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Dark Matter is a necessary and very abundant component in our Universe

We have observed its gravitational effects at different scales
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Dark Energy

A plausible hypothesis is that dark matter is a new
type of (stable, neutral, weakly-interacting) particle
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Very few people know this, but the tiny pocket in
our jeans is for carrying 10 GeV of dark matter




There are plenty of viable candidates,
which imply very different cosmological
histories

- “Thermal” candidates: WIMPs
(weakly-interacting massive particles)

- Out of equilibrium production
- Axions

- Asymmetric Dark Matter

- Ultra-light Dark Matter

- Primordial Black holes

Finding the dark matter might give us
information about how the Universe
came to be
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Dark matter can be searched for in different ways

These explore complementary properties of dark matter particle models

/ Direct Detection \ / Accelerators (LHC) \

(productlor}

(dispesion)

Indirect searches
(annihilation or decay)
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Dark matter can be searched for in different ways

These explore complementary properties of dark matter particle models

/ Direct Detection \ / Accelerators (LHC) \
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The search for DM is inextricably linked to the efforts in other areas (and benefits
from advances in them)

/ Axion Searches \ / Direct Detection \ / Accelerators (LHC) \
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Quantum Technologies \

/ Neutrino detectors \
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ELASTIC (or INELASTIC) SCATTERING OFF NUCLEI

N 0 e . ., 7 DIRECT DARK MATTER SEARCHES:
P - ." What can we measure?¢

’ & Er ~ Kev
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Direct dark matter detection often requires large underground experiments

Expected number of events

N = €
Er MyMN

&

Instrumentation conduits

High voltage Water tank
feedthrough

Gadolinium-loaded
liquid scintiliator
veto

2x D-D neutron

calibration

conduits Liquid xenon
heat
exchanger

494 photomultiplier tubes (PMTs)
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Additional 131 “skin® PMTs

projection chamber
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Scattering cross section
Particle physics (dark matter model)
Nuclear Physics (form factors)

Materials Science, solid-state physics etc
(describe the structure of the target in
the detector)
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Conventional direct detection approach (nuclear scattering)

Expected number of events
L down
N = EL/ vf(T) ——=di dEg
Er MyMN Sy dEr
Particle (+ nuclear) Physics

The scattering cross section contains the details about the microphysics of the DM model

Traditionally, it has been split into two components: spin-dependent and -independent

dO'WN . (dO'WN) +<dO'WN)
dEgr dER ] ¢ dER /) sp

These include nuclear form factors that encode the coherent scattering with the nucleus.

If nothing is found, we derive upper limits on the scattering cross section.
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Liquid noble gas detectors are leading the search at masses above 10 GeV

Currently xenon experiments (LZ, XENONNT and PandaX-4T) have provided the best upper
bounds on the spin-independent cross section.
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Liquid noble gas detectors are leading the search at masses above 10 GeV

Currently xenon experiments (LZ, XENONNT and PandaX-4T) have provided the best upper

bounds on the spin-independent cross section.
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Low-threshold experiments can look for ~ GeV scale DM

Solid state detectors (SuperCMDS, Edelweiss, CREESST) can have a very low threshold.

Likewise, gas detectors (NEWS-G) can employ very light targets. This gives them sensitivity to
sub-GeV DM through nuclear recoils.
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Direct dark matter detection often requires large underground experiments

Expected number of events

p L down
N = — —— —dvdFE
o 6mX’mN /'Umin v/ (0) dEr vAaER

The scattering cross section contains the details about the microphysics of the DM model
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The resulting dark matter signature depends on the microphysics

Different effective operators lead to characteristic spectra (especially if there is a

momentum dependence)

Low-mass WIMPs are expected
to leave more energy at small
energies.

Momentum dependent
interactions show a
characteristic “bump”

A low-energy threshold is
crucial to discriminate these
features

Some signatures could be
confused with new sources of
background.

4/11/2025 TeVPA
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The resulting dark matter signature depends on the microphysics

Different effective operators lead to characteristic spectra (especially if there is a
momentum dependence)

' ! Xe

— 1076 ~ ! : O10
Low-mass WIMPs are expected = N
to leave more energy at small ': 10~8 + ‘
energies. K 1%

= 10710 - ;
Momentum dependent %
interactions show a
characteristic “bump” 10712

10°

A low-energy threshold is
crucial to discriminate these
features o
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g

Enlarging the maximum §
energy in the signal region e ] 500 keV
allows to set better constraints 1077
(or mass reconstruction)

Bozorgnia, DC, Cheek, Penning 2018
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Experimental results on EFTs

SuperCDMS 2022

10 15

my (GeV)

SuperCDMS carried out an analysis with HV detectors

(low threshold) and allowing for isospin violation
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Xenon experiments (PandaX, Xenon1T) improve at large masses. LZ implemented the
extended analysis range in energies
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https://arxiv.org/pdf/2410.17036

How can we deal with such a large number of parameters?

