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Expected WIMP-specific signatures

• So far: we have seen that the recoil rate is energy dependent due to


๏ the kinematics of elastic WIMP-nucleus scattering


๏ in combination with the WIMP velocity distribution


• However: due to the motion of the Earth with respect to the Galactic rest frame, the recoil rate is:


๏  time and direction dependent  

• We will now look at the time and directional effects

How would a WIMP signal look like?

• WIMP interactions in detector should be: 

• nuclear recoils

• single scatters, uniform throughout detector volume

• Spectral shape (exponential, however similar to background)

• Dependance on material (A2, F2(Q), test consistency between different targets)

• Annual flux modulation (~ 3% effect, most events close to threshold)

• Diurnal direction modulation (larger effect, requires low-pressure gas target)
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Time dependance: introduction

• The Earth’s orbit about the Sun leads to a time dependance, specifically an annual modulation, in 
the differential event rate: 

๏ the Earth’s speed with respect to the Galactic rest frame is largest in summer when the 
components of the Earth’s orbital velocity in the direction of solar motion is largest


๏ therefore the number of WIMPs with high (low) speeds in the detector rest frame is largest 
(smallest) in summer


๏ consequently, the differential event rate has an annual modulation, with an expected peak in 
summer and a minimum in winter 
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Drukier, Freese, Spergel, PRD 33,1986
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Time dependance of the signal

• Since the Earth’s orbital speed is significantly smaller than the Sun’s circular speed, the amplitude of 
the modulation is small (vE/vc ~ 0.07) and the differential event rate can be written to a first 
approximation as:


• where T = 1 year, and t0 = 150 days
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Annual modulation

• The speed distribution, f(v), and the differential signal in a detector depend on the halo model


• Here two cases: the SHM, and the extreme case of a stream (modelled after the Sagittarius stream, and 
roughly orthogonal to the galactic plane with speed ~ 350 km/s)
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is the most probable speed, with an approximate value of
235 km=s (Kerr and Lynden-Bell, 1986; Bovy, Hogg, and
Rix, 2009; McMillan and Binney, 2009; Reid et al., 2009)
(see Sec. III for further discussion). The Maxwellian distri-
bution is truncated at the escape velocity vesc to account for
the fact that WIMPs with sufficiently high velocities escape
the Galaxy’s potential well and, thus, the high-velocity tail of
the distribution is depleted. The dark matter escape velocity
in the Milky Way is estimated from that of high-velocity
stars. The Radial Velocity Experiment (RAVE) survey finds
that the 90% confidence range is 498–608 km=s (Smith
et al., 2007). Figure 2 shows the SHM speed distribution in
the laboratory (Earth) frame, after accounting for the motion
of the solar system relative to the galactic rest frame, as well
as the mean inverse speed #.

The sharp cutoff at the escape speed in Eq. (14) is not
physical. To smoothen the transition near the escape speed,
one may use the (still ad hoc) distribution:

~fðvÞ¼
8
<
:

1
Nesc

!
3

2!"2
v

"
3=2½e$3v2=2"2

v $e$3v2
esc=2"

2
v '; for jvj<vesc;

0; otherwise;

(17)

where

Nesc ¼ erfðzÞ $ 2ffiffiffiffi
!

p z
$
1þ 2

3
z2
%
e$z2 : (18)

In another approach, Chaudhury, Bhattacharjee, and Cowsik
(2010) used King models to obtain the velocity distribution,
handling the finite size and mass of the Galaxy in a more self-
consistent manner. In these models, the probability distribu-
tion can reach zero at a lower velocity than the escape
velocity; essentially, the highest bound velocities are unpopu-
lated. In general, because of the large uncertainty in modeling
the tail of the velocity distribution, one should approach any
result that depends sensitively on high-velocity predictions
with caution.

For the conventional SI and SD elastic scattering, the recoil
spectrum falls off exponentially in the galactic rest frame for
the SHM (neglecting form factors), due to the exponential
drop-off with velocity in Eq. (14). Even when form factors
and the motion of the Earth through the halo are accounted
for, the spectrum is still approximately exponential in the
laboratory frame:
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where E0 is some effective scale that isOð10 keVÞ for typical
WIMP and nuclear target masses, so that the largest

contribution to the rate in detectors is at low recoil energies.
For momentum-dependent interaction operators or inelastic
scattering, the rate may instead peak at higher values of recoil
energy.

The isotropic, Maxwellian velocity distribution of Eq. (14),
intended to describe a class of smooth spherical halo models,
is only a first approximation of the local halo profile.
As reviewed by Green (2012), oblate, prolate, or triaxial
halos would be expected to have an anisotropic velocity
distribution, which may be approximated as
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where vi are the WIMP velocities along three perpendicular
directions with dispersions "i. In general, changes to the halo
shape from anisotropy result inOð10%Þ changes in the annual
modulation signal (Green, 2001, 2010), although a more
exact statement depends on the dark matter properties and
the detector threshold.

