant mechanism depends 
on dark photon mass
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Benchmark Models in Parameter Space

[DAMIC-M Collaboration, 2302.02372]

OUTDATED (c. 2023)

https://arxiv.org/abs/2302.02372


24

Benchmark Models in Parameter Space

[DAMIC-M Collaboration, 2302.02372]

DM OverproducedDM Overproduced

DM Overproduced

OUTDATED (c. 2023)

https://arxiv.org/abs/2302.02372
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Beyond Benchmark Models

[Bhattiprolu et al., 2312.14152]

<latexit sha1_base64="Ju5+8eI6hvBwBHnuuYO+PeK8NEw=">AAACFnicbVDLSgMxFM34rPU16tJNsAgutMyIVJdFN26EivYBnaFk0kwnNJkMSUYpQ7/Cjb/ixoUibsWdf2Om7aK2Hrhwcs695N4TJIwq7Tg/1sLi0vLKamGtuL6xubVt7+w2lEglJnUsmJCtACnCaEzqmmpGWokkiAeMNIP+Ve43H4hUVMT3epAQn6NeTEOKkTZSxz7xONKR5NndzdA7nnpAT9JepJGU4hF6OKJ5deySU3ZGgPPEnZASmKDWsb+9rsApJ7HGDCnVdp1E+xmSmmJGhkUvVSRBuI96pG1ojDhRfjY6awgPjdKFoZCmYg1H6vREhrhSAx6YznxvNevl4n9eO9XhhZ/ROEk1ifH4ozBlUAuYZwS7VBKs2cAQhCU1u0IcIYmwNkkWTQju7MnzpHFadivlyu1ZqXo5iaMA9sEBOAIuOAdVcA1qoA4weAIv4A28W8/Wq/VhfY5bF6zJzB74A+vrFyQhn/8=</latexit>

SMSM ! ��
<latexit sha1_base64="9aU/7Eu8eEkLF5S5Ud15NeypRJw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6SWaz6pfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42v3dKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjJ7ngy4QmbExBLKFLe3EjaiijJjIyrZELzll1dJ66Lq1aq1+8tK/SaPowgncArn4MEV1OEOGtAEBgKe4RXenEfnxXl3PhatBSefOYY/cD5/AEdZkCU=</latexit>

  

Different DM spins and mediators More complicated Dark Sector

[See also e.g. 2507.15956, 2603.16863, 2603.03444] 

[SNOWMASS 2021, 2203.08297]

(Heavy Mediator)
(Light Mediator)

https://arxiv.org/abs/2312.14152
https://arxiv.org/abs/2507.15956
https://arxiv.org/abs/2603.16863
https://arxiv.org/abs/2603.03444
https://arxiv.org/abs/2203.08297
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New directions in Signal Space
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OUTDATED (c. 2021)

We typically don’t worry too much about obtaining the correct relic density, as long as the DM is Weak Scale. 
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SUSY?

[APPEC
, arXiv:2104.07634]

[G
AM

BIT, 1705.07935]

https://arxiv.org/abs/2104.07634
https://arxiv.org/abs/1705.07935
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Daily Modulation

If DM has a moderately large scattering cross-section, it may scatter before reaching the detector, 
distorting the flux [Collar & Avignone, PLB 275, 1992] 

[DaMaSCUS by Emken & Kouvaris, 1706.02249]

[BJK et al., 1611.05453, 1712.04901, 2511.10589]

Mean DM flux from above

Mean DM flux from below

Flux at the detector can be solved using full Monte Carlos simulations of DM trajectories

Recent progress in fast semi-analytic estimates of the signal

https://www.sciencedirect.com/science/article/pii/0370269392908733/pdf?md5=407cba7f18077df6ce5d9955c8d67296&pid=1-s2.0-0370269392908733-main.pdf&_valck=1
https://arxiv.org/abs/1706.02249
https://arxiv.org/abs/1611.05453
https://arxiv.org/abs/1712.04901
https://arxiv.org/abs/2511.10589
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Daily Modulation Searches

LBC Data

[DAMIC-M Collaboration (including BJK), 2307.07251]

This daily modulated signal allows you to beat an otherwise irreducible (time-independent) background:

[See also SENSEI Collaboration, 2510.20889] 

https://arxiv.org/abs/2307.07251
https://arxiv.org/abs/2510.20889
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Solar Reflected DM

[Emken et al., 2102.12483, 2404.10066]

Dark Matter may also scatter in the Sun off hot protons and electrons and be reflected towards us. 

