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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

Dark Energy

Dark Matter

Baryons

68.5%

26.6%

4.9%
A plausible hypothesis is that dark matter is a new 
type of (stable, neutral, weakly-interacting) particle
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Rotation curve of the Milky Way
Bertone, Iocco, Pato 2015 Valencia
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Mass (GeV)

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

- Out of equilibrium production

- Axions

- Asymmetric Dark Matter

- Ultra-light Dark Matter

- Primordial Black holes
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Finding the dark matter might give us 
information about how the Universe 
came to be

2

There are plenty of viable candidates, 
which imply very different cosmological 
histories
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Direct Detection Accelerators (LHC)

Astrophysics and Cosmo Indirect searches

Dark matter can be searched for in different ways

These explore complementary properties of dark matter particle models

(production )(dispersion)

(production) (annihilation or decay)
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Astrophysics and Cosmo Indirect searches

Dark matter can be searched for in different ways

Accelerators (LHC)
(production )

Direct Detection
(dispersion)

(production) (annihilation or decay)
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Axion Searches

Neutrino detectors Gravitational waves Quantum Technologies

(decay or conversion)

The search for DM is inextricably linked to the efforts in other areas (and benefits 
from advances in them)
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DIRECT DARK MATTER SEARCHES:
What can we measure?

303/04/2019

NUCLEAR SCATTERING 

• “Canonical” signature
• Elastic or Inelastic scattering
• Sensitive to m >1 GeV

ELECTRON SCATTERING

• Sensitive to light WIMPs

ELECTRON ABSORBPTION

• Very light (non-WIMP)

EXOTIC SEARCHES

• Axion-photon conversion in the
atomic EM field

• Light Ionising Particles
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✏
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vmin

vf(~v)
d�WN

dER
d~v dER

Direct dark matter detection often requires large underground experiments

Expected number of events

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 
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2 Direct dark matter detection

Let us start by briefly reviewing the basic expressions that describe the WIMP rate in

direct dark matter detection [23] (for a recent review see Ref. [24]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER, vmin =
√

(mNER)/(2µ2
N), and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(SI) and a spin-dependent (SD) contribution, and the total WIMP-nucleus cross sec-

tion is calculated by adding coherently the above spin and scalar components, using

nuclear wave functions. The differential cross section thus reads

dσWN

dER
=

(

dσWN

dER

)

SI

+

(

dσWN

dER

)

SD

=
mN

2µ2
Nv

2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the SI and

SD contributions.

The observed number of dark matter events and the differential rate are subject

to uncertainties in the nuclear form factors and the parameters describing the dark

matter halo. Determining the impact of these is crucial to understand the capability

4

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

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.

11
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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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4/11/2025 TeVPA

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.

DISCLAIMER: 

THIS PLOT ASSUMES
• Isothermal Spherical Halo
• WIMP with only spin-independent interaction
• coupling to protons = coupling to neutrons
• elastic scattering

13



Ge HV

Si HV

Ge iZIP

Si iZIP

4/11/2025 TeVPA

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.

14
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The scattering cross section contains the details about the microphysics of the DM model
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These operators contribute to six types of response105