FIG. 2 (color online). Comparison of the standard halo model
(SHM) and an example stream, representative of the smooth
background halo and a cold flow, respectively. The stream, modeled
after the Sagittarius (Sgr) stream, is roughly orthogonal to the
galactic plane with speed )350 km=s relative to the Sun. Upper
panel: The speed distribution [one dimensional fðvÞ in the frame of
the Earth] for both components. Lower panel: The differential signal
in a detector is directly proportional to the mean inverse speed
#ðvminÞ. Here the x axis is vmin, the lower limit of the integration in
Eq. (4). The approximately exponential SHM and steplike stream
#’s are each shown at two periods of the year, corresponding to the
times of year at which # is minimized and maximized; note these
times are different for the two components.
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where NT # Nþ þ N% is the total number of events. While
this derivation is for a simple two bin analysis of the yearly
modulation, the above proportionality relationship holds true
for any modulation signal and analysis scheme: a reduction in
the modulation amplitude Sm by a factor of 2 requires an
increase in the number of detected events NT (and hence
exposure) by a factor of 4 to be detected to the same statistical
significance. Thus, to detect the daily modulation signal to the
same significance as the annual modulation signal, where the
amplitude of the former is * 60 times smaller than the latter
(Earth’s surface rotational speed of & 0:5 km=s versus an
orbital speed of 30 km=s), requires an increase in exposure by
a factor of at least Oð602Þ, a daunting task.

In the remainder of this section, we examine the modula-
tion for the SHM and substructure components. Figure 3
summarizes the conclusions we reach. Note that the expected
modulation amplitude depends sensitively on the assumed
dark matter velocity distribution. In reality, the local dark
matter is likely comprised of both a virialized and an unvi-
rialized component, meaning that a signal at a direct detection
experiment may be due to several different dark matter
components. In this case, a modulation of the form given
by Eq. (29) with a fixed phase t0 may not be a good approxi-
mation; the shape of the modulation for the total rate may no
longer be sinusoidal in shape and/or the phase may vary with
vmin. Furthermore, there are cases when Eq. (29) is a bad
approximation even for a single halo component; an example
is shown below for a stream. We conclude this section with a
discussion of what can be learned about the local halo in these
more complicated scenarios.

A. Smooth background halo: Isothermal (standard) halo model

We now apply our general discussion of the modulation
rate to the example of a simple isothermal sphere (Freese,
Frieman, and Gould, 1988). As discussed in Sec. II.B, the
SHM is almost certainly not an accurate model for the dark
matter velocity distribution in the Milky Way. However, its
simple analytic form provides a useful starting point for
gaining intuition about the modulation spectrum of the viri-
alized dark matter component.

As shown in Eq. (3), the differential count rate in a detector
is directly proportional to the mean inverse speed "; the time
dependence of the recoil rate arises entirely through this term.
To study the expected time dependence of the signal in the
detector, we therefore focus on the time dependence of "; in
particular, we investigate the annual modulation of the quan-
tity " as it is the same as that of the dark matter count rate.

For the SHM or any dark matter component with a velocity
distribution described by Eq. (14) or (17), the mean inverse
speed has an analytical form, presented in Appendix B and in
Savage, Freese, and Gondolo (2006) and McCabe (2010).
Figure 2 illustrates "ðvminÞ for the SHM, taking v0 ¼ vrot as
expected for an isothermal spherical halo.

Figure 2 shows "ðvminÞ at t0 ’ June 1, the time of year at
which the Earth is moving fastest through the SHM, as well as
on 1 December, when the Earth is moving slowest; there is a
(small) change in " over the year. The corresponding recoil
spectra, as a function of recoil energy, are given in schematic
form in the first panel of Fig. 3. The amplitude of the
modulation,
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#
; (34)

is also shown in the figure. Two features of the modulation are
apparent for the SHM: (1) the amplitude of the modulation is
small relative to the average rate, with an exception to be
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FIG. 3 (color online). Comparison of the shapes of the total rate shown at two periods of the year, corresponding to the times of year at
which the rate is minimized and maximized, as well as the modulation amplitude, for three different halo components: SHM (left), debris flow
(middle), and stream (right). The normalization between panels is arbitrary.
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Annual modulation

• Observed in DAMA/LIBRA (13.7-sigma; 250 kg NaI, 
2.86 tons-year, 22 annual cycles)


• Origin of the modulation is still unclear

Amplitude: ~ (0.0116 ± 0.0013) events/(kg keV d) 

T = 0.99834 ± 0.00067 yr, t0 =142.4±4.2 day (t0 = 152.5 day  June 2nd)≡

DAMA/LIBRA: SciPost Phys. Proc. 12, 025 (2023)
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DAMA/LIBRA: SciPost Phys. Proc. 12, 025 (2023)

Amplitude: ~ (0.0116 ± 0.0013) events/(kg keV d) 
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Annual modulation

• Problem: muon rate also modulates with the season


• Amplitude & phase can not explain DAMA/LIBRA however

Muon rate in LNGS*

Muon rate variation at LNGS: Amplitude: ~ 0.015; T = 1 year, ϕ = July 15±15 days
9

muon 
modulation 
at South 
Pole, R. 
Maruyama, 
UCLA DM 
2023



Annual modulation: an analysis issue?