[An et al., 2108.10332]

Detailed Monte Carlo simulations show complicated mass+cross section dependence (depends on 
whether the DM can penetrate into the hotter centre of the Sun, or scattered in the cool outer layers).

<latexit sha1_base64="bq5/23+5AKJjECdWsSn2KyRVcfc="></latexit>

Tcore ⇡ 107 K

Tsurf ⇡ 104 K

https://arxiv.org/abs/2102.12483
https://arxiv.org/abs/2404.10066
https://arxiv.org/abs/2108.10332
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Solar Reflected DM Searches

[Emken et al., 2102.12483, 2404.10066]

Dark Matter may also scatter in the Sun off hot protons and electrons and be reflected towards us. 

[An et al., 2108.10332]

[SENSEI, 2312.13342]

<latexit sha1_base64="bq5/23+5AKJjECdWsSn2KyRVcfc="></latexit>

Tcore ⇡ 107 K

Tsurf ⇡ 104 K

https://arxiv.org/abs/2102.12483
https://arxiv.org/abs/2404.10066
https://arxiv.org/abs/2108.10332
https://arxiv.org/abs/2312.13342
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Cosmic Ray Upscattered DM

[Bringmann & Pospelov, 1810.10543]
[Ema et al., 1811.00520]

Proton Spectrum (x0.01) Electron + Positron

Spectrum

Credit: Particle Data Group (2020)

Primary CRs Secondary CRs

https://arxiv.org/abs/1810.10543
https://arxiv.org/abs/1811.00520
https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cosmic-rays.pdf
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Cosmic Ray Upscattered DM

[Bringmann & Pospelov, 1810.10543]
[Ema et al., 1811.00520]

Proton Spectrum (x0.01) Electron + Positron

Spectrum

Credit: Particle Data Group (2020)

Primary CRs Secondary CRs

DM

https://arxiv.org/abs/1810.10543
https://arxiv.org/abs/1811.00520
https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cosmic-rays.pdf
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Cosmic Ray Upscattered DM

[Alvey et al., 2209.03360]

Large neutrino detectors

 are sensitive!

[Ema et al., 1811.00520]

DM-proton scattering DM-electron scattering

DM can be upscattered to relativistic speeds ( )E ∼ GeV

https://arxiv.org/abs/2209.03360
https://arxiv.org/abs/1811.00520
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Broadening the search
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Exclusion at 95% CL

Observed

Expected

[arXiv:1909.04114]
)-1 (77 fbBoosted dijet

[arXiv:1802.06149]
)-1 (19.7 fbDijet w/ btag

[arXiv:1911.03761]
)-1 (18.3 fbDijet w/ ISR j

[arXiv:1911.03947]
[arXiv:1806.00843]

)-1 (35.9-137 fbDijet

[arXiv:2107.13021]
)-1 (137 fbDM + j/V(qq)

[arXiv:1810.00196]
)-1 (35.9 fbγDM + 

[arXiv:2008.04735]
)-1 (137 fbDM + Z(ll)

 DM = 2 x mMedM

 0.12≥ 2 hcΩ

New technologies, lower thresholds, larger exposures, higher energies…

[APPEC, 2104.07634]

[Abazajian et al., 2003.10416]

[CMS, DM Summary Plots]

Indirect searches

Direct Searches

Collider Searches

https://arxiv.org/abs/2104.07634
https://arxiv.org/abs/2003.10416
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV?sortcol=0;table=4;up=0#sorted_table
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Where in physical space?
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Where in physical space?

[Credit: NASA’s Goddard Space Flight Center; 

background, ESA/Gaia/DPAC]

Higher densities, larger magnetic fields, longer timescales…

[Credit: Casey Reed (Penn State University),

Wikimedia Commons]

Black Holes Neutron Stars

[Baryakhtar et al. (including BJK), 2203.07984]

Dark Matter in extreme astrophysical environments:

https://arxiv.org/abs/2203.07984
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Dark Matter Spikes

Dense ‘spikes’ of DM may form from the slow (‘adiabatic’) growth of a BH at the centre of a DM halo

[astro-ph/9906391, astro-ph/0509565, 1305.2619, …]

*Also possible around BHs which form from large density 
fluctuations in the early Universe (i.e. Primordial Black Holes)