functions, as well as two types of interference. The spin-106

independent response is denoted M and is typically the107

strongest of the six functions since it is related to the108

number of nucleons in the target nucleus. The main con-109

tribution to this response comes from the standard spin-110

independent operator O1, but it also contains higher-111

order contributions from operators 5, 8, and 11. There112

are two spin-dependent responses, ⇥� and ⇥��, which cor-113

respond to projections of spin parallel and perpendicular114

to the momentum transfer. A linear combination of these115

two responses yields the standard spin-dependent opera-116

tor O4. Many of the other operators also appear in one117

of these two responses. The � response, a novel type of118

response introduced in the e⌅ective field theory, is related119

to the net angular momentum of an unpaired nucleon and120

contains contributions from operators 5 and 8. A second121

novel response is ⇤��, which is is sensitive to the product122

of angular momentum and spin. This response tends to123

favor heavier elements and is the dominant response for124

O3. The last response considered in the e⌅ective field125

theory, ⇤̃�, contains contributions from operators 3, 12,126

and 15. ⇤̃� is discussed less frequently in the literature127

since it is di⌃cult to find a model that produces this128

response, but we consider it here for completeness.129

The e⌅ective field theory also includes two operator-130

operator interference terms: ⇥�� andM⇤��. ⇥� interferes131

with � because responses which are dependent on veloc-132

ity are sensitive to properties such as angular momentum133

which depend on the motion of the nucleon within the nu-134

cleus. This interference term is particularly significant for135

germanium, which has large responses to both ⇥� and �.136

The ⇥�� response contains interference between O4 and137

O5, as well as between O8 and O9. In addition, since138

both M and ⇤�� are scalar responses, interference be-139

tween the two can be significant, especially for elements140

like xenon which have large responses to both. The M⇤��
141

response contains interference between operators O1 and142

O3, operators O11 and O12, and operators O11 and O15.143

The strength of an EFT interaction is governed by nu-144

merical coe⌃cients associated with each of the operators,145

one for each operator and isospin. These coe⌃cients are146

here labeled c�i with i indicating operator number and147

� = 0 or 1 indicating isoscalar (cp = cn) and isovector148

(cp = �cn), respectively. They are generalized versions149

of fn and fp and can take on any value, positive or neg-150

ative. The coe⌃cients appear as c�i c
� 0

j in the interaction,151

indicating that operators interfere at most pair-wise.152

This paper discusses the Fitzpatrick et al. e⌅ective field153

theory in the context of current and proposed direct de-154

tection experiments. We present exclusion limits on EFT155

operator coe⌃cients using the optimum interval method.156

We discuss the di⌅erences in energy spectra that arise for157

arbitrary EFT interactions and examine how this energy158

dependence may a⌅ect future experiments if WIMP can-159

didate events are observed. We also consider the vari-160

ation in interaction strength across the elements com-161

monly used as direct detection targets and discuss pos-162

sible ways of exploring interference using experimental163

results. Finally, we discuss the implications of this e⌅ec-164

tive field theory for the G2 direct detection experiments.165

EXCLUSION LIMITS ON A SET OF EFT166

OPERATORS167

The strength of the interaction in the EFT frame-168

work is governed by a set of 28 numerical coe⌃cients169

corresponding to the 14 operators, one for each isospin.170

Other work has attempted to find global fits in this many-171

dimensional EFT parameter space using combined data172

from many direct detection experiments [21]. However,173

since the parameter space is large and relatively uncon-174

strained by current experiments, we choose to calculate175

exclusion limits on the coe⌃cients for individual EFT176

operator for three di⌅erent target elements: germanium177

(SuperCDMS LT and CDMS-II), silicon (CDMS-II), and178

xenon (LUX). This is the first EFT experimental result179

that includes all three target elements that will be used180

in the G2 experiments. In addition, the optimum inter-181

val method provides a more accurate calculation of the182

limits since it includes information about the candidate183

event energies and energy-dependent detection e⌃ciency184

that is lost in likelihood methods that consider a single185
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The most general case can be 
described by means of an 
Effective Field Theory

Haxton, Fitzpatrick 2012
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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

Schneck et al [SuperCDMS] 2015

Limits on EFT operators (SuperCDMS) 

•  The spectrum differs from the 
expected for standard 
interactions 

-  A DM signal could be 
misidentified as background 
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FIG. 3. Co-added energy spectrum from 100 simulated experiments (blue histogram) assuming the dark matter interaction
proceeds according to the isoscalar O3 operator for a 10GeV/c2 (left) and a 300GeV/c2 WIMP (right). The detection e�ciency
is assumed to be independent of energy. The smooth cyan, magenta, and black curves show the expected spectrum for the
standard spin-independent rate for several WIMP masses, while the dashed dark blue curve shows the O3 spectrum from which
the simulated experiments were sampled.

FIG. 4. Distribution of 90% confidence level upper limits calculated using the optimum interval method for the simulated
experiments discussed in Sec. 3 and shown in Fig. 3, sampled from the event rate for isoscalar O3. Shaded blue bands show
the 68% and 95% confidence level uncertainty on the distribution. The zero-background Poisson limit is shown in magenta.

tends to be weaker at larger WIMP masses where the
tail of the spin-independent event rate extends to higher
recoil energies. For the 300GeV/c2 case, the distribu-
tion of limits agrees with the Poisson zero-background
limit at low masses; the observed events occur at recoil
energies that cannot be produced by a low-mass WIMP.
At higher masses, the distribution of limits is still close
to the zero-background limit because the shape of the
observed spectrum is very di�erent from the expected
spin-independent WIMP rate.

The di�erence in the limits between the spin-
independent and EFT cases demonstrates the impor-
tance of correctly modeling the expected WIMP signal.

Algorithms that assume the standard spin-independent
rate when calculating limits will interpret events from
EFT interactions with di�erent spectral shapes as back-
ground, and thus, this assumption could lead to a bias in
the exclusion limits reported by experiments, especially
in the case where events are observed.

K. Schneck et al. PRD 2015 
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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

Enlarging the maximum 
energy in the signal region 
allows to set better constraints 
(or mass reconstruction)

4/11/2025 TeVPA

Bozorgnia, DC, Cheek, Penning 2018

30 keV 500 keV
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Experimental results on EFTs

LZ 2024

SuperCDMS carried out an analysis with HV detectors 
(low threshold) and allowing for isospin violation

Xenon experiments (PandaX, Xenon1T) improve at large masses. LZ implemented the 
extended analysis range in energies

SuperCDMS 2022

18
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How can we deal with such a large number of parameters?