• Problem: a modulation can be induced by the data analysis method (the observed annual modulation 
can be reproduced by a slowly varying time-dependent background)


• However the obtained modulation phase is almost opposite to that of the DAMA/LIBRA data

10

https://www.nature.com/articles/s41598-023-31688-4



A global effort to solve the DAMA/LIBRA mystery 

Hyun Su Lee, TAUP 2023 11



Directional dependance of the signal

• The Earth’s motion with respected to the Galactic rest frame produces a direction dependance of the recoil 
spectrum

• The peak WIMP flux comes from the direction of the solar motion, which points towards the constellation Cygnus

• Assuming a smooth WIMP distribution, the recoil rate is then peaked in the opposite direction

• In the laboratory frame, this direction varies over the course of a sidereal day due to the Earth’s rotation

• This effect can provide a robust signature for a Galactic origin of a WIMP signal

November 2, 2009 14:20 WSPC/INSTRUCTION FILE
cygnus2009Whitepaper

4 Battat et al.

Fig. 1. Hammer-Aito� projection of the WIMP flux in Galactic coordinates. A WIMP mass of
100 GeV has been assumed (from Ref. 12).
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Fig. 2. (left) The daily rotation of the Earth introduces a modulation in recoil angle, as measured
in the laboratory frame. (right) Magnitude of this daily modulation for seven lab-fixed directions,
specified as angles with respect to the Earth’s equatorial plane. The solid line corresponds to zero
degrees, and the dotted, dashed, and dash-dot lines correspond to ±18�, ±54� and ±90�, with
negative angles falling above the zero degree line and positive angles below. The ±90� directions
are co-aligned with the Earth’s rotation axis and therefore exhibit no daily modulation. This
calculation assumes a WIMP mass of 100 GeV and CS2 target gas. (from Ref. 13).

the WIMP origin of the dark matter interaction candidate events.11 This is often
referred to as the materials signal. In practice, this would require the detection of a
large number of events with both targets (in order to measure the energy spectra),
the operation of experiments in similar background environments, and accurate
calculations of the nuclear form factors.

Projection of the WIMP 
flux in Galactic 
coordinates

A WIMP mass of 100 GeV 

was assumed

B. Morgan, A. M. Green and N. J. C. Spooner, Phys. Rev. D71, p. 103507 (2005).
12



Directional dependance of the signal
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large number of events with both targets (in order to measure the energy spectra),
the operation of experiments in similar background environments, and accurate
calculations of the nuclear form factors.
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the WIMP origin of the dark matter interaction candidate events.11 This is often
referred to as the materials signal. In practice, this would require the detection of a
large number of events with both targets (in order to measure the energy spectra),
the operation of experiments in similar background environments, and accurate
calculations of the nuclear form factors.
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• The number of recoils along a particular direction in the lab frame will change over the course of a day

• No known background can mimic the signal
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Directional dependance of the signal

• The number of nuclear recoils along a particular direction in the laboratory frame will thus change over the course of a day

• For the standard halo model, the direction dependance is given by:

➡ with     = angle between the recoil and the mean direction of solar motion
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• The event rate in the forward direction is expected to be roughly one order of 
magnitude larger than the one on the backward direction; a detector capable of 
measuring the nuclear recoil momentum vector in 3-D (the axis and direction of the 
recoil, also called head-tail), with good angular resolution, needs a few tens of events 
to distinguish a WIMP from an isotropic background
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Summary: Signal Characteristics of a WIMP
• A2 - dependence of rates 


• coherence loss (for q~µv ~ 1/rn ~ 200 MeV)


• relative rates, for instance in Ge/Si, Ar/Xe,...


• dependance on WIMP mass


• time & directional dependence
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MWIMP = 100 GeV 
σWN=1×10-44 cm2

(Standard halo model 
with ρ= 0.3 GeV/cm3)

Tongyan Lin,  arXiv:1904.07915 
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Signal and Backgrounds

Χ gamma

Electron

NRs: 
DM particles 
Fast neutrons 
Neutrinos

ERs: 
DM particles 
Backgrounds (γ, β) 
Neutrinos

gammaΧ

Recoiling nucleus
v/c ≈ 7 x 10-4 
ER ≈ 10 keV

v/c ≈ 0.3
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Quenching Factor and Discrimination

• WIMPs, neutrons, neutrinos: scatter off nuclei


• LDM, background sources (γ, e-), neutrinos: scatter off electrons


• Detectors have a different response to NRs than to ERs


• Quenching factor (QF) = describes the difference in the amount of visible energy (Evis) in a 
detector for these two classes of events