If no signal is observed:
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This is generally done
assuming contribution ‘

from only one EFT at a S g o
time (separating proton and

neutron contributions)
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Migdal effect and implications for low mass DM searches

Emission of an electron (ionisation) when a neutral particle impacts a nucleus. Simultaneous
signal of electron and nuclear recoil.

Migdal 1939; Feinberg 1941
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The emitted electron is easier to observe than the nuclear recoil (NR), as it is more energetic
(and more easily exceeds the threshold energy)
Bernabei et al. 2007; Ibe et al. 2017; Dolan et al. 2017

It is NOT new physics, but it has not been observed yet.

4/11/2025 TeVPA 20



It improves the sensitivity to low mass WIMPs!

10°%

s Experiments are interpreting their data

using the prediction for the Migdal
|—DAMIC at SNOLAB effect.

LUX 2019, Xenon 2019, SuperCDMS 2023

10-37 |

< DAMIC 2023
2107
S
10"
This greatly improves the sensitivity to
107" low-mass WIMPs, allowing to explore
new regions!
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It improves the sensitivity to low mass WIMPs!

1074
1028 Experiments are interpreting their data
E using the prediction for the Migdal
= 4031 effect.
S
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If the Migdal effect is real, it is crucial to measure it and characterise it in the targets employed
by DM experiments.

Otherwise we might mis-reconstruct the mass of light DM particles.
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The Migdal effect is being searched for with various targets

Xenon and liquid argon can be ideal targets to observe the Migdal effect, thanks to their
scintillation efficiency.

Bell et al. 2022

— Single scatters —— Passive scattering —— Neutron multi-scatters
—— Migdal (best-fit) -~ Migdal (predicted) — Sum

4<S1<8 PHE

A recent search at the Livermore
National Laboratory using XeNu
TPC has not found it!

Xu et al. 2023

&
=
This could be due the electron-ion 6
recombination in Xe (if the nuclear Migdal
and electron tracks are near)... 100 | "-;._..f’red'CClon
... or to issues with the theoretical = g,
rediction. ' ' '
g 50 100 150 200

S2 [electrons]
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The Migdal effect is being searched for with various targets

Xenon and liquid argon can be ideal targets to observe the Migdal effect, thanks to their
scintillation efficiency.

Bell et al. 2022

A recent search at the Livermore ‘
X

National Laboratory using XeNu
TPC has not found it!

Xu et al. 2023 saiiiven
The MIGDAL collaboration is trying to MO ancte 7
measure this effect at the Rutherford

Appleton Laboratory. g2

The 1st phase of the experiment is already
running with a C,F,, target.

A 2nd phase is planned to start in 2025
with updated primary scintillation
detectors.

4/11/2025 TeVPA



DM-electron scattering

When the target is an isolated (noble gas) atom, the

p P-4
ionisation form factor is easier to compute. In solid \ /
state crystals, this is more complicated.

e € Yo
Xy N*}X
dRER p 1 :
~ Px 2 2
iE. Oe 3 qdq |Fy (q)|” | f*" (e, Ee)|” n(vmin)
e My Sfhex
Ifcryszal(CI-Ee)l2
8 7
The Dark Matter "form factor” encapsulates the Crystal form factor (Ge) 10
momentum dependence of the interaction ol ;
l"' l
~1/q for low-mass mediators g,
= "’. 0.1
~1 for heavy mediators
i ; 1072
%% % & s Llgs

EcleV]
Essig et al. 1509.01598
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DM-Electron interactions allow to probe keV scale DM

Liquid noble gas experiments (xenon and argon) can look for only scintillation S2 signal,
interpreting the results as DM-electron interactions. CCD detectors (SENSEI, DAMIC,
OSCURA). Single electron detection in SuperCDMS or EDELWEISS

XENONNT 2411.15289

] 10—34

XENONIT S2-only
: 10-35
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-38
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\\\
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y 10-%°

Freeze-In

10~40

10 10° 106 104 105 106
DM Mass [keV] DM Mass [keV]

These searches are starting to probe other ways of producing DM in the early Universe,
namely freeze-in models.
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Oye [cm?]



