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Everything, Everywhere, All at Once

Time

Size
Temperature
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Dark Matter in Cosmology
Cosmic Microwave 

Background (CMB)

[Planck (including IFCA), 
1502.01589]TCMB = 2.73 K
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https://arxiv.org/abs/1502.01589
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Dark Matter in Cosmology
Cosmic Microwave 

Background (CMB)

[Planck (including IFCA), 
1502.01589]TCMB = 2.73 K

ΔT

Proton

Dark Matter

Credit: ESA/Planck Collaboration

https://arxiv.org/abs/1502.01589
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Hierarchical Substructure

[Aquarius simulation - 0809.0898]

[0911.0436]

Structure formation proceeds ‘bottom-up’: small sub-halos assemble hierarchically to form larger halos, 

which host galaxy clusters, galaxies and dwarf galaxies!

<latexit sha1_base64="dlHXjeXixXp5kphANO5WTHjoPS4=">AAACMXicbVDLSgMxFM34rPU16tJNsAhuLDPic1d005VUsA/o1JJJM21okhmSjFCG+SU3/om46UIRt/6EaTtCHx4IHM65l9xz/IhRpR1naC0tr6yurec28ptb2zu79t5+TYWxxKSKQxbKho8UYVSQqqaakUYkCeI+I3W/fzfy689EKhqKRz2ISIujrqABxUgbqW2XvUAinHgc6Z7kSSe9b/9x1UvTKYPPGNCLZBjpEPKn5NQt3qRtu+AUnTHgInEzUgAZKm37zeuEOOZEaMyQUk3XiXQrQVJTzEia92JFIoT7qEuahgrEiWol48QpPDZKBwahNE9oOFanNxLElRpw30yOjlbz3kj8z2vGOrhuJVREsSYCTz4KYgZN0lF9sEMlwZoNDEFYUnMrxD1kKtSm5LwpwZ2PvEhqZ0X3snjxcF4o3WZ15MAhOAInwAVXoATKoAKqAIMX8A4+wKf1ag2tL+t7MrpkZTsHYAbWzy9KHqyg</latexit>

dNsh

dmsh
/ m�1.9

https://arxiv.org/abs/0809.0898
https://arxiv.org/abs/0911.0436
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Galaxies in Simulations

[IllustrisTNG simulation - 2101.12373]

Dark matter has become an integral part of the standard cosmological model - the  Cold Dark 
Matter ( CDM) Model. DM plays a key role in our understanding of how Galaxies form, their 
properties and distributions.

Λ
Λ

[E.g. 1609.05917  vs 1610.07663]

Cosmological simulations can now produce realistic (and beautiful) Galaxies.

Warning: Galaxy formation is messy and non-linear and still not fully understood

[See also e.g. Auriga Simulations - 1610.01159]

[Video on previous slide available here] 

https://arxiv.org/abs/2101.12373
https://arxiv.org/abs/1609.05917
https://arxiv.org/abs/1610.07663
https://arxiv.org/abs/1610.01159
https://www.youtube.com/watch?v=Fim6dWJhxz4
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Dark Matter in Galaxies

<latexit sha1_base64="1Nk5bhsJOpkUBSGczWZCZNzrnoc="></latexit>

vrot(r) =

r
GMenc(r)

r

) Menc(r) =
rv2rot(r)

G

Rotational velocity  of stars (and gas) in 
disk galaxies allows us to infer (in principle) the 
enclosed mass distribution.

vrot(r)

<latexit sha1_base64="IOV/03BfY2gOTItrmz7a88CRYMI=">AAAB6HicdVDLTgJBEOzFF+IL9ehlIjHxtJlFQLgRvXiERB4JbMjsMAsjs4/MzJoQwhd48aAxXv0kb/6Ns4CJGq2kk0pVd7q7vFhwpTH+sDJr6xubW9nt3M7u3v5B/vCoraJEUtaikYhk1yOKCR6yluZasG4sGQk8wTre5Dr1O/dMKh6Ft3oaMzcgo5D7nBJtpKYc5AvYrpXxRamGsF3FDsYpcYqlCsbIsfECBVihMci/94cRTQIWaiqIUj0Hx9qdEak5FWye6yeKxYROyIj1DA1JwJQ7Wxw6R2dGGSI/kqZCjRbq94kZCZSaBp7pDIgeq99eKv7l9RLtV90ZD+NEs5AuF/mJQDpC6ddoyCWjWkwNIVRycyuiYyIJ1SabnAnh61P0P2kXbadil5ulQv1qFUcWTuAUzsGBS6jDDTSgBRQYPMATPFt31qP1Yr0uWzPWauYYfsB6+wQ5VI09</latexit>r

Extent of diskRubin, Ford & Thonnard (1980)

Rotation curves flatten at large radii, which 
cannot be explained by mass of observed gas 
and stars (expect Keplerian  at 
large radii).

vrot(r) ∝ 1/ r

https://ui.adsabs.harvard.edu/abs/1980ApJ...238..471R
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Dark Matter in Galaxies