The complementarity of 
different experimental 
targets can be used to 
extract better upper bounds 
on each of the EFT 
operators

This is generally done 
assuming contribution 
from only one EFT at a 
time (separating proton and 
neutron contributions)

Brenner et al. 2203.04210

If no signal is observed:

19
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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. 

The emitted electron is easier to observe than the nuclear recoil (NR), as it is more energetic 
(and more easily exceeds the threshold energy)

Migdal 1939; Feinberg 1941
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Migdal

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

NR
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4/11/2025 TeVPA

LUX 2019, Xenon 2019, SuperCDMS 2023
DAMIC 2023

It improves the sensitivity to low mass WIMPs!   

Experiments are interpreting their data 
using the prediction for the Migdal 
effect.

This greatly improves the sensitivity to 
low-mass WIMPs, allowing to explore 
new regions!
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4/11/2025 TeVPA

LUX 2019, Xenon 2019, SuperCDMS 2023
DAMIC 2023

It improves the sensitivity to low mass WIMPs!   

Experiments are interpreting their data 
using the prediction for the Migdal 
effect.

This greatly improves the sensitivity to 
low-mass WIMPs, allowing to explore 
new regions!

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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4/11/2025 TeVPA

The Migdal effect is being searched for with various targets

Migdal
PredicciónMigdal

Best-fit

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 
National Laboratory using XeNu
TPC has not found it! 

Xu et al. 2023

This could be due the electron-ion 
recombination in Xe (if the nuclear 
and electron tracks are near)…

… or to issues with the theoretical 
prediction.
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4/11/2025 TeVPA

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 
National Laboratory using XeNu
TPC has not found it! 

Xu et al. 2023

The MIGDAL collaboration is trying to 
measure this effect at the Rutherford 
Appleton Laboratory.

The 1st phase of the experiment is already 
running with a C4F10 target. 

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

When the target is an isolated (noble gas) atom, the 
ionisation form factor is easier to compute. In solid 
state crystals, this is more complicated.  

Essig et al. 1509.01598

Crystal form factor (Ge)

<latexit sha1_base64="yJgrM+gF3SL9KFkd2Yf3oJ5UFdE="></latexit>
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The Dark Matter ”form factor” encapsulates the 
momentum dependence of the interaction

~1/q for low-mass mediators

~1 for heavy mediators
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4/11/2025 TeVPA

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

These searches are starting to probe other ways of producing DM in the early Universe, 
namely freeze-in models.
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4/11/2025 TeVPA

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

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

DAMIC-M 2503.14617
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4/11/2025 TeVPA

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

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

XENONnT 2411.15289
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vf(~v)
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dER
d~v dER

Direct dark matter detection often requires large underground experiments

Expected number of events 

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)

Dark matter halo parameters

Local density and DM velocity distribution 
function

Uncertainties in the halo parameters

Directionality and time-dependence 
(annual modulation)

4/11/2025 TeVPA 29
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EAGLE HR

Figure 2. DM velocity modulus distributions in the Galactic rest frame (coloured data points with
1� error bars) for two haloes in the eagle HR simulation which satisfy our selection criteria and
have the speed distributions closest to (halo E12, shown in green) and farthest from (halo E3, shown
in magenta) the SHM Maxwellian (top left), and two haloes in the apostle IR simulation satisfying
our selection criteria (bottom left). The right panels show the velocity modulus distributions for the
same haloes shown in the left panels but in a DMO simulation. The black solid line shows the SHM
Maxwellian speed distribution (with peak speed of 230 km/s), and the coloured dashed lines show the
best fit Maxwellian distribution for each halo (with matching colours).

is actually a lower limit on the true MW escape speed, it is the commonly adopted value.
Also, the larger vesc values of the haloes in the eagle HR simulation are due to the larger
M200 of those haloes compared to the MW. However, as discussed in section 3, this does not
a↵ect the predicted signals in direct detection experiments. The local Galactic escape speeds
are in the range of 720 – 1083 km/s (617 – 646 km/s) for the selected eagle HR (apostle
IR) haloes. These escape speeds are computed for each simulated halo from the total mass
enclosed in a sphere of radius 7 kpc, which is the inner radius of our defined torus. Therefore,
these escape speeds represent an upper limit on those expected at the Solar circle.

We now discuss how well the DM velocity modulus distributions of the simulated MW
analogues can be fitted with various fitting functions that have been proposed in the past for
the DM velocity distribution. We adopt the following parameterizations of the DM velocity
modulus distribution:

– 9 –

How well do we know our dark matter halo?