DM-Electron interactions allow to probe keV scale DM

Liquid noble gas experiments (xenon and argon) can look for only scintillation S2 signal,
interpreting the results as DM-electron interactions. CCD detectors (SENSEI, DAMIC,
OSCURA). Single electron detection in SuperCDMS or EDELWEISS

DAMIC-M 2503.14617
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These searches are starting to probe other ways of producing DM in the early Universe,
namely freeze-in models.

4/11/2025 TeVPA
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DM-Electron interactions allow to probe keV scale DM

Liquid noble gas experiments (xenon and argon) can look for only scintillation S2 signal,
interpreting the results as DM-electron interactions. CCD detectors (SENSEI, DAMIC,
OSCURA). Single electron detection in SuperCDMS or EDELWEISS

XENONNT 2411.15289
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Also dark photons or axion-like particles, which can be absorbed by atomic electrons.

4/11/2025 TeVPA
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Direct dark matter detection often requires large underground experiments

Expected number of events

p , down
N=[ —F_ v (7)) —2E 45 dEg
Er meN Umin dER
Dark matter halo parameters Scattering cross section
Local density and DM velocity distribution Particle physics (dark matter model)

function
Nuclear Physics (form factors)

Uncertainties in the halo parameters
Materials Science, solid-state physics etc

Directionality and time-dependence (describe the structure of the target in
(annual modulation) the detector)

4/11/2025 TeVPA
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How well do we know our dark matter halo?
Astrophysics

p _ downN
N = — = ———dvdFE

Standard Halo Model

1 — 2 2
f(¥) = e |TTvn (/20 O (Vese — |U‘)

- (2m0)3/2

Smooth, spherical, isotropic, truncated Gaussian (essentially two parameters, v.,c and o)

_EAGLEHR + local DM density
pDM(RO) ~ 0.4 GeV/cm3

« Velocity distribution of DM particles

Maxwellian distribution is (globally) a good fit
in the Milky Way g, 6rgnia et al. 1601.04707

f(v) [1073 (km/s)™']

« How well can f(v) be inferred from visible stars?

N S e Attempts to use old (halo) stars
0 200 400 600 800 Necib, Lisanti et al. 1807.02591

Bozorgnia et al, 1810-05576 3¢
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Prob. density (10~ km~! s)

How well do we know our dark matter halo?

Astrophysics

p  down
N = — ——dvdFE
f(’ﬁ) _ ;646_”]5@)'2/202@(@ B |fUD
(27'('0')3/2 esc

Smooth, spherical, isotropic, truncated Gaussian (essentially two parameters, v, and ¢ )

5 - L]
: *= Standard Halo Model | Determination from hydrodynamical
4 - I'NGS50, unscaled simulations
N TNGS50, scaled
g i . — fit containment
Uncertainties from halo variability, limitations from
7 - number of simulated haloes and extrapolation to
Milky Way.
1 Predictions consistent with SHM with smaller
0 , , , : l . uncertainties than expected.

0 100 200 300 400 500 600
Dark matter speed (km s~)

Folsom et al. 2505.07924
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How well do we know our dark matter halo?

Most of what we know comes from comparing results from n-body simulations and

observations (recently from Gaia)

The positions and
velocities of 2000
million stars in our
Galaxy inform us
about the dark matter
distribution in the
halo.

Several non virialised
components have
been identified that

alter the DM velocity
distribution function.

A Radially Anisotropic
Component (sausage?)

4/11/2025 TeVPA
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How well do we know our dark matter halo?

Most of what we know comes from comparing results from n-body simulations and
observations (recently from Gaia)

1,

IV

Y%

The positions and
velocities of 2000
million stars in our
Galaxy inform us
about the dark matter
distribution in the
halo.

LA B RSN R
Generalised NFW (free v)
Best-fit
I 68% confidence interval
[ 95% confidence interval |
Best-fit (p =0.3 GeV cm?) -
----- SHM 1

10° 3
Efforts towards the construction of a self-

consistent halo model that includes the
radially-anisotropic debris.

Stanic et al. 2502.08805

[pb]

I
1P

_9_
Important also to compare with potential W

hints in indirect searches that give i
information on the DM density profile. ’

Cerdeno, Fornasa, Green, Peird 1605.05185 —, L . e & e p
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How well do we know our dark matter halo?

Similarly, stellar
streams also hint at
the existence of similar
dark matter
structures.

Plenty of streams
identified that have an
impact on the DM
velocity distribution
function

Especially important
for direct detection of
light particles.

4/11/2025 TeVPA
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......