๏  keVee = measured signal from an electron recoil


๏  keVr = measured signal from a nuclear recoil


• For nuclear recoil events: 

• The two energy scales are calibrated with gamma & beta (3H, 57Co, 133Ba, 137Cs, 60Co, 220Rn, 
etc) and neutron (AmBe, 252Cf, n-generators, etc) sources

Evis(keVee) = QF ⇥ ER(keVr)

17



Quenching Factor and Discrimination

• The quenching factor allows to distinguish between electron and nuclear recoils if two 
simultaneous detection mechanisms are used


• Example:


๏ charge and phonons in Ge


๏Evisible ~ 1/3 Erecoil for nuclear recoils


๏  QF ~ 30% in Ge
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Backgrounds in DM Detectors: Overview

19

▸ Muon-induced neutrons: NRs 

▸ Cosmogenic activation of materials/targets (3H, 32Si, 60Co, 39Ar): ERs 

▸ Radioactivity of detector materials (n, γ, α, e-): NRs and ERs 

▸ Target intrinsic isotopes (85Kr, 222Rn, 136Xe, 39Ar, etc): ERs 

▸ Neutrinos (solar, atmospheric, DSNB): NRs and ERs

muon veto

neutron veto

NRs

e-

ERs

e-

Mountain

Detector



n produced by fission and (α,n)

n produced by µ

muons

Flux of cosmic ray secondaries and 
tertiary-produced neutrons in a typical Pb 
shield vs shielding depth 
Gerd Heusser, 1995

hadrons

Backgrounds from cosmic rays
• Cosmic rays and secondary/tertiary particles: go underground


• Hadronic component (n, p): reduced by few meter water equivalent (m w. e.)

20



• Most problematic: muons and muon induced neutrons 


๏ go deep underground, several laboratories, worldwide

Backgrounds from cosmic rays

compiled by: R. Gaitskell

includes tagging time-coincident hits in different crystals or identifying multiple scatters in
homogeneous detectors. For detectors with sensitivity to the position of the interaction, an
innermost volume can be selected for the analysis (fiducial volume). As the penetration range
of radiation has an exponential dependence on the distance, most interactions take place close
to the surface and background is effectively suppressed. Finally, detectors able to distinguish
electronic recoils from nuclear recoils (see section 5.1) can reduce the background by
exploiting the corresponding separation parameter.

4.2. Cosmogenic and radiogenic neutron radiation

Neutrons can interact with nuclei in the detector target via elastic scattering producing nuclear
recoils. This is a dangerous background because the type of signal is identical to that of the
WIMPs. Note that there is also inelastic scattering where the nuclear recoil is typically
accompanied by a gamma emission which can be used to tag these events. Cosmogenic
neutrons are produced due to spallation reactions of muons on nuclei in the experimental
setup or surrounding rock. These neutrons can have energies up to several GeV [151] and are
moderated by the detector surrounding materials resulting in MeV energies which can pro-
duce nuclear recoils in the energy regime relevant for dark matter searches. In addition,
neutrons are emitted in n,( )a - and spontaneous fission reactions from natural radioactivity
(called radiogenic neutrons). These neutrons have lower energies of around a few MeV.

Dark matter experiments are typically placed at underground laboratories in order to
minimize the number of produced muon-induced neutrons. The deeper the location of the
experiment, the lower the muon flux. Figure 3 shows the muon flux as a function of depth for
different laboratories hosting dark matter experiments.

The effective depth is calculated using the parametrisation from [151] which is repre-
sented by the black line in the figure. The muon flux for each underground location is taken
from the corresponding reference of the list below.

• Waste Isolation Pilot Plant (WIPP) [152] in USA.
• Laboratoire Souterrain à Bras Bruit (LSBB) [153] in France.
• Kamioka observatory [151] in Japan.
• Soudan Underground Laboratory [151] in USA.

Figure 3. Muon flux as function of depth in kilometres water equivalent (km w. e.) for
various underground laboratories hosting dark matter experiments. The effective depth
is calculated using the parametrisation curve (thin line) from [151].

J. Phys. G: Nucl. Part. Phys. 43 (2016) 013001 Topical Review
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• Overview of underground laboratories 


Backgrounds from cosmic rays
Aldo Ianni, SciPost Phys. Proc. 12, 007 (2023) ·



1. 4000 Bq from 14C, 4000 Bq from 40K (e- + 400 1.4 MeV γ + 8000 νe)

2. 7000 atoms/m2 s

3. 10 millions (transmutation of 238U by fast CR neutrons), soil: 1 - 3 mg U per kg

Backgrounds from radioactivity

• Radioactivity of surroundings 


• Radioactivity of detector and shield materials


• Remember: activity of a source


• Do you know?
A = dN

dt
= −λN

N = number of radioactive nuclei
λ = decay constant, T1/2 = ln2/λ=ln2 τ
[A] = Bq = 1 decay/s (1Ci = 3.7 x 1010 
decays/s = A [1g pure 226Ra])

1. how much radioactivity (in Bq) is in your body? where from?