4/11/2025 TeVPA
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e�|~v�vE(t)|2/2�2

⇥(vesc � |v|)

• Velocity distribution of DM particles

Maxwellian distribution is (globally) a good fit 
in the Milky Way Bozorgnia et al. 1601.04707

• local DM density 

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

Attempts to use old (halo) stars 
Necib, Lisanti et al. 1807.02591

Bozorgnia et al, 1810-05576

Standard Halo Model

Smooth, spherical, isotropic, truncated Gaussian (essentially two parameters, vesc and s )
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Astrophysics

Determination from hydrodynamical 
simulations

How well do we know our dark matter halo?

4/11/2025 TeVPA

Smooth, spherical, isotropic, truncated Gaussian (essentially two parameters, vesc and s )
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⇥(vesc � |v|)

Uncertainties from halo variability, limitations from 
number of simulated haloes and extrapolation to 
Milky Way.

Predictions consistent with SHM with smaller 
uncertainties than expected.

Folsom et al. 2505.07924
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FIG. 1. Left: Earth frame velocity distribution for the SHM++ in the radial and horizontal directions. We assume a Sausage
fraction of ⌘ = 0.2. The shapes of the round component, fR(v), and Sausage component, fS(v), in velocity space are traced
with red and blue contours respectively. The radial anisotropy of the Sausage component can be clearly seen. The white point
marks the inverse of the velocity of the Sun (LSR + peculiar motion) and the white circle indicates the path of the full Earth
velocity over one year. Right: Earth frame speed distributions for the SHM (red dashed) and the SHM++ (blue). The shade
of blue indicates the fraction of the halo comprised of Sausage. The lower blue line isolates only 0.2fS(v). The e↵ect of the
Sausage component is to make the speed distribution colder.

anisotropic Sausage component. It depends on the fa-
miliar Galactic constants already present in the SHM,
namely the local circular speed v0, the local escape speed
vesc and the local DM density ⇢0. There are two addi-
tional parameters in the SHM++: the velocity anisotropy
� ⇡ 0.9 ± 0.05 of the Gaia Sausage and the fraction of
DM locally in the Sausage ⌘, which we estimate in the
next section.

On Earth, the incoming distribution of DM particles
is found by boosting the DM velocities in the galactic
frame by the Earth’s velocity with respect to the Galactic
frame: vE(t) = (0, v0, 0)+ (U, V,W ) +uE(t). Explicitly,
this means that the Earth frame velocity distribution is
flab(v) = f(v + vE(t)). The Earth’s velocity is time
dependent owing to the time dependence of uE(t), the
Earth’s velocity around the Sun. Expressions for uE(t)
are given in Refs. [107–109].

We plot the Earth frame distribution of velocities and
speeds in Fig. 1. The velocity distribution (left panel) is
displayed as the two-dimensional distribution flab(vr, v✓),
where we have marginalised over v�. The blue contours
associated with the Sausage component clearly show the
radial bias in velocity space compared to the circular
red contours associated with the round component of the
halo. In the right panel, we show the speed distribution,
flab(v) = v2

R
d⌦flab(v), for the SHM, SHM++ and the

isolated Sausage component. For the SHM distribution
(red dashed line), we have used the parameters in the
upper half of Table I. For the SHM++ distribution (blue
shaded), we have used the parameters in the lower half of
Table I with the exception of ⌘, which we have allowed to

vary in the range ⌘ = 0 (corresponding to only a round
halo component) to ⌘ = 0.3. The solid blue line shows
the contribution from only the Sausage component with
⌘ = 0.2.

Comparing the SHM and SHM++ distributions, we see
that the SHM++ distribution is everywhere shifted to
higher speeds. This is primarily because of the larger
value of v0. Comparing the SHM++ distribution with
⌘ = 0 (the lightest edge in the shaded region) to the
distribution with ⌘ 6= 0, we see that the impact of the
Sausage component is to increase the peak-height of the
speed distribution while decreasing the overall dispersion
of the distribution, i.e. the Sausage component makes the
total speed distribution colder compared to a halo with
only the round, isotropic component. The di↵erence in
the dispersion arises from the di↵erent expressions for
the velocity dispersions in the Sausage distribution (fS)
compared to the round halo (fR).

B. Constraining ⌘

The fraction ⌘ of DM locally in the Gaia Sausage is
not known, but an upper limit can be estimated. The
stellar density distribution of the Sausage is triaxial with
axis ratios a = 1, b = 1.27±0.03, c = 0.57±0.02 near the
Sun, and falls o↵ like ⇠ r�3 [105]. As a simple model,
we assume that the Sausage DM density is stratified on

4/11/2025 TeVPA

How well do we know our dark matter halo?

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

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

Several non virialised
components have 
been identified that 
alter the DM velocity 
distribution function.

A Radially Anisotropic 
Component (sausage?)
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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.

Efforts towards the construction of a self-
consistent halo model that includes the 
radially-anisotropic debris.