The presence of the LMC can also alter the DM
velocity distribution function, introducing
larger velocity particles and improving the
detection rate of low-mass WIMPs.

f(v) [10-3(km/s)-1]
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e
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Limits are affected, and can extend well below
10 GeV. :
- DarkSide-20k
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10-—29.
—~— 10_32'
EFT operators are affected in different ways e 1635 ]
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Q \
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Reynoso-Cordova, Bozorgnia, Piro 2024
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The DAMA/LIBRA annual modulation signature has not been confirmed

Because of the seasonal dependence of the Earth’s velocity through the DM halo, one can
expect an annual modulation in the number of DM events detected in direct detection

experiments (with an amplitude of ~7%).

The ANAIS collaboration (Nal target) has done an excellent job in putting the DAMA/LIBRA
signal to the test and virtually excluded the DM interpretation of its annual modulation.
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Future experiments will further explore the DM parameter space
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Future experiments will further explore the DM parameter space
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Future experiments will further explore the DM parameter space
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Neutrinos can be observed in direct detection experiments:

Direct detection experiments are becoming so sensitive that they will son be able to detect
solar and atmospheric neutrinos.

T T T T T T TS T T T T s e Coherent Elastic neutrino-Nucleus Scattering (CEVNS)
:' -
: V\ —v Rare Standard Model process recently measured in i
! S Y spallation source experiments .

- I
: .\ COHERENT Collab. 2017, 2021 |
! 1
i Ep Irreducible background - neutrino fog/floor :
" O'Hare et al 2017 )

\ //

/ (Inelastic) electron scattering \
V\
-V
S -V Usual electroweak process mediated by the Zand W
bosons
\‘\‘
o
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Neutrinos can be observed in direct detection experiments:

Direct detection experiments are becoming so sensitive that they will son be able to detect

solar and atmospheric neutrinos.

----------------------------- Coherent Elastic neutrino-Nucleus Scattering (CEVNS)

Rare Standard Model process recently measured in

COHERENT Collab. 2017, 2021

O'Hare et al 2017
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Usual electroweak process mediated by the Zand W
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Expected signal in a direct detection experiment
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Neutrino flux
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Neutrino flux
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Experimental response to CEVNS

Solar neutrinos
dominate at low energy - the
leading contribution is the pp
chain below 1 MeV

Atmospheric neutrinos
contribute at higher energies but
at a much smaller rate

Diffuse Supernovae

Background
relevant around ~20-50 MeV

Ruppin, Billard, Figueroa-Feliciano, Strigari 2014
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Experimental response to CEVNS

Solar neutrinos
dominate at low energy - the
leading contribution is the pp
chain below 1 MeV

Atmospheric neutrinos
contribute at higher energies but
at a much smaller rate

Diffuse Supernovae

Background
relevant around ~20-50 MeV

Ruppin, Billard, Figueroa-Feliciano, Strigari 2014
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Direct (DM) detectors can be excellent complementary test of new neutrino physics

- Low energy threshold and excellent energy resolution
- Sensitive to both nuclear and electron recoils

- Sensitive to the three neutrino flavours v, v, vr

There have been recent claims by XENONNT and PANDAX-4T that they have data consistent
with the observation of 8B neutrinos.

Direct detection can already set constraints on the general neutrino non-standard

interaction (NSI) parameter space. Future direct detectors will complement information from
dedicated neutrino experiments

Amaral, DGC, Cheek, Foldenauer 2023
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ER sensitivities drop off towards ¢ = 0 (pure
proton), whereas NR sensitivities become
maximal.

Direct detection experiments have excellent
sensitivity to ER.
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Future DARWIN can potentially improve by an W
order of magnitude over current electron NSI
bounds

Direct detection experiments become crucial to
constrain neutrino parameters.

—7m/2 —m/4
They will need to be included in global neutrino

parameter fits.
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Conclusions

Direct (DM) detectors have become very versatile probes of DM across a wide mass range.

« Liquid noble gas detectors (Xe, Ar) will continue probing the WIMP paradigm above 10 GeV

« Solid state detectors and gas TPC ideal for masses ~ 1GeV

« DM electron interactions accessible with several technologies, probe less standard
cosmologies and candidates (freeze-in, axions, dark photons)

Open questions about the DM distribution and Migdal effect are relevant to properly
reconstruct the DM mass.

Direct DM detectors are starting to see solar neutrinos. This is a great opportunity to test new
physics in this sector.

On the computational side, there are challenges

- How to probe a potentially large parameter space

- identify the DM-nucleus (or electron) interaction

- discriminate DM from neutrinos from neutrinos and

4/11/2025 TeVPA 49