<latexit sha1_base64="1Nk5bhsJOpkUBSGczWZCZNzrnoc="></latexit>

vrot(r) =

r
GMenc(r)

r

) Menc(r) =
rv2rot(r)

G

[2004.11688]

Milky Way

Ea
rth

’s 
Po

si
tio

n

Extent of disk

Rotational velocity  of stars (and gas) in 
disk galaxies allows us to infer (in principle) the 
enclosed mass distribution.

vrot(r)

<latexit sha1_base64="IOV/03BfY2gOTItrmz7a88CRYMI=">AAAB6HicdVDLTgJBEOzFF+IL9ehlIjHxtJlFQLgRvXiERB4JbMjsMAsjs4/MzJoQwhd48aAxXv0kb/6Ns4CJGq2kk0pVd7q7vFhwpTH+sDJr6xubW9nt3M7u3v5B/vCoraJEUtaikYhk1yOKCR6yluZasG4sGQk8wTre5Dr1O/dMKh6Ft3oaMzcgo5D7nBJtpKYc5AvYrpXxRamGsF3FDsYpcYqlCsbIsfECBVihMci/94cRTQIWaiqIUj0Hx9qdEak5FWye6yeKxYROyIj1DA1JwJQ7Wxw6R2dGGSI/kqZCjRbq94kZCZSaBp7pDIgeq99eKv7l9RLtV90ZD+NEs5AuF/mJQDpC6ddoyCWjWkwNIVRycyuiYyIJ1SabnAnh61P0P2kXbadil5ulQv1qFUcWTuAUzsGBS6jDDTSgBRQYPMATPFt31qP1Yr0uWzPWauYYfsB6+wQ5VI09</latexit>r

DM density at Earth:
<latexit sha1_base64="BEg4QrAlBWHXbgVFQHklxf+U2Vw="></latexit>

⇢� ⇠ 5⇥ 10�25 g/cm3

⇠ 0.3 GeV/cm3

⇠ 0.008 M�/pc
3

[1404.1938]

Rotation curves flatten at large radii, which 
cannot be explained by mass of observed gas 
and stars (expect Keplerian  at 
large radii).

vrot(r) ∝ 1/ r

https://arxiv.org/abs/2004.11688
https://arxiv.org/abs/1404.1938
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Dark Matter properties
Dark Matter Shopping List

[0711.4996]

✴ Non-baryonic

✴ ‘Neutral’

✴ ‘Cold’ (i.e. slow 

moving)

✴ Produced in sufficient 

amounts

Non-baryonic: Dark Matter cannot consist of baryonic matter 
(protons, neutrons, etc). In particular, it cannot participate in 
Big Bang Nucleosynthesis (BBN) at T > 1 MeV, t < 3 mins

Observed primordial 
abundances

Neutral: Dark Matter cannot be charged*, 
otherwise it would couple to photons, affecting 
CMB anisotropies. It would also be able to 
dissipate energy (form visible stars/galaxies?)

*Strictly speaking, the Dark Matter cannot have a large 
charge-to-mass ratio (it could for example have a 
millicharge, much smaller than the electron charge). 

Cold relic: It has to be produced in the correct abundance, with the correct ‘temperature’ in order to 
explain the observed distribution of structure in the Universe…

https://arxiv.org/abs/0711.4996
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[Schive et al (2014), 1406.6586] 

https://arxiv.org/abs/1406.6586
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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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Weakly Interacting Massive Particles

Weakly Interacting Massive Particles (WIMPs) are a class of particles with couplings comparable to 
the Standard Model Weak Interactions. Typically in the mass range .1 GeV ≲ mχ ≲ 100 TeV

WIMPs generically arise in models of Supersymmetry (SUSY), proposed to solve the Hierarchy Problem 
in the Standard Model (“why is the Higgs boson so light, when its mass should received receive 
corrections from loops of heavy particles?”)

Now, the term WIMP is used to mean a generic MeV-TeV mass particle with weak couplings to the 
standard model.

[hep-ph/9506380]

In some SUSY models (r-parity 
conserving), the lightest 
supersymmetric particle is 
stable, making it a natural Dark 
Matter candidate. DM

https://arxiv.org/abs/hep-ph/9506380
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Producing WIMP Dark Matter

Time

Size (of the Universe)

Temperature (of the Universe)

SM

SM DM
?