Important also to compare with potential 
hints in indirect searches that give 
information on the DM density profile. 

Cerdeño, Fornasa, Green, Peiró 1605.05185 

Stanic et al. 2502.08805
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To combine the stream with an isotropic halo model
we assume that it comprises some fraction of the local
density ⇢str/⇢0, so that the total distribution is

fSHM+str(v) =

✓
1� ⇢str

⇢0

◆
fSHM(v, t) +

⇢str
⇢0

fstr(v, t) .

(4)
Although ⇢0 = 0.3 GeV cm�3 is a widely-used value of
the local DM density, more recent investigations using
vertical kinematics of stars tend to find the somewhat
larger value of ⇢0 ⇡ 0.5 GeV cm�3 [68–71].

Of course, the underlying assumption here is that the
DM particles have the same kinematic properties as the
stars. This is unlikely to be correct in detail. For ex-
ample, the DM streams of Sagittarius are believed to be
more extended then the stellar streams and misaligned
from them [14, 15]. Judging from the mass of its stellar
content, the Sagittarius progenitor is almost certainly a
dwarf irregular galaxy [72], whereas the S1 progenitor is
a dwarf spheroidal [2]. In the former case, the stars are
distributed in a disk, whereas the DM is spheroidal, so
mismatches between the stellar and DM tails are only
to be expected. In the latter case, the stars and DM
start out as both spheroidally distributed, though possi-
bly with di↵erent flattenings. The process of tidal strip-
ping does refashion the more compact stellar and more
extended DM content di↵erently [e.g., 73], so mismatches
are still possible – but perhaps not as substantial as in
the case of dwarf irregulars. Similarly, the velocity dis-
persion of DM particles in dwarf spheroidals is somewhat
larger then the dispersion of the stars [74] – against which
must be balanced the fact there almost certainly remain
some contaminants in the S1 stars, so our present stellar
dispersion may be an overestimate. In fact, the velocity
dispersion of a stream can evolve considerably both with
time since disruption and along the stream at the present
day [75, 76].

We show the range of f(v) in the lab frame (which is
modulated over one year) in Fig. 3 for both the SHM
and SHM+S1 model, assuming ⇢str/⇢0 = 0.1. We clearly
see that the SHM+S1 model has a larger number of high
speed DM particles compared to the SHM alone. The
distribution in this case was calculated by numerically in-
tegrating the 3-dimensional multivariate Gaussian form
for f(v) including dispersion velocities �r,�,z

str
in each di-

rection. All the results we present here are essentially in-
sensitive to this multivariate treatment of the stream ve-
locity distribution. One could instead use, more straight-
forwardly, the same velocity dispersion in all three direc-
tions (for which there are analytic formulae for all neces-
sary direct detection signals). Accounting for the annual
modulation, the average value that best reproduces the
full multivariate distribution is �str ⇡ 46 km s�1.

The velocity of the lab (and hence the lab frame ve-
locity of the stream) is time dependent due to the revo-
lution and rotation of the Earth. This gives rise to well
known annual and diurnal modulations [77, 78]. The di-
urnal modulation in speed is likely unobservable for any
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FIG. 3. Laboratory frame speed distributions for the SHM
(green) and SHM+S1 (red) models. The shaded region de-
limits the range taken by the speed distribution modulated
over one year. In the SHM+S1 model we have assumed that
the stream comprises 10% of ⇢0.

realistic experiment (with the possible exception of cer-
tain axion experiments [79]), so we focus on the annual
e↵ect. We calculate the velocity of the lab using for-
mulae detailed in Ref. [45, 80]. The velocity of the Sun
is set by the velocity of the local standard of rest and
the peculiar velocity of the Sun with respect to the LSR:
v� = (11.1, 232.8+12.24, 7.25) km s�1. When combined
with the Earth revolution velocity, for the year 2018 we
find

vlab = v�+v� (cos[!(t� ta)] ✏̂1 + sin[!(t� ta)] ✏̂2) (5)

where ! = 2⇡/(365 days), ta = 22 March, v� =
29.79 km s�1 and the vectors are,

✏̂1 = (0.9941, 0.1088, 0.0042)T , (6)

✏̂2 = (�0.0504, 0.4946,�0.8677)T . (7)

We emphasise again that our assumptions made for
the various input astrophysical parameters are a depar-
ture from the commonly agreed upon benchmarks. Here
we favour instead more recent determinations, notably
⇢0 = 0.5 GeV cm�3, vesc = 520 km s�1 and v0 = 232.8
km s�1. This is in part to obtain some self-consistency
given that we are using a particular determination of the
stream velocity. In addition it enables us to advertise the
ongoing refinement of these values.

IV. SENSITIVITY OF XENON DETECTORS

Current and existing dual phase xenon detectors [81]
are the most sensitive to DM-induced nuclear recoils for

4/11/2025 TeVPA

How well do we know our dark matter halo?