2. how many radon atoms escape per 1 m2 of ground, per s?

3. how many plutonium atoms you find in 1 kg of soil?

23



Backgrounds from radioactivity

• External, natural radioactivity: 238U, 238Th, 40K decays in rock and concrete walls of the laboratory 
 mostly gammas and neutrons from (α,n) and fission reactions


• Radon decays in air: 

๏  passive shields: Pb against the gammas, polyethylene/water against neutrons

๏  active shields: large water Cherenkov detectors or scintillators for gammas and neutrons

⇒

Ge detector 
underground, 
no shield

Ge detector 
underground, 
Pb shield and 
purge for Rn ๏ Example for an active shields
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Backgrounds from radioactivity

• Internal radioactivity:  

• 238U, 238Th, 40K, 137Cs, 60Co, 39Ar, 85Kr, ... decays in the detector materials, target medium 
and shields


• Ultra-pure Ge spectrometers (as well as other methods) are used to screen the materials 
before using them in a detector, down to parts-per-billion (ppb) (or lower) levels

PMT sample
HPGe detector
background

40K
60Co

208Tl

137Cs

Low-Radioactivity R11410-21 for XENON1T
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226Ra/228Th: 

~1 mBq/PMT

XENON collaboration, arXiv:1503.07698v1



Cosmogenic backgrounds
• Activation of detector and other materials during production and transportation at the Earth’s surface
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Table 3 Results for the specific saturation activity Asat of natural copper at sea level, derived from our measurements of the cosmogenic activation.
These are compared to our predictions from Activia and Cosmo, using semi-empirical formulae for the cross sections

Isotope T1/2 [days] Copper: specific saturation activity at sea level Asat [µBq/kg]

This work Literature values

Measurement Calculations Measurement Activia [12] Calc. [44] Calculation

Activia Cosmo LNGS [42] a b c d TALYS [45]

46Sc 83.79 27+11
−9 36 17 25.2 ± 8.6 36 36 44 31 –

48V 15.97 39+19
−15 34 36 52 ± 19 – – – – –

54Mn 312.12 154+35
−34 166 156 394± 39 166 145 376 321 188

59Fe 44.50 47+16
−14 49 50 57 ± 14 49 21 75 57 –

56Co 77.24 108+14
−16 101 81 110 ± 14 101 163 153 231 –

57Co 271.74 519+100
−95 376 350 860± 190 376 421 1022 858 650

58Co 70.86 798+62
−58 656 632 786 ± 43 655 441 1840 1430 –

60Co 1925.28 340+82
−68 304 297 1000± 90 304 112 1130 641 537

We also compare to a measurement performed at LNGS [42] (scaled to sea level by a factor 2.1 [43]), to predictions with Activia [12] using (a)
the same semi-empirical formulae and (b) the MENDL-2P database for the cross sections, to semi-analytical calculations [44] using cosmic ray
spectra from (c) Ziegler and (d) Gordon et al., and to predictions using TALYS [45]. Deviations from our measured values beyond +1σ and −1σ
are indicated by bold or italic font styles, respectively

which has a half-life of 71 days. This value is ∼20 % higher
than the prediction. The only other isotope where we measure
a higher saturation activity (∼30 %) than predicted is 57Co.
For most of the isotopes the calculations with Cosmo yield
systematically lower activities (∼10 %), with the exception
of 48V (1.5× higher than Activia) and 54Mn (2× higher).
The general good agreement between measurement and pre-
dictions indicates the validity of our implementation of the
cosmic ray flux at different altitudes, and can be considered
as a benchmark for the comparison of the measurement and
predictions for the xenon sample.

For five out of eight isotopes, our results for copper agree
with the only other measurement available in the literature,
which has been performed at LNGS [42]. For 54Mn, 57Co and
60Co, we observe production rates which are (2.5 ± 0.6),
(1.7 ± 0.5), and (2.9 ± 0.8) times lower, respectively. We
obtain identical results with the Activia calculations in [12],
when we use the same semi-empirical formulae to calcu-
late the excitation functions (case a). The predictions using
the MENDL-2P database [47] (case b) tend to underpredict
the production rates. The semi-analytical study [44] pre-
dicts much higher production rates than observed for both
tested cosmic ray spectra (cases c [48], d [49]). The TALYS-
based work [45] yields reasonable values, which are 20–60 %
higher than measured, and show better agreement with our
measurement than with the one of Ref. [42].

5.2 Xenon

For the xenon sample, we present the measured satura-
tion activities at sea level in Table 4, together with our

Activia/Cosmo-based predictions. We also compare the
results to measurement performed by the LUX Collabora-
tion [50], and to predictions using the TALYS code [45]. To
re-scale the LUX-numbers to saturation activities at sea level,
we use the procedure described in Sect. 3 and the information
provided in Ref. [50]: we assume that all xenon was activated
at sea level for 150 days, followed by 49 days (7 days) acti-
vation of 50 % (50 %) of the inventory at the SURF above-
ground laboratory. The subsequent cool-down time under-
ground was 90 days (132 days). The atmospheric depth at the
SURF altitude of 1600 m is 881 g/cm2, corresponding to a
vertical nucleon flux of 8.5 m−2 s−1 sr−1. This yields a con-
version factor of 3.3, in agreement with the number given by
LUX [50].