DMSM

SM

SM

SM

<latexit sha1_base64="bs2YhHSfxJ5kvEOucSCUXXa8gxw=">AAACb3icfVHLSgMxFM2Mr1pftS5cKBIsgiKUGfG1LLpxIyhaFTqlZNI7bWjmQXJHLcNs/UB3/oMb/8C0dqGt9ELgcM65z/iJFBod58OyZ2bn5hcKi8Wl5ZXVtdJ6+UHHqeJQ57GM1ZPPNEgRQR0FSnhKFLDQl/Do9y4H+uMzKC3i6B77CTRD1olEIDhDQ7VKbx7CKw7rZAraeeaFDLsqzO6u85we0qmyJyFAJTpdZErFL1PN00u1ShWn6gyDTgJ3BCpkFDet0rvXjnkaQoRcMq0brpNgM2MKBZeQF71UQ8J4j3WgYWDEQtDNbNg9p3uGadMgVuZFSIfs74yMhVr3Q984BzPqcW1A/qc1UgzOm5mIkhQh4j+NglRSjOng+LQtFHCUfQMYV8LMSnmXKcbRfFHRHMEdX3kSPBxV3dPqye1xpXYxOkeBbJFdsk9cckZq5IrckDrh5NMqW1vWtvVlb9o7Nv2x2tYoZ4P8CfvgG7Iywd4=</latexit>

SM+ SM $ SM+ SM
<latexit sha1_base64="Fg2Sj0Pi8Mp3A/BDlX6HHwS7ovY="></latexit>

X + X̄ $ SM+ SM

“Freeze-out” Dark Matter

Standard Model
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Cold vs Hot Dark Matter
Very light relics  decouple and freeze out when they are still relativistic! We call such particles Hot 
Dark Matter. Standard Model Neutrinos are Hot Dark Matter!

m ≲ eV

In order to explain the observed structure in the Universe, Dark Matter must freeze-out when non-relativistic 
i.e. it must be Cold Dark Matter. 
Dark Matter which is produced semi-relativistically ( ) may also be viable + testable: Warm Dark 
Matter.

m ∼ keV

[1308.1399]

Cold DM Warm DM ( )mχ = 1.5 keV

https://arxiv.org/abs/1308.1399
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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

]

[CMS, 2405.13778]

https://arxiv.org/abs/2405.13778


IFCA participates in the Compact Muon Solenoid (CMS) 
experiment at the Large Hadron Collider (LHC):

● Run I-II (completed): involved in search for DM 

candidates with associated SM particle production - 
e.g. mono-Higgs, Dark Higgs, top quark-associated 

● Run III (2022 - 2024): extend to search for long lived 
Dark mediators from DM decay 

● HL-LHC (2027+): preparing for high luminosity → 
precision measurements (esp. Higgs and top) to 
search for deviations due to New Physics.

20

DM at Colliders: CMS at LHC

20

Mass scale [TeV]
0.1 1.0 10

[CMS, ICHEP 2022]

Summary of CMS constraints on the mass scale of new mediator particles coupling to DM:

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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Dark Matter on all scales
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Gravitational Lensing

[Credit: NASA, ESA & L. Calçada]
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Gravitational Lensing

[Credit: NASA, ESA & L. Calçada]
[See e.g. Palencia, Diego, BJK & Martinez, 2307.09505]

A smooth lens and a lens with structure

do not produce the same maximum 

magnification 

https://arxiv.org/abs/2307.09505
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Primordial Black Holes (PBHs) as DM
[K

el
ly

 e
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 D

ie
go
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10
28

1]

Icarus, a star at z ~ 1.49 observed by Hubble Space Telescope. 
Lensed and magnified by >2000x by intervening galaxy cluster 
(MACS J1149).


10°12 10°9 10°6 10°3 100 103

MCO [MØ]

10°3

10°2

10°1

100

f C
O

=
≠

C
O
/≠

D
M

OGLE

OGLE high-cadence

SNe
M

HSC

EROS

Icarus

Long

Quasars

FRB

Micro-lensing

1022 1025 1028 1031 1034 1037
MCO [g]

Compact objects (COs) 
such as Primordial Black 
Holes (PBHs) in the lens 
would reduce the total 
magnification  constraint!
→

[See e.g. Green & BJK, arXiv:2007.10722 for a review of PBHs]

https://arxiv.org/abs/1706.10279
https://arxiv.org/abs/1706.10281
https://arxiv.org/abs/2007.10722
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Crushing substructure with Godzilla

N

W

Godzilla

Giant Sunburst arc ( )z = 2.37

Galaxy cluster PSZ1 G311.65-18.48 

( )z = 0.443

[Diego et al. (including BJK), 2203.08158]

This image appears to be an extremely bright luminous 
blue variable (LBV) star, nicknamed Godzilla.

Extreme magnification ( ) may be explained 
by a DM halo with mass  along the line of 
sight (suggests ?)

μ > 1000
∼ 108 M⊙

mDM ≳ 4 keV

https://arxiv.org/abs/2203.08158


Stellar streams probe the gravitational potential of the 
host galaxy. 


This allows us to map out the density in the DM halo 
and test for the presence of substructure (e.g. DM 
sub-halos).
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Satellites and Stellar Streams

[See e.g. Walder et al., 2402.13314]

[Stellar Stream Legacy Survey, Martinez-Delgado et al., 2104.06071]

Counting the number of satellite (“dwarf”) galaxies also 
allows us to constrain the amount of DM substructure 
and therefore the nature of DM.