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

O’Hare, McCabe, Evans, Myeong, Berlokurov 2018

Ibata et al. 2023

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

Especially important 
for direct detection of 
light particles.
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4/11/2025 TeVPA
Reynoso-Cordova, Bozorgnia, Piro 2024

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.  

Limits are affected, and can extend well below 
10 GeV.

EFT operators are affected in different ways 
(depending on their velocity and momentum 
dependence).
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The DAMA/LIBRA annual modulation signature has not been confirmed

The ANAIS collaboration (NaI 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.

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%). 



Future experiments will further explore the DM parameter space

4/11/2025 TeVPA

Explored (excluded) region

37



Explored (excluded) region

Increase the
target size

Reduce the 
experimental energy 
threshold

Future experiments will further explore the DM parameter space

4/11/2025 TeVPA 38



Explored (excluded) region

However, more sensitive 
experiments will soon become 
sensitive to a new background 
source that limits their 
performance… neutrinos! 

Future experiments will further explore the DM parameter space

4/11/2025 TeVPA 39



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

Rare Standard Model process recently measured in 
spallation source experiments

Irreducible background – neutrino fog/floor

(Inelastic) electron scattering

Usual electroweak process mediated by the Z and W
bosons

Coherent Elastic neutrino-Nucleus Scattering (CEvNS)

n
n

ER

n
n

e-

COHERENT Collab. 2017, 2021

O’Hare et al 2017

Neutrinos can be observed in direct detection experiments:

4/11/2025 TeVPA 40
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Direct detection experiments are becoming so sensitive that they will son be able to detect 
solar and atmospheric neutrinos.

Rare Standard Model process recently measured in 
spallation source experiments

Irreducible background – neutrino fog/floor

(Inelastic) electron scattering

Coherent Elastic neutrino-Nucleus Scattering (CEvNS)

COHERENT Collab. 2017, 2021

O’Hare et al 2017

Neutrinos can be observed in direct detection experiments:

4/11/2025 TeVPA

Usual electroweak process mediated by the Z and W
bosons
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New physics can lead to extra contributions to CEvNS

- The neutrino floor rises
- It makes it possible to observe the new low-mass 

mediators
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Expected signal in a direct detection experiment

Coherent Elastic neutrino-Nucleus Scattering (CEvNS)
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FIG. 1: Neutrino energy spectra which are backgrounds to di-
rect detection experiments: Solar, atmospheric, and the dif-
fuse supernovae background. The Solar neutrino fluxes are
normalized to the high metallicity SSM. The atmospheric neu-
trinos are split into electron, antielectron, muon and antimuon
neutrino components. The three DSNB spectra are labelled
by their temperature in MeV, see Sec.II C.

the inverse of the direction of the Sun1. As shown in
Ref. [16], both the Solar neutrino and WIMP event rates
have a ⇠ 5% annual modulation but they peak at times
that are separated by about 5 months, and consequently
timing information could help discriminate WIMPs from
neutrinos.

B. Atmospheric neutrinos

At higher nuclear recoil energies, greater than approxi-
mately 20 keV, the neutrino floor at high WIMP masses,
i.e., above 100 GeV, will mostly be induced by low-
energy atmospheric neutrinos (see [14, 17]). These will
limit the sensitivity of dark matter detectors without di-
rectional sensitivity to spin independent cross-sections
greater than approximately 10�48 cm2 [12, 14, 17].

The low energy flux of atmospheric neutrinos, less than
approximately 100 MeV, is di�cult to directly measure
and theoretically predict [22]. At these energies, the un-
certainty on the predicted atmospheric neutrino flux is
approximately 20% [23]. Due to a cuto↵ in the rigidity
of cosmic rays induced by the Earth’s geomagnetic field
at low energies, the atmospheric neutrino flux is larger
for detectors that are nearer to the poles [23].

1 We ignore the angular size of the Sun’s core on the sky which
would give a tiny angular spread in the incoming neutrino direc-
tions

Over all energies, the atmospheric neutrino flux peaks
near the horizon, at zenith angle cos ✓ ' 0. At high en-
ergies, the flux is very nearly symmetric about cos ✓ ' 0,
as at these energies the cosmic ray particles are more
energetic than the rigidity cuto↵. At low energies, the
flux becomes asymmetric, as the flux of downward-going
(cos ✓ = 1) neutrinos is lower than the flux of upward-
going neutrinos (cos ✓ = �1). For the analysis in this
paper, we consider the FLUKA results for the angular
dependence of the atmospheric neutrino rate [24]. As we
discuss below, we find that when this flux is convolved
with the angular dependence of the coherent neutrino-
nucleus cross-section, the angular dependence is washed
out and the recoil spectrum depends only weakly on di-
rection. There is also a seasonal variation in the neutrino
flux based on the atmospheric temperature which induces
an additional time modulation. However the exact time
dependence of this e↵ect at the latitude of our mock ex-
periment is not known and is likely too small to have a
large e↵ect on the observed limits. Hence for this study
we ignore both the angular and time dependence of the
atmospheric neutrino flux and model it as isotropic and
constant in time,

d3�

dE⌫d⌦⌫dt
=

1

4⇡�t

d�

dE⌫
. (2)