After activation, we have detected γ -lines from the fol-
lowing isotopes: 7Be, 101Rh, 125Sb, 126I and 127Xe. While
our measurement and predictions for 126I agree within the
statistical and systematic errors, this is not the case for the
light isotope 7Be, where the measurement is ∼50 times
higher than the prediction, and for 125Sb, where we observe a
(2900±1200) times higher activity than predicted by Activia
and a (44± 17) times higher activity than the Cosmo predic-
tion. The observed production rate of 127Xe agrees with the
measurement in the LUX detector [50], however, the predic-
tions are about a factor 4 too low. Our sensitivity did not allow
us to detect the short-lived xenon isotopes 129mXe, 131mXe,
and 133Xe. This also holds for the various other isotopes pre-
dicted by Activia and Cosmo, or by the study using TALYS
[45]. We note that the cosmogenic production rates for xenon
isotopes predicted by Cosmo are systematically higher than
the ones from Activia.
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which has been performed at LNGS [42]. For 54Mn, 57Co and
60Co, we observe production rates which are (2.5 ± 0.6),
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measurement than with the one of Ref. [42].
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tion activities at sea level in Table 4, together with our

Activia/Cosmo-based predictions. We also compare the
results to measurement performed by the LUX Collabora-
tion [50], and to predictions using the TALYS code [45]. To
re-scale the LUX-numbers to saturation activities at sea level,
we use the procedure described in Sect. 3 and the information
provided in Ref. [50]: we assume that all xenon was activated
at sea level for 150 days, followed by 49 days (7 days) acti-
vation of 50 % (50 %) of the inventory at the SURF above-
ground laboratory. The subsequent cool-down time under-
ground was 90 days (132 days). The atmospheric depth at the
SURF altitude of 1600 m is 881 g/cm2, corresponding to a
vertical nucleon flux of 8.5 m−2 s−1 sr−1. This yields a con-
version factor of 3.3, in agreement with the number given by
LUX [50].

After activation, we have detected γ -lines from the fol-
lowing isotopes: 7Be, 101Rh, 125Sb, 126I and 127Xe. While
our measurement and predictions for 126I agree within the
statistical and systematic errors, this is not the case for the
light isotope 7Be, where the measurement is ∼50 times
higher than the prediction, and for 125Sb, where we observe a
(2900±1200) times higher activity than predicted by Activia
and a (44± 17) times higher activity than the Cosmo predic-
tion. The observed production rate of 127Xe agrees with the
measurement in the LUX detector [50], however, the predic-
tions are about a factor 4 too low. Our sensitivity did not allow
us to detect the short-lived xenon isotopes 129mXe, 131mXe,
and 133Xe. This also holds for the various other isotopes pre-
dicted by Activia and Cosmo, or by the study using TALYS
[45]. We note that the cosmogenic production rates for xenon
isotopes predicted by Cosmo are systematically higher than
the ones from Activia.
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Cosmogenic backgrounds

• Activation of detector and other materials during production and transportation at the Earth’s 
surface. A precise calculation requires: 
๏ cosmic ray spectrum (varies with geomagnetic latitude)

๏ cross section for the production of isotopes (only few are directly measured)


• production is dominated by (n,x) reactions (95%) and (p,x) reactions (5%)

Isotope Decay Half life Energy in Ge [keV] Activity [μBq/kg]
3H β- 12.33 yr Emax(β-)=18.6 2
49V EC 330 d EK(Ti) = 5 1.6
54Mn EC, β+ 312 d EK(Cr) = 5.4, Eγ=841 0.95
55Fe EC 2.7 yr EK(Mn) = 6 0.66
57Co EC 272 d EK(Fe)=6.4, Eγ=128 1.3
60Co β- 5.3 yr Emax(β-)=318, Eγ=1173,1333 0.2
63Ni β- 100 yr Emax(β-)=67 0.009
65Zn EC, β+ 244 d EK(Cu) = 9, Eγ=1125 9.2
68Ge EC 271 d EK(Ga) = 10.4 172

production 
in Ge after 
30d exposure 
at the Earth’s 
surface and 
1 yr storage 
below ground



Neutron backgrounds

• MeV neutrons can mimic WIMPs by elastically scattering from the target nuclei


• the rates of neutrons from detector materials and rock are calculated taking into account the 
exact material composition, the α energies and cross sections for (α,n) and fission reactions 
and the measured U/Th contents

Example: neutrons from rock (238U) Example: neutrons from poly shield (238U)

Codes: SOURCES4a, TALYS1.9, Geant4



Neutron backgrounds

• Comparison among different codes
Vitaly A. Kudryavtsev, et al., SciPost Phys. Proc. 12, 018 (2023)



Neutrons: how can we distinguish them from WIMPs?