[Bertschinger  (1985), astro-ph/0608642, 
1901.08528, …]

https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/astro-ph/0509565
https://arxiv.org/abs/1305.2619
https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/1901.08528
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Dark Matter Mounds

[Bertone et al. (including BJK), 2404.08731]

[Dunn et al., 1803.01007]

NFW Dark Matter Halo 

at high redshift z ≳ 15 Supermassive ‘star’ Direct Collapse Black Hole 

+ Dense DM Spike/Mound

mDCBH ∼ 103 − 105 M⊙

*Precise details of formation affect slope

 and density of DM very close to BH

[Caiozzo et al. (including BJK), 2512.09985]

The BH may experience subsequent 
growth to become supermassive

https://arxiv.org/abs/2404.08731
https://arxiv.org/abs/1803.01007
https://arxiv.org/abs/2512.09985
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DM Annihilation Signals
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[0806.2911]

<latexit sha1_base64="ndw/pLhFUC+xTF9bLaFWop6ULrQ="></latexit>
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<latexit sha1_base64="b1hcuAveNYXB3vPQUSlIj5K/R1I="></latexit>

⇢DM, local ⇠ 10�2 M�/pc
3 What about non-annihilating DM?

DM self-annihilation can suppress the spike density, but 
can still lead to large (diffuse and point source) fluxes of 

gamma-rays and neutrinos

[E.g. Lacroix & Silk, 1712.00452, Freese et al., 
2202.01126, Balaji et al., 2303.12107]

Could be used to constrain DM annihilation around 
SMBHs and IMBHs in the Milky Way (but there are still 

many uncertainties)

https://arxiv.org/abs/0806.2911
https://arxiv.org/abs/1712.00452
https://arxiv.org/abs/2202.01126
https://arxiv.org/abs/2303.12107
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Blazar-boosted DM

M87

Blazars: SMBHs at the centres of distant galaxies launching relativistic jets towards us ( )γ ≳ 3
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Blazar-boosted DM

M87

Blazars: SMBHs at the centres of distant galaxies launching relativistic jets towards us ( )γ ≳ 3

[E.g. Bhowmick et al., 2301.00209; Barillier et al., 2509.07265]

Gain sensitivity due to enhanced DM density and boosted kinetic energy!

https://arxiv.org/abs/2301.00209
https://arxiv.org/abs/2509.07265
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Gravitational Waves (GW)

[LIGO/Virgo, arXiv:1602.03837]

An ~equal mass inspiral: GW150914

Intermediate and extreme mass ratio inspirals:

Binary may be observed during millions of orbits

Evolution of the GW signal can be used to trace the 
dynamical influence of the environment around 

the larger black hole

<latexit sha1_base64="5VwnjFHh6Olo0x7inlKQQkWthk0=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD7Lv98sVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwD9zY2e</latexit>m1
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m2/m1 ⌧ 1

https://arxiv.org/abs/1602.03837
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Title Text

Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870]

<latexit sha1_base64="EA8OtJxEth7fy/tVnUZWMaTZO2g="></latexit>

ĖDF ⇠ 4⇡G2m2
2⇢DM(r)⇠(v)

v
ln⇤

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
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[Animations online]

https://www.dropbox.com/scl/fo/nzo51ukw7od95zbppeoc9/AEI1m05VStItyHVBlpdUh2E?rlkey=iy8h8rzgfwwiir6y3k4jutqeh&dl=0
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[Animations online]

https://www.dropbox.com/scl/fo/nzo51ukw7od95zbppeoc9/AEI1m05VStItyHVBlpdUh2E?rlkey=iy8h8rzgfwwiir6y3k4jutqeh&dl=0
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“Dephasing” ( )ΔNGW

[Animations online]

https://www.dropbox.com/scl/fo/nzo51ukw7od95zbppeoc9/AEI1m05VStItyHVBlpdUh2E?rlkey=iy8h8rzgfwwiir6y3k4jutqeh&dl=0


<latexit sha1_base64="utzPjDrd2uw10Rja94INBRDATt0="></latexit>

m1 = 1000M�

m2 = 1M�

�sp = 7/3

⇢6 = 5.45⇥ 1015 M� pc�3
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Can we measure this effect? [Code available online: https://github.com/adam-coogan/pydd]

?