Some satellite galaxies are disrupted by the tidal field of 
the host galaxy, leading to the formation of stellar 
streams.

[Pearson et al. (2017)]

https://arxiv.org/abs/2402.13314
https://arxiv.org/abs/2104.06071
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ARRAKIHS
Analysis of Resolved Remnants of Accreted 
galaxies as a Key Instrument for Halo Surveys

First Fast (“F-class”) mission of ESA’s Science 
Programme led by Spain (specifically IFCA).


Selected in November 2022, passing to Phase B of 
mission preparation in May 2024, with launch into 
Low Earth Orbit planned for 2030.

Aim to perform the definitive survey of nearby Milky Way-
like galaxies down to low surface brightnesses. Study the 
statistics and shapes of satellite galaxies and stellar 
streams to probe the nature of DM.

iSIM300

(2 visible, 2 near IR bands)

[Includes content from slides

 by Rafael Guzman]
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Direct detection of WIMPs on Earth

For WIMPs with GeV-scale masses, 

expect detectable elastic nuclear recoils 

of energy O(keV)

Detector

Charge (ionisation)Heat (phonons)

Light (scintillation)

N
χ

For sensible models, expect signal 
rates on the order of <1 event per 

kg per keV per day

No convincing signal yet!

mproton

DM SM

[APPEC, 2104.07634]

SUSY?

https://arxiv.org/abs/2104.07634


Maxwell-Boltzmann distribution

(boosted into the lab frame)

Cut-off at Galactic 

escape velocity

28

Low-mass WIMP Challenge

<latexit sha1_base64="069JcUM8eg+z6R5BHMwzs4ddWes="></latexit>

hv�i ⇠ 300 km/s

⇠ 10�3 c

DM SM

[APPEC, 2104.07634]

mproton SUSY?

Low-mass WIMPs do not typically have enough kinetic 
energy to excite detectable elastic nuclear recoils! Edeposit ≤ qvχ − q2/2mχ

https://arxiv.org/abs/2104.07634


Maxwell-Boltzmann distribution

(boosted into the lab frame)

Cut-off at Galactic 

escape velocity

29

Low-mass WIMP Challenge

<latexit sha1_base64="069JcUM8eg+z6R5BHMwzs4ddWes="></latexit>

hv�i ⇠ 300 km/s

⇠ 10�3 c

DM SM

• Nuclear recoils - can probe energies down 
to eV, but realistically can only measure 
recoil energies down to ~keV  


• Electron ionisation - possible for 
  


• Phonon interactions - possible for 
sufficiently small , with   

→ mχ ≳ GeV

E > Δ ∼ eV → mχ ≳ MeV

q Eph ∼ 𝒪(10s) meV →
mχ ∼ keV − 50 MeV

Consider:

Edeposit ≤ qvχ − q2/2mχ
Low-mass WIMPs do not typically have enough kinetic 
energy to excite detectable elastic nuclear recoils! 



Maxwell-Boltzmann distribution

(boosted into the lab frame)

Cut-off at Galactic 

escape velocity

29

Low-mass WIMP Challenge

<latexit sha1_base64="069JcUM8eg+z6R5BHMwzs4ddWes="></latexit>

hv�i ⇠ 300 km/s

⇠ 10�3 c

DM SM

• Nuclear recoils - can probe energies down 
to eV, but realistically can only measure 
recoil energies down to ~keV  


• Electron ionisation - possible for 
  


• Phonon interactions - possible for 
sufficiently small , with   

→ mχ ≳ GeV

E > Δ ∼ eV → mχ ≳ MeV

q Eph ∼ 𝒪(10s) meV →
mχ ∼ keV − 50 MeV

Consider:

GeVMeVkeV
Nuclear ScatteringElectron ScatteringPhonon Scattering

DM mass ranges:

Edeposit ≤ qvχ − q2/2mχ
Low-mass WIMPs do not typically have enough kinetic 
energy to excite detectable elastic nuclear recoils! 
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DAMIC-M

Charge Coupled Devices (CCDs) - pixellated ionisation 
detectors to look for DM-electron interactions. Skipper 
readout allows multiple non-destructive readout of a 
single pixel, leading to single-electron resolution!

● Low Background Chamber (LBC): a prototype for 
DAMIC-M with two skipper CCDs to test electronics, 
backgrounds and do initial science  

● DAMIC-M: full kg-scale CCD detector (~100 CCD 
modules). Modules currently being tested. Installation 
to be begin March/April 2025 in Modane, and 
science data-taking to start Fall 2025. 

● Oscura: 4 year DOE R&D project to develop a 10kg 
detector

[arXiv:2007.15622]

Look for either DM-nuclear or DM-electron recoils

[Oscura Collaboration, 2202.10518]

(Dark Matter in CCDs at Modane)

[DAMIC-M Collaboration, 2210.12070, 2407.17872]

https://arxiv.org/abs/2007.15622
https://arxiv.org/abs/2202.10518
https://arxiv.org/abs/2210.12070
https://arxiv.org/abs/2407.17872
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Earth-Scattering

Detector

Direction of mean 

DM flux ⟨vχ⟩

Θ

χ

LBC Data

[See e.g. BJK et al., 1611.05453; 

Emken & Kouvaris, 1706.02249; BJK, 1712.04901; 

At certain times of day, the Earth may act as a 
shield and at other times, it may act as a reflector!