๏  mean free path of few cm (neutrons) versus 1010 m (WIMP)


๏  if n-capture  distinctive signature (can be tagged with dedicated neutron vetoes)


๏  material dependence of differential recoil spectrum


๏  time dependence of WIMP signal (if n-background is measured to be constant in time) 

⇒

WIMPs, Mχ = 40 GeV Background neutrons

Si

Si

Ge

Ge

WIMP signal ~ A2



Neutrino backgrounds

• Neutrino sources for DM detectors: solar, atmospheric, DSNB

F. Ruppin  et al., 1408.3581, PRD 90, 2015

 

Neutrino backgrounds

Solar

Diffuse 
supernova 
background

Atmospheric

IDM Sheffield July 2016         Ciaran O'Hare



Neutrino backgrounds

• Interactions: neutrino-electron and neutrino-nucleus scatters
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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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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.
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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

dR⌫

dEr
= MT ⇥

X

A

fA

Z

Emin
⌫

dN

dE⌫

d�(E⌫ , Er)

dEr
dE⌫ (4)

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]:

d�(E⌫ , Er)

dEr
=

G
2
f
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2
!mN

✓
1� mNEr

2E2
⌫

◆
F

2
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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.
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๏ νe  interactions: CC & NC  

๏ νµ and ντ interactions: only via NC 
( , solar ν have low energies and the CC 
reactions involving νμ and ντ are kinematically not allowed )
σtot ≈ 10−43 cm2

ERs NRs



Solar neutrinos

33

• 8B neutrinos: NRs (CEvNS), ERs (elastic scattering)

B. Dutta, E. Strigari, Annu. Rev. Nucl. Part. Sci. 2019

Xe Xe

8B
pp

33



Solar neutrinos

34

dΦ
dEν

= Φi(Qi + me − Eν)[(Qi + me − Eν)2 − m2
e ]1

2 E2
ν

Flux scale
Maximum energy

±30 %

±0.6 %

±6 %

±6 %

±1 %

±12 %

dR
dT

= Ne ∫
dΦ
dEν (Pee

dσe

dT
+ (1 − Pee)

dσν,τ

dT ) dEν
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Solar neutrino electron scattering 

35

• Already starting to dominate the low-energy ER 
background in liquid xenon detectors


• In LXe: ~ 365 events/(t y) from pp ν and 140 
events/(t y)  from 7Be ν

XENONnT: Rn concentration reduced for SR1

1.8 µBq/kg

0.8 µBq/kg

Component (1,10) keV
214Pb 56±7
85Kr 6±4

Materials 16±3
Solar ν 25±2

124Xe 2.6±0.3
136Xe 8.7±0.3

Accidentals 0.7±0.03

Example: XENONnT backgrounds, SR0

35

XENON collaboration, PRL 129, 2022



Remarks on CEvNS
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๏ Proposed almost 50 years ago (Daniel Z. Freedman PRD 9, March 1974) 

๏ Observed by COHERENT (CsI, LAr & Ge detectors), 43 y later, with ν's from πDAR 

๏ Never observed on xenon & never observed using wild neutrinos 

๏ For 8B solar neutrinos, the process is fully coherent (even for heavy nuclei)

Figure by Kate 
Scholberg

πDAR ν energies

solar ν energies

σ ∝ N2

36



Remarks on CEvNS

๏ Sources: solar 8B and hep ν's; core-collapse SN; DSNB and atmospheric ν's

FLUKA

X. Xiang et al., 2304.06142

dσ
dT

≃
G2

FM
2π

Q2
W

4
F2(Q)(2 −

MT
E2

ν )

QW = (1 − 4 sin2 θW) Z − N

weak nuclear 
charge

form factor F = 1 full 
coherence

sin2 θW = 0.231

⇒
dσ
dT

∝ N2

Tmax ∝
2E2

ν

M kinematics
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Solar neutrino-nucleus scattering
• 8B neutrinos dominate: serious background if the WIMP-nucleon cross section < 10-10 pb

• But: energy of nuclear recoils: <4 keV (heavy targets, Xe, I etc) to <30 keV in light targets (F, C) 

• Non-8B neutrino backgrounds: impact on WIMP detectors at much lower WIMP-nucleon cross 

sections

Neutrino Coherent Scattering Rates at Direct Dark Matter Detectors 6

Figure 2. Event rate per recoil kinetic energy for four target nuclei. For both the
diffuse supernova and atmospheric event rates, the sum of all contributing neutrino
flavors are shown.

the naturally-occurring abundances are assumed. For both the diffuse supernova and

atmospheric event rates, the sum of all contributing neutrino flavors are shown. In

particular for the DSNB, an 8 MeV spectrum from Figure 1 is multiplied by four to

account for the production spectrum of the four νx flavors. Due to their relatively hard
spectra, the νx flavors are seen to dominate the event rate, particular at high recoil

energies; there is only about a ∼ 10% increase by including the 3 and 5 MeV spectra

at the lowest recoil energies. Each of these curves are the true, infinite resolution

spectra, i.e. they do not account for the expected finite energy resolution of detectors.