[Coogan, Bertone, Gaggero, BJK & Nichols, 2108.04154]
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Laser Interferometer Space Antenna 

(planned for the 2030s)

[1907.06482]

fGW ∼ mHz − Hz

LISA

https://github.com/adam-coogan/pydd
https://arxiv.org/abs/2108.04154
https://arxiv.org/abs/1907.06482
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Environmental Confusion

Generate waveform  
assuming:

Fit signal assuming:
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m1 = 103 M�

m2 = 1M�

[Cole, Bertone, Coogan, Gaggero, Karydas, BJK, Spieksma, 
Tomaselli, 2211.01362, Nature Astronomy]

Signals very hard to confuse in 1 year of 
LISA data (huge Bayes factors!)

https://arxiv.org/abs/2211.01362


[E.g. Sharpe et al., 2603.28866; 
Herrera et al., 2605.01023]
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Many nuances and uncertainties

Realistic spike 

formation and abundance

Realistic feedback
[BJK et al., 2402.13762]

Spike survival

Relativistic effects
[E.g. Speeney et al., 2204.12508; 

Vicente et al., 2505.09715]

Integration with realistic

 IMRI/EMRI waveforms
[E.g. Katz et al., 2104.04582]

[E.g. Aschersleben et al., 
2401.14072, Bertone et al. 

(including BJK), 2404.08731]

Search strategies

https://arxiv.org/abs/2603.28866
https://arxiv.org/abs/2605.01023
https://arxiv.org/abs/2402.13762
https://arxiv.org/abs/2204.12508
https://arxiv.org/abs/2505.09715
https://arxiv.org/abs/2104.04582
https://arxiv.org/abs/2401.14072
https://arxiv.org/abs/2404.08731
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Spikes for particle physics!
[1906.11845]

[See also Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238] 

Red regions would be ruled out by observation of a DM spike!
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https://arxiv.org/abs/1906.11845
https://arxiv.org/abs/1905.01238
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GW Probes of Dark Matter
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Pulsar Timing Arrays

[Bertone, Croon, et al (including BJK), 1907.10610]

[See also the talk by Paolo 
Pani this afternoon!]

Can be used to probe Dark Matter overdensities almost independently 
of Dark Matter mass and particle physics properties 

https://arxiv.org/abs/1907.10610
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Where should we look for Dark Matter?

Where in parameter space?

 
 
 
Where in signal space? 
 
 

Where in physical space? 

Search for self-consistent models (and production mechanisms) for DM. 

There are plenty within reach (but we shouldn’t stop at benchmarks!)

As we enter new parameter spaces, we should be aware of new signals.


New interactions, new fluxes, new uses for existing experiments!

Dark matter is all around us, but we should also look further afield.


Extreme environments provides challenges, but also complementarity and opportunity!

*Many of these ideas also apply e.g. to axion dark matter
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Where should we look for Dark Matter?

Where in parameter space?

 
 
 
Where in signal space? 
 
 

Where in physical space? 

Search for self-consistent models (and production mechanisms) for DM. 

There are plenty within reach (but we shouldn’t stop at benchmarks!)

As we enter new parameter spaces, we should be aware of new signals.


New interactions, new fluxes, new uses for existing experiments!

Dark matter is all around us, but we should also look further afield.


Extreme environments provides challenges, but also complementarity and opportunity!

Thank you!

*Many of these ideas also apply e.g. to axion dark matter
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Backup Slides
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The Strong CP Problem

CP violation would give rise, for example, to a neutron electric dipole 
moment . However, there is no evidence of CP 
violation in Strong interactions.

dn ∼ 10−16 θ̄ e cm
d

d

u

Neutron
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✓̄

Quantum Chromodynamics (QCD), the theory of the strong force, could 
have a large Charge-Parity (CP) violating term:

Much worse: the Weak Interactions do violate CP and this can be transferred to the Strong sector 
through non-perturbative effects related to the quark masses: θWeak = Arg |Mq | ∼ 𝒪(1)

In QCD alone, the value of  is just a parameter of the theory,  
- it could in principle be !