If scattering cross-section is large enough, DM 
velocity distribution  may be affected by DM 
interactions in the Earth

f(v)

 Daily Modulation of the DM Scattering Rate!→

https://arxiv.org/abs/1611.05453
https://arxiv.org/abs/1706.02249
https://arxiv.org/abs/1712.04901
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Earth-Scattering

Detector

Direction of mean 

DM flux ⟨vχ⟩

Θ

χ

LBC Data

[See e.g. BJK et al., 1611.05453; 

Emken & Kouvaris, 1706.02249; BJK, 1712.04901; 

At certain times of day, the Earth may act as a 
shield and at other times, it may act as a reflector!

If scattering cross-section is large enough, DM 
velocity distribution  may be affected by DM 
interactions in the Earth

f(v)

 Daily Modulation of the DM Scattering Rate!→

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

Analysis of new LBC Data (~1 kg-day) underway!

https://arxiv.org/abs/1611.05453
https://arxiv.org/abs/1706.02249
https://arxiv.org/abs/1712.04901
https://arxiv.org/abs/2307.07251


If DM couples differently to positively and negatively 
charged ions, then scattering is more likely to excite 
optical phonons in polar materials.

e.g. ‘millicharged’ DM
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DM-Phonon Scattering

For sufficiently light DM,                                            
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m� < 1MeV ) q < keV

DM interaction may not be ‘point-like’. Can scattering collectively with the whole crystal 
lattice (i.e. it can excite phonons)

[DM phonon scattering theory - 1712.06598,1905.05575]
[DM-phonon scattering in superfluid Helium - 2005.08824]
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DM

PhononLight mediator

If DM couples similarly to all ions/nuclei, then scattering 
is more likely to excite acoustic phonons.

e.g. hadrophilic scalar mediator

https://arxiv.org/abs/1712.06598
https://arxiv.org/abs/1905.05575
https://arxiv.org/abs/2005.08824
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Quantum Sensors for Dark Matter
IFCA is involved in R&D efforts to develop a phonon detector for DM.

Part of the CSIC Interdisciplinary Thematic Platform (PTI) on Quantum Technologies (with IFCA, ICMAB, IMB and 
INMA). Would extend sensitivity down to ~keV masses. 

Quasi-particle Trap Assisted
Transition Edge Sensor (QET)

[Raya-Moreno, BJK, Fàbrega & Rurali, 2311.11930]

Estimate of DM interaction rates in 
different targets

Determine best target, required 
target mass and possible sensor 

configuration

Conceptual design stage:

Simultaneously developing superconducting 
TES sensor for readout.

https://arxiv.org/abs/2311.11930
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Below ~keV masses, DM must be bosonic e.g. Axions and 
Axion-like particles. In a strong magnetic field, these can 
be converted into photons!


The Canfranc Axion Detection Experiment (CADEx) will 
make use of Kinetic Inductance Detectors (KIDs) originally 
developed for CMB polarisation measurements to search 
for axion-photon conversion in the unexplored mass range 
330-460 μeV ( )


A pathfinder phase in a mK dilution cryostat will be 
operated at IFCA, with IFCA is playing a key role in 
instrumentation and science analysis.


Full experiment is planned for operation at Canfranc 
Underground Lab (LSC). 


f ∈ [86, 111] GHz

Canfranc Axion Detection Experiment

2023 2024 2025 2026 2027

Cavity design and fabrication Pathfinder CADEx full operation

B

a γ

<latexit sha1_base64="ZnVMUjoCyFpN+nrBreON+RkdmQM=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHCOYB2SXMTmaTIfNYZmaFEPIbXjwo4tWf8ebfOEn2oIkFDUVVN91dccqZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hME9okiivdibGhnEnatMxy2kk1xSLmtB2P7mZ++4lqw5R8tOOURgIPJEsYwdZJYagEHWB0g0QP98oVv+rPgVZJkJMK5Gj0yl9hX5FMUGkJx8Z0Az+10QRrywin01KYGZpiMsID2nVUYkFNNJnfPEVnTumjRGlX0qK5+ntigoUxYxG7ToHt0Cx7M/E/r5vZ5DqaMJlmlkqyWJRkHFmFZgGgPtOUWD52BBPN3K2IDLHGxLqYSi6EYPnlVdK6qAaX1dpDrVK/zeMowgmcwjkEcAV1uIcGNIFACs/wCm9e5r14797HorXg5TPH8Afe5w8IQJEK</latexit>! = ma

[CADEx Collaboration (including BJK), 2206.02980]

KIDs

Resonant cavity

https://arxiv.org/abs/2206.02980
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Dark Matter on all scales
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Dark Matter on all scales
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DAMIC-M

CADEx

Line intensity 
mapping (LIM)*

Lensing & PBHs CMB

Gravitational 
Waves (GWs)*
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“Dark Collaboration” at IFCA

The Dark Collaboration is an informal ‘working group’ with the goal of coordinating Dark Matter research 
at IFCA, and developing new research lines in this direction.