A detailed convolution with a resolution function will depend on the nuclear target and

the particular experimental environment.

L. E. Strigari, New J. Phys. 11 (2009) 105011
Germanium Xenon



Solar neutrino-nucleus scattering

39

• In LXe: ~99% of events expected < 4 keV NR energy 

• Expect: 104 events/(200 t y) for 2-fold S1 and 5 ne S2* 

• Background for light WIMPs

Rates in 4 - 50 
keVnr energy range
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A

*e.g., X. Xiang et al., PRD 108, 2023

8B ν's

LZ,  PRD 108, 2023
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Atmospheric neutrino-nucleus scattering

40

• Backgrounds for medium-heavy WIMPs 

• But, exposures > few 100 t y are needed for 5-σ detection

Newstead, Lang, Strigari, PRD 104, 2021

8B ν's

atm ν's

LAr

LXe



The neutrino floor  fog→

Credit Ciaran O'Hare
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There is no hard ν floor 

The effect of astrophysical ν 
backgrounds: gradual, 
hence the "neutrino fog" 

Shown here is the ν fog for 
a Xe target: as a blue 
contour map 

At contour n: obtaining a 10 
times lower cross section 
sensitivity requires an 
increase in exposure of at 
least 10n

41



The neutrino floor  fog→

42

• Here shown for nuclear recoils (ν floor as boundary to "ν fog") 

• Region where experiments leave the Poissonian regime*

The "fog" for different targets Effect of  fluxes uncertaintiesν

C. O'Hare, PRL  127, 2021

* σ where the DM discovery limit scales as ∼ (Mt)−1/n



The neutrino floor  fog→

43* σ where the DM discovery limit scales as ∼ (Mt)−1/n

The "fog" for Si and Xe targets, for 2 mediators

B. Carew at al, 2312.04303

• Here shown for electronics recoils (ν floor as boundary to "ν fog") 

• Region where experiments leave the Poissonian regime*



Overcoming the neutrino background

• Directional signature: Sun does not coincide with WIMP direction at any time

 

Directional signatures

8B neutrino recoils WIMP recoils

Sep. 6th

Feb. 26th

● Sun does not coincide with peak WIMP direction at any time
● It should be possible to distinguish the two signals with direction:

Max. separation 
between WIMP 
and neutrinos

Min. separation 
between WIMP 
and neutrinos

0 - 1.6 keV 1.6 - 3.3 keV 3.3 - 5 keV

IDM Sheffield July 2016         Ciaran O'Hare

CAJ O'Hare et al [1505.08061]



Overcoming the neutrino background

• The incoming direction of WIMPs and solar neutrinos differs: this can be exploited to 
overcome the solar "neutrino fog"



Towards the neutrino fog

46

๏ General goal: quieter detectors, with ER and NR backgrounds below the rates from 
astrophysical neutrinos 

materials, intrinsic etc

ν-e scattering:  
solar ν's

radiogenic, 
cosmogenic

CEvNS: solar ν's, 
atm ν's + DSNB 

WIMP: 50 GeV, 
σχn= 10-10 pb

neutrino fog (NR)

neutrons (NR)

WIMP (NR)

neutrinos (ER)

radioactivity (ER)

ER
/N

R 
di

sc
r.

Figure: Tina Pollmann 
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Direct Detection Techniques: Overview

47

Heat

Charge Light

CaWO4:  
CRESST 
NaI: 
COSINUS 

Ge, Si:  
SuperCDMS 
EDELWEISS 

C3F8: PICO, Ge: CDEX 
Si: DAMIC-M, SENSEI, 
OSCURA, Ne: TREX-DM; 
He:SF6: CYGNUS, Ag, Br, 
C: NEWSdm, H, He, Ne: 
NEWS-G

Xe: LZ, PandaX-4T, XENONnT, 
DARWIN/XLZD, PandaX-xT 
Ar: DarkSide-50, SBC-LAr, 
DarkSide-20k, Argo

Ar: DEAP-3600 
Xe: XMASS 
NaI: ANAIS 
DAMA/LIBRA, 
COSINE, SABRE

e-

e-

�
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Direct detection landscape
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Scattering off electrons

1 MeV 1 GeV 1 TeV

Scattering off nuclei

K. Schäffner, TAUP2023

1 GeV100 keV 100 GeV

LB, S.Profumo: PDG2024
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Direct detection landscape
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Here scattering off nuclei

Noble 
liquids

Bolometers, 
CCDs (plus 
many new 
technologies)

Snowmass, Cosmic Frontier Report, arXiv: 2211.09978
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End of Lecture 2