C. Di↵use supernova neutrinos

For WIMP masses between 10 and 30 GeV, the neu-
trino floor is likely induced by the sub-dominant dif-
fuse supernova neutrino background (DSNB), from all
supernova explosions in the history of the Universe. The
DSNB flux is a convolution of the core-collapse supernova
rate as a function of redshift with the neutrino spectrum
per supernova; for a recent review of the predicted DSNB
flux see Beacom [25]. The DSNB spectra have a similar
form to a Fermi-Dirac spectrum with temperatures in
the range 3-8 MeV. We use the following temperatures
for each neutrino flavour: T⌫e = 3 MeV, T⌫̄e = 5 MeV
and T⌫x = 8 MeV, where ⌫x represents the four remaining
neutrino flavours. Motivated by theoretical estimates we
take a systematic uncertainty on the DSNB flux of 50%.
The DSNB is believed to be isotropic and constant over
time, therefore its angular dependence can be expressed,
as with the atmospheric neutrinos, using Eq. (2).

III. NEUTRINO AND DARK MATTER RATE
CALCULATIONS

A. Coherent neutrino-nucleus elastic scattering

We only consider the neutrino background from coher-
ent neutrino-nucleus elastic scattering (CNS) as it pro-
duces nuclear recoils in the keV energy scale which cannot
be distinguished from a WIMP interaction. We neglect

8B

CNO

pp

Atmospheric

Supernova

Solar

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

Diffuse supernova neutrino background
relevant around ~20-50 MeV. Yet undetected

Atmospheric
very energetic but with a much smaller rate

Neutrino flux

4/11/2025 TeVPA 43
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Solar neutrinos
dominate at low energy – the leading 
contribution is the pp chain below 1 MeV

Produced as electron neutrinos, they 
oscillate into other flavours

Matter oscillation in solar medium dominates flavour composition 
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [22–24]. Right: Neutrino background event rates for a germanium based detector. The black dashed line
corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event rate
from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino event
rate.

neutrino-nucleus cross section with the neutrino flux as
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where dN
dE⌫

corresponds to the neutrino flux. As it has
been shown in Ref. [17], the neutrino-nucleon elastic
interaction is theoretically well-understood within the
Standard Model, and leads to a coherence e↵ect imply-
ing a neutrino-nucleus cross section that approximately
scales as the atomic number (A) squared when the mo-
mentum transfer is below a few keV. At tree level, the
neutrino-nucleon elastic scattering is a neutral current
interaction that proceeds via the exchange of a Z boson.
The resulting di↵erential neutrino-nucleus cross section
as a function of the recoil energy and the neutrino en-
ergy is given by [18]:
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where mN is the nucleus mass, Gf is the Fermi coupling
constant and Q! = N � (1 � 4 sin2 ✓!)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓! the weak mixing angle.
The presence of the form factors describes the loss of
coherence at higher momentum transfer and is assumed
to be the same as for the WIMP-nucleus SI scattering.
Interestingly, as the CNS interaction only proceeds
through a neutral current, it is equally sensitive to all
active neutrino flavors.

In Fig. 1 (left panel), we present all the neutrino fluxes
that will induce relevant backgrounds to dark matter
detection searches. The di↵erent neutrino sources con-
sidered in this study are the sun, which generates high
fluxes of low energy neutrinos following the pp-chain [19]

and the possible CNO cycle [20, 21], di↵use supernovae
(DSNB) [22] and the interaction of cosmic rays with the
atmosphere [23] which induces low fluxes of high energy
neutrinos. As a summary of the neutrino sources used
in the following, we present in Table II the di↵erent
properties of the relevant neutrino families such as: the
maximal neutrino energy, the maximum recoil energy for
a Ge target nucleus and the overall flux normalization
and uncertainty. In order to most directly compare to
the analysis of Ref. [10], we use the standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [23] and [22] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m�,�

SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we do not consider neutrino-
electron scattering, even though it is predicted to pro-
vide a substantial signal in future dark matter detectors.