θ̄ θQCD
𝒪(1)

<latexit sha1_base64="R+a9MtEBqE75yXF/xnASZCekq5I="></latexit>

dn . 10�26 e cm ) ✓̄ . 10�10

Gluon field strength

Strong CP Problem: why is  so small?!θ̄ = θQCD + θWeak

<latexit sha1_base64="utQQ8yRB4ZXDBckEsYL3qBYXWwQ="></latexit>
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Peccei-Quinn (PQ) Mechanism: introduce a new complex scalar field , 
charged under a new global symmetry, 

φ
UPQ(1)
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Solving the Strong CP Problem

[Vafa & Witten (1984)]

In fact, this CP violating term has an associated vacuum energy: 
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Evac ⇠ cos(✓̄)

But the parameter  is static so this doesn’t help us…θ̄ Make  dynamical!θ̄

[Peccei & Quinn, 1977]

°2º °º 0 º 2º
µ̄

E
va

c

At low energy, the couplings of  with the Standard Model introduce a 
new (dynamical) contribution to the CP violating term:

φ
The `colour anomaly’      depends 
on exactly how the Standard 
Model is coupled to the new PQ 
symmetry (e.g. KSVZ, DFSZ)
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Axions as Dark Matter

Below the QCD phase transition, the axion obtains a mass through its interactions with QCD:

In general, if  is very large, then axions are very light, very weakly coupled and very long-lived!fa

Perfect DM Candidates!

[1510.07633]

Below the QCD phase transition, the axion field evolves to give , but the initial 
misalignment angle can take a random value .

θ = a/fa → 0
θi = a/fa ∈ [0, 2π]

The energy density stored in the axion field at this initial 
value  is converted into coherent oscillations of the axion 
field about the minimum — behaves as cold collisionless 
matter

V(θi)

[1910.14152]
Misalignment Mechanism
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Pre- and post-inflationary axions

[2403.17697]

If the PQ symmetry is broken before cosmic 
inflation, then a small patch of the Universe 
with a given  is inflated to become our 
observable Universe.

θi

<latexit sha1_base64="CfMF6fyrn1MnYwTMut6qXrb4goA="></latexit>

fDM = ⇢a/⇢DM

⇡
✓

✓i
2.155

◆2 ✓28µeV

ma

◆7/6

The axion abundance can be calculated 
as:

…depends on the unknown parameter θi

https://arxiv.org/abs/2403.17697
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Pre- and post-inflationary axions

[2403.17697]

If the PQ symmetry is broken after cosmic 
inflation, then nearby patches of the 
Universe will have different initial 
misalignment angles.

Average misalignment angle  is known 
so the axion abundance depends only on 
the axion mass.

⟨θ2
i ⟩

In principle, we can calculate the value of 
the axion mass required to explain all of the 
DM!

https://arxiv.org/abs/2403.17697
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Axion Mass [cajohare.github.io/AxionLimits/]

https://cajohare.github.io/AxionLimits/
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Axion Mass [cajohare.github.io/AxionLimits/]

https://cajohare.github.io/AxionLimits/
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Axion Landscape
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Neutron Stars

[Credit: Casey Reed (Penn 
State University),


Wikimedia Commons]

[For recent modeling developments, see also Battye et 
al., 1910.11907, 2104.08290; Leroy et al., 1912.08815]

NS surrounded by a dense 
plasma which allows ‘resonant’ 
conversion, when axion mass 
matches plasma mass: 
ωp(B0, P) = ma /2π

Young neutron stars can 
have extremely high 
magnetic fields 
( )B0 = 108 − 1011 T

Strong gravitational field 
compresses DM phase 
space, enhancing DM 
density near NS surface

[Search in the Galactic Centre, Foster et al., 2202.08274]

https://arxiv.org/abs/1910.11907
https://arxiv.org/abs/2104.08290
https://arxiv.org/abs/1912.08815
https://arxiv.org/abs/2202.08274
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Radio Transients

If it turns out that most of the axion density is locked up 
in axion miniclusters, one promising way to find it would 
be in radio transients.

[BJK, Edwards, Visinelli, Weniger,

2011.05377, 2011.05378]

aa

γ Expect rates of O(1) per day per galaxy

https://arxiv.org/abs/2011.05377
https://arxiv.org/abs/2011.05378
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Axions in Andromeda

[Walters et al. (including BJK), 2407.13060] 

Andromeda (M31) Green Bank Telescope (GBT)

No axion-like transients observed in X-band (~8-10 GHz)

https://arxiv.org/abs/2407.13060
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Strongly Interacting DM Constraints [Emken et al., 1905.06348]

https://arxiv.org/abs/1905.06348
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Density around Sgr A*

[Lacroix, 1801.01308]

https://arxiv.org/abs/1801.01308
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Title Text

Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870]

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
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Laser Interferometer Space Antenna 

(planned for the 2030s)

[1907.06482]

https://arxiv.org/abs/1907.06482