Formed in May 2020, it now consists of >30 active members: PhDs, Postdocs and Staff from IFCA and 
‘nearby’ institutes (UPV/EHU, IFT-Madrid).

A number of joint activities between 
Cosmology and Particle Physics groups:


● Teaching: Joint supervision of Master 
and PhD students, as well as 
contributions to the Master program 
“Master in Particle Physics and Physics of 
the Cosmos” 


● Organisation of DM conferences in 
Santander in 2016, 2018, 2021, 2023. 
Dark Matter 2025 planned for June 2025.

and others…

https://indico.ifca.es/e/DM2025


FROM THE SMALLEST TO THE LARGEST SCALES

2 - 6 June 2025

Webpage: indico.ifca.es/e/DM2025

DARK MATTER 2025

Abstract submission now open, 

registration to open early 2025

Info: dm_santander@ifca.unican.es

https://indico.ifca.es/e/DM2025
mailto:dm_santander@ifca.unican.es


FROM THE SMALLEST TO THE LARGEST SCALES

2 - 6 June 2025

Webpage: indico.ifca.es/e/DM2025

DARK MATTER 2025

Abstract submission now open, 

registration to open early 2025

Info: dm_santander@ifca.unican.es

Thank you!

https://indico.ifca.es/e/DM2025
mailto:dm_santander@ifca.unican.es
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Backup Slides
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Dark Matter in Galaxy Clusters

Lensing - Mass in the cluster lenses background 
galaxies. Projected surface mass density  can 
be inferred from the deflection field .

Σ
⃗α̂

X-ray observations - Assuming hydrostatic 
equilibrium of hot X-ray gas in the clusters allows 
us to trace out the mass distribution.

Dynamics - Velocity dispersion of member 
galaxies can be used to infer the enclosed mass 
through the Virial Theorem.

[0
90

4.
02

20
]
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Galaxy Clusters are the largest gravitationally bound 
structures in the Universe. They are highly Dark Matter 
dominated, with mass-to-light ratios of .∼ 100 M⊙/L⊙E.g. Coma Cluster
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https://arxiv.org/abs/0904.0220
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Universal Density Profiles
Density profiles of cold* Dark Matter halos can be well fit over many orders of magnitude by the cuspy 
“Navarro-Frenk-White” (NFW) profile (1996):


[1911.09720]

[astro-ph/9611107]

Alternative fitting formulae include the Einasto 
profile (with ):
α ≈ 0.16

<latexit sha1_base64="B3Y4YJFnJpZunAa8igxQ5D0wwGY="></latexit>

⇢NFW(r) =
⇢s

(r/rs)(1 + r/rs)2
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Mass and concentration of halo ( ) 
depends on redshift of formation, but density 
profiles are almost universal.

c = rs/rmax
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r�3

Caveat: inner density profile can be hard to 
probe due to resolution limitation.

*More on this shortly.

https://arxiv.org/abs/1911.09720
https://arxiv.org/abs/astro-ph/9611107
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Small-scale problems

See also “Too big to fail”, “Plane of Satellites”, and others…

Core-vs-cusp problem

[Sales, Wetzel & Fattahi, 2206.05295]

(Now sometimes called the “diversity of rotation curves’ problem)

Measured 

rotation

 curve

Rotation curve 
from comparable  
simulated dwarf 
galaxies with a 

‘cuspy’ DM 
density profile

[1504.01437]

Suggests some Dwarf Galaxies host ‘cored’ 
density profiles, rather than ‘cuspy’ NFW profiles!

[1011.2777]

https://arxiv.org/abs/2206.05295
https://arxiv.org/abs/1504.01437%5D
https://arxiv.org/abs/1011.2777
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Small-scale problems

See also “Too big to fail”, “Plane of Satellites”, and others…

Missing Satellites Problem

[Sales, Wetzel & Fattahi, 2206.05295]

Proxy for dwarf galaxy mass

[astro-ph/9901240]

CDM predicts many more low-mass satellite galaxies of the Milky Way (and Andromeda). 

Where is this small-scale structure?
Λ

https://arxiv.org/abs/2206.05295
https://arxiv.org/abs/astro-ph/9901240
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Galaxy formation is complicated! [Full animation available here: https://www.tng-project.org/media/]

IllustrisTNG50

~100 kpc
Need to model and tune ‘sub-grid 
physics’ (e.g. star formation, supernova 
explosions, winds)

Feedback mechanisms (supernovae, 
reionisation) can drastically affect both the 
DM density profiles and the threshold for 
galaxy formation.