Ge• 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
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [22–24]. Right: Neutrino background event rates for a germanium based detector. The black dashed line
corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event rate
from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino event
rate.
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where dN
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corresponds to the neutrino flux. As it has
been shown in Ref. [17], the neutrino-nucleon elastic
interaction is theoretically well-understood within the
Standard Model, and leads to a coherence e↵ect imply-
ing a neutrino-nucleus cross section that approximately
scales as the atomic number (A) squared when the mo-
mentum transfer is below a few keV. At tree level, the
neutrino-nucleon elastic scattering is a neutral current
interaction that proceeds via the exchange of a Z boson.
The resulting di↵erential neutrino-nucleus cross section
as a function of the recoil energy and the neutrino en-
ergy is given by [18]:
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where mN is the nucleus mass, Gf is the Fermi coupling
constant and Q! = N � (1 � 4 sin2 ✓!)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓! the weak mixing angle.
The presence of the form factors describes the loss of
coherence at higher momentum transfer and is assumed
to be the same as for the WIMP-nucleus SI scattering.
Interestingly, as the CNS interaction only proceeds
through a neutral current, it is equally sensitive to all
active neutrino flavors.

In Fig. 1 (left panel), we present all the neutrino fluxes
that will induce relevant backgrounds to dark matter
detection searches. The di↵erent neutrino sources con-
sidered in this study are the sun, which generates high
fluxes of low energy neutrinos following the pp-chain [19]

and the possible CNO cycle [20, 21], di↵use supernovae
(DSNB) [22] and the interaction of cosmic rays with the
atmosphere [23] which induces low fluxes of high energy
neutrinos. As a summary of the neutrino sources used
in the following, we present in Table II the di↵erent
properties of the relevant neutrino families such as: the
maximal neutrino energy, the maximum recoil energy for
a Ge target nucleus and the overall flux normalization
and uncertainty. In order to most directly compare to
the analysis of Ref. [10], we use the standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [23] and [22] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m�, �

SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we do not consider neutrino-
electron scattering, even though it is predicted to pro-
vide a substantial signal in future dark matter detectors.

Ge

m > 100 GeV
s ~ 10-47 cm2

m = 6 GeV
s = 4.4 x 10-45 cm2

• 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
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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 <latexit sha1_base64="spF7flAWquorAsAtwuaq/oQnqjs=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFcFFKUrwtC25cVrAXaEKYTCft0MkkzEUooRs3voobF4q49R3c+TZO2iy09YeBb/5zDjPnD1NGpXKcb6u0srq2vlHerGxt7+zu2fsHHZlogUkbJywRvRBJwignbUUVI71UEBSHjHTD8U1e7z4QIWnC79UkJX6MhpxGFCNlrMA+9rgOSA16tRy8WNc8c8lRIR3YVafuzASXwS2gCgq1AvvLGyRYx4QrzJCUfddJlZ8hoShmZFrxtCQpwmM0JH2DHMVE+tlsiyk8Nc4ARokwhys4c39PZCiWchKHpjNGaiQXa7n5X62vVXTtZ5SnWhGO5w9FmkGVwDwSOKCCYMUmBhAW1PwV4hESCCsTXMWE4C6uvAydRt29rF/cnVebjSKOMjgCJ+AMuOAKNMEtaIE2wOARPINX8GY9WS/Wu/Uxby1Zxcwh+CPr8wfovpeI</latexit>⌫e, ⌫µ, ⌫⌧

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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NUCLEAR + ELECTRON
SCATTERING

ER sensitivities drop off towards               (pure 
proton), whereas NR sensitivities become 
maximal.

<latexit sha1_base64="F/6O4mFMj0yOCAcEYkqNBQo7Dmo=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKewGXxch4MVjBPOQZAmzk9lkyMzsMjMbCEu+wosHRbz6Od78G2eTPWhiQUNR1U13VxBzpo3rfjuFtfWNza3idmlnd2//oHx41NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GN9lfntClWaRfDTTmPoCDyULGcHGSk+9CVbxiN26/XLFrbpzoFXi5aQCORr98ldvEJFEUGkIx1p3PTc2foqVYYTTWamXaBpjMsZD2rVUYkG1n84PnqEzqwxQGClb0qC5+nsixULrqQhsp8BmpJe9TPzP6yYmvPFTJuPEUEkWi8KEIxOh7Hs0YIoSw6eWYKKYvRWREVaYGJtRyYbgLb+8Slq1qndVvXy4qNRreRxFOIFTOAcPrqEO99CAJhAQ8Ayv8OYo58V5dz4WrQUnnzmGP3A+fwBu6JAh</latexit>

' = 0

Direct detection experiments have excellent 
sensitivity to ER.

Future DARWIN can potentially improve by an 
order of magnitude over current electron NSI 
bounds

Direct detection experiments become crucial to 
constrain neutrino parameters. 

They will need to be included in global neutrino 
parameter fits.

Amaral, DGC, Cheek, Foldenauer 2023
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Direct (DM) detectors have become very versatile probes of DM across a wide mass range.

Conclusions

• 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 
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