If we want to modify the standard model of 
collisionless cold dark matter, we still have 
to worry about the complicated baryonic 
physics!

https://www.tng-project.org/media/
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Warm Dark Matter

One proposal for resolving these ‘small-scale tensions’ is Warm Dark Matter, which freezes-out semi-
relativistically, washing out structure down to some small scale (but preserving structures on Galaxy 
scales)

[astro-ph/0010389]

A detailed calculation of the free-streaming 
damping finds that the comoving 
lengthscale at which the linear perturbation 
amplitude drops by a factor of 2 is:

<latexit sha1_base64="NEG5hCARXGt3V0Pm4vECO5PG8Sw="></latexit>
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https://arxiv.org/abs/astro-ph/0010389
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Free-streaming

<latexit sha1_base64="Agurn/7hW5IpF7EU4+JkgdHGbYY="></latexit>
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Pressure GravityExpansion

Jeans equation for the growth of overdensities  in a collisional fluid:δ ≡ δρ/ρ̄

For a collisionless fluid, such as DM, the role of pressure is played by the 
velocity dispersion of the fluid, and we can replace .c2

s = σ2

Physically, we can think of the Jeans length as the scale at which the DM crossing time  is 
comparable to the gravitational collapse timescale . Free-streaming length can be 
evaluated roughly as , after which point the Jeans length drops rapidly.

tcross ∼ λ/σ
tcoll ∼ 1/ Gρ̄

λfs ∼ λJ(teq)

Hot Dark Matter freezes out when relativistic, then has a velocity dispersion which is too large at late times. 
This means that  is large: Structure is washed out on small scales! λfs

 : Gravitational Collapse

 : Free streaming damping

λ > λJ
λ < λJ

As in the collisional case, 

we can write the Jeans length as 

<latexit sha1_base64="3LsuhBO1rtL1wv3PJGLVknYnfrg="></latexit>
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CMB and Polarization

The IFCA Cosmology Group recently found evidence for a weak cosmic birefringence effect (~0.35 degrees). 
Future work required to understand whether the effect is real and to interpret in terms of new light particles.


[E.g. P. Diego-Palazuelos et al., arXiv:2201.07682]

Credit: Y. Minami/KEK

The analysis of CMB data continues to provide promising hints about Dark Matter. 

For example, ultralight “axion-like” particles (ALPS, ) may affect the polarization of CMB 
photons as they travel through the Universe to us: Cosmic Birefringence.

m < 10−25 eV

https://arxiv.org/abs/2201.07682
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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

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

particle physics properties 
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m2/m1 ⌧ 1

https://arxiv.org/abs/1602.03837
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TGW
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The Gravitational Wave Spectrum

kHzHzmHzμHznHz

 km100 km105 km108 km1011 km ~ pc1013

1 ms1 second15 minutes10 days30 years
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b

Laser Interferometer Space Antenna 

(planned for the 2030s)

[1907.06482]

https://arxiv.org/abs/1907.06482
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GW Probes of Dark Matter
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[Bertone, Croon, et al (including BJK), 1907.10610]

https://arxiv.org/abs/1907.10610
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“Dephasing”
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Gravitational Wave Dephasing
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Gravitational Wave Dephasing
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Gravitational Wave Dephasing

“Dephasing”



53

Dark Matter Spikes

‘Spikes’ or ‘dresses’ of cold, particle-like DM may 
form around BHs, e.g. From the slow (‘adiabatic’) 

growth of a BH at the centre of a DM halo 

[astro-ph/9906391, astro-ph/0509565, 
1305.2619, Bertschinger  (1985), astro-

ph/0608642, 1901.08528, …]
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⇢DM, local ⇠ 10�2 M�/pc
3

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/astro-ph/0608642
https://arxiv.org/abs/1901.08528
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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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Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870]
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m1 = 1000M�

m2 = 1M�
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⇢6 = 5.45⇥ 1015 M� pc�3

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
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Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870]
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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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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]
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m1 = 103 M�

m2 = 1M�

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
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PBH Parameter Space
[Code online: github.com/bradkav/PBHbounds]

[Green & BJK, 2007.10722]

[Other reviews: 1801.05235, 

2002.12778, 2006.02838]

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


E.g. DM-baryon scattering can 
suppress small-scale power, 
which can be probed with LIM
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Line Intensity Mapping (LIM)
Growing expertise in Line Intensity Mapping (LIM): mapping out the intensity of emission lines 
(microwave to optical) across large portions of the sky. Fluctuations in intensity can provide information 
about small-scale matter clustering at early times.

[Jose Luis Bernal &

 Ely Kovetz, 2206.15377]

[Short et al., arXiv:2203.16524] 

IFCA is involved with

MeerKAT and HETDEX

https://arxiv.org/abs/2206.15377
https://arxiv.org/abs/2203.16524
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Direct Detection of Dark Matter
�

�

System carries away an energy  

and a momentum 

ω
q

DM with mass  and initial velocity  

scatters with a system 

mχ vχ

From conservation of energy and momentum, the maximum amount of energy that can be 
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!max = qv� � q2

2m�

Up to a maximum momentum transfer of 
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qmax = 2m�v�
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Scattering Kinematics

• Nuclear recoils - can probe energies down 
to eV, but realistically can only measure 
recoil energies down to ~keV  


• Electron ionisation - possible for 
  


• Phonon interactions - possible for 
sufficiently small , with   

→ mχ ≳ GeV

ω > Δ ∼ eV → mχ ≳ MeV

q ωph ∼ 𝒪(10s) meV →
mχ ∼ keV − 50 MeV

Allowed range of  set by kinematics (green 
regions):

(ω, q)

Consider:
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v� = 10�3 c ⇡ 300 km/s [Adapted from

 1910.08092]
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https://arxiv.org/abs/1910.08092
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Scattering Kinematics

• Nuclear recoils - can probe energies down 
to eV, but realistically can only measure 
recoil energies down to ~keV  


• Electron ionisation - possible for 
  


• Phonon interactions - possible for 
sufficiently small , with   

→ mχ ≳ GeV

ω > Δ ∼ eV → mχ ≳ MeV

q ωph ∼ 𝒪(10s) meV →
mχ ∼ keV − 50 MeV

Allowed range of  set by kinematics (green 
regions):

(ω, q)

Consider:

Detectable nuclear recoil energies
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Scattering Kinematics

• Nuclear recoils - can probe energies down 
to eV, but realistically can only measure 
recoil energies down to ~keV  


• Electron ionisation - possible for 
  


• Phonon interactions - possible for 
sufficiently small , with   

→ mχ ≳ GeV

ω > Δ ∼ eV → mχ ≳ MeV

q ωph ∼ 𝒪(10s) meV →
mχ ∼ keV − 50 MeV

Allowed range of  set by kinematics (green 
regions):

(ω, q)

Consider:

Detectable nuclear recoil energies

Typical ionisation energies
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Scattering Kinematics

• Nuclear recoils - can probe energies down 
to eV, but realistically can only measure 
recoil energies down to ~keV  


• Electron ionisation - possible for 
  


• Phonon interactions - possible for 
sufficiently small , with   

→ mχ ≳ GeV

ω > Δ ∼ eV → mχ ≳ MeV

q ωph ∼ 𝒪(10s) meV →
mχ ∼ keV − 50 MeV

Allowed range of  set by kinematics (green 
regions):

(ω, q)

Consider:

Detectable nuclear recoil energies

Typical ionisation energies

Typical phonon energies
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Scattering Kinematics

• Nuclear recoils - can probe energies down 
to eV, but realistically can only measure 
recoil energies down to ~keV  


• Electron ionisation - possible for 
  


• Phonon interactions - possible for 
sufficiently small , with   

→ mχ ≳ GeV

ω > Δ ∼ eV → mχ ≳ MeV

q ωph ∼ 𝒪(10s) meV →
mχ ∼ keV − 50 MeV

Allowed range of  set by kinematics (green 
regions):

(ω, q)

Consider:

Detectable nuclear recoil energies

Typical ionisation energies

Typical phonon energies
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!  qv� � q2/2m�

GeVMeVkeV
Nuclear ScatteringElectron ScatteringPhonon Scattering

DM mass ranges:

https://arxiv.org/abs/1910.08092
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!O ⇠ const.

For a given DM mass and velocity, gapped optical 
phonons typically allow for a larger energy deposit 
(just by looking at kinematics).

Allowed range of  set by kinematics (green 
regions):

(ω, q)
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!  qv� � q2/2m�

[1807.10291]
Sapphire

https://arxiv.org/abs/1910.08092
https://arxiv.org/abs/1807.10291
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Time-dependent DM Signal

Consider Sapphire as an example. The phonon response is anisotropic, depending on 
orientation with respect to the optical axis (“c-axis”):

: 

Ordinary response


: 

Extraordinary response

k ∥ c-axis

k ⊥ c-axis

DM flux comes from a preferred direction, meaning that if the phonon response is anisotropic, 
a characteristic time-dependent signal can arise. 

Mean DM

Flux ⟨vχ⟩

t = 0 t = 12 hr
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DM-Phonon Scattering Rates
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But a full survey of Dark Matter models and target materials has not yet been completed.

Look for anisotropic, polar materials as good targets. 

Some estimates of the DM-phonon scattering rate have been calculated for Sapphire.

Millicharged DM 
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Phonon Propagation
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[2311.11930] 
With Martí Raya-Moreno, 

Lourdes Fàbrega & Riccardo Rurali

Detectability limits of current transition 
edge sensors (TES) is ∼ 10−16 W

https://arxiv.org/abs/2311.11930
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Kinetic Inductance Detectors (KIDs)

Kinetic Inductance Detectors (KIDs)

Superconductor

Photon absorbed by superconductor reduces kinetic inductance,

altering the resonant frequency of the LC circuit
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Kinetic Inductance Detectors (KIDs)


