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WHEN YOU LOOK AT THE SKY IN A DARK, CLEAR NIGHT...
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ESA/Gaia 2015



...YOU ARE MARVELLING AT A MINORITY OF MATTER IN THE UNIVERSE
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ESA/Gaia 2015
1 light year = 9.5 trillion kilometres

Andromeda, 2 million 
light years away



DARK MATTER IN GALAXY CLUSTERS
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Fritz Zwicky, 1933

The Coma cluster in visible 

▸ Zwicky: first astronomer to make a compelling case for the existence of invisible, or dark matter 

▸ Very large dispersion in the radial velocities of galaxies in the Coma cluster~ 1000 km/s  

๏ Not enough gravitational attraction from stars and gas within galaxies to keep the cluster 
together  "dunkle Materie"⇒

Fritz Zwicky, Helv. Phys. Acta, 1933, 110-127



DARK MATTER IN SPIRAL GALAXIES
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ESA/Gaia 2015

Vera Rubin:  
”In a spiral galaxy, the ratio of dark-to-light matter is about a factor of 10. That's probably a 
good number for the ratio of our ignorance-to-knowledge. We're out of kindergarten, but 
only in about third grade."

Vera Rubin, Kent Ford, Norbert Thonnard, 
The Astrophysical Journal 1978
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▸ No sign of a Keplerian decrease in the orbital 
speeds of stars and gas at large galactic radii!



MOST OF OUR UNIVERSE IS INVISIBLE

▸ The evidence for dark matter in the Universe is overwhelming 

๏ Early and late cosmology (CMBR, LSS) 

๏ Clusters of galaxies 

๏ Galactic rotation curves 

๏ Big Bang Nucleosynthesis 

๏ ... 

▸ And ΛCDM describes all observations well 

▸ The fundamental nature of dark matter is still a mystery! 

๏ What is it, how does it interact?
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100%

Dark
energy
68%

Dark
matter
27%

Baryons
5%

Cluster of galaxies

Planck (esa.int): "An almost perfect Universe"



WHAT DO WE KNOW ABOUT DARK MATTER?

▸ Exists today and in the early Universe 

▸ Constraints from astrophysics and 
from searches for new particles 

๏ No colour charge 

๏ No electric charge 

๏ No strong self-interaction 

๏ Slow-moving (NR) as LSS formed 

▸ Stable, or very long lived
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Cluster of galaxies

Background | Probing dark matter through gravity

N-body

[Assume something 
about dark matter, 

cosmology, and galaxy 
formation]

COLD WARM HOT

Observation
[e.g. rotation curves; lensing; 

galaxy counts etc.]

CMB Cold Warm Hot

Probing dark matter through gravity



WHAT IS THE DM?

DM mass

1 TeV1 GeV1 MeV

“Known physics”

Light dark matter “WIMPs”

10-22 eV
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~68%

~27%
~5%

No particle of the 
Standard Model is a 
good dark matter 
candidate 

~30 MO.

"A component of the 
universe that is 
totally invisible is an 
open invitation to 
speculation"  
B. Ryden

 ~ 80 orders of magnitude in mass: a much higher number for the ratio of our ignorance-to-knowledge!



DARK MATTER IN THE MILKY WAY

▸ Look for scatters of galactic dark matter particles in terrestrial detectors
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DIRECT DARK MATTER DETECTION
�
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Observe DM collisions with 
nuclei (NRs) or with electrons 
in the atomic shell (ERs) 

Look for absorption of light 
bosons via e.g., the axio-
electric effect 

NRs

e-

e-

�
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DIRECT DARK MATTER DETECTION

▸ Main physical observable: a differential recoil spectrum 

▸ Its modelling relies on several phenomenological inputs

Particle physics: 
mass, cross 
section

Astrophysics: 
local density, 
v-distribution

Atomic and/or 
nuclear physics: 
form factors Direct detection
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ASTROPHYSICS: LOCAL DARK MATTER DENSITY
▸ Local measures: vertical kinematics of stars near Sun as 

‘tracers’ (smaller error bars, stronger assumptions about 
the halo shape) 

▸ Global measures: extrapolate the density from Milky Way’s 
rotation curve derived from kinematic measurements of 
gas, stars… (larger errors, fewer assumptions)

Gaia DR3 2020: positions, parallaxes, and 
proper motions for 2.5 x 109 stars M. Cautun et al, MNRAS 494 (2020) 3, using Gaia DR2

Major source of uncertainty: contribution 
of baryons (stars, gas, stellar remnants, …) 
to the local dynamical mass

See review by Justin Read, Journal of Phys. G 41 (2014)
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ASTROPHYSICS: DARK MATTER VELOCITY DISTRIBUTION
▸ Standard halo model: Maxwellian distribution 

(isotropic velocities) 

▸ Goal: determine f(v) from observation (e.g.,  
motion of stars that share kinematics with DM) 

▸ Recent studies: some deviations from SHM, 
due to  anisotropies in the local stellar 
distribution (in Gaia data) 

▸ These arise from accretion events, where the 
“Gaia-sausage” seems to be the dominant 
merger in the solar neighbourhood   

▸ Effects for direct detection: relevant mostly at 
low dark matter masses 

Necib, Lissanti, Belorukov 2018, Evans, O’Hare, McCabe, 
PRD99, 2019; Buch, Fan, Leung, PRD101, 2020; and others

⇢(r) / r�2
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Normalised Gaia DM velocity 
distribution in heliocentric frame
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KINEMATICS: DARK MATTER PARTICLE MASS

Figure: Tongyan Lin, TASI lectures on DM 
models and direct detection, arXiv:1904.07915 
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INTERACTION CROSS SECTION VS MASS

15

mDM ⌧ mN
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INTERACTION RATES: DM-NUCLEUS SCATTERING

Spin-independent (SI) nuclear recoil spectrum
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FIG. 12. (color online). Same as Fig. 6 but for 134Xe.
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FIG. 13. (color online). Same as Fig. 6 but for 136Xe.

butions only from the L = 0 multipole and is model-
independent:

SS(0) = A2 c2
0

2J + 1

4⇡
. (9)

This reflects the well-known coherence of the contribu-
tions of all A nucleons in SI scattering. Consequently,
near u = 0 the spin-averaged structure factors are essen-
tially identical for all xenon isotopes, apart from small
variations in A2.

Because of angular momentum coupling, only L = 0
multipoles contribute to the structure factors of the even-
mass isotopes. As discussed in Sec. II, parity and time
reversal constrain the multipoles to even L for elastic
scattering, so that for 129Xe only L = 0, and for 131Xe
only L = 0, 2 contribute. For the latter isotope, we show
in Fig. 10 the separate contributions from L = 0 and
L = 2 multipoles. At low momentum transfers, which
is the most important region for experiment, the L =
0 multipole is dominant, because coherence is lost for
L > 0 multipoles. Only near the minima of the L = 0
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FIG. 14. (color online). Structure factor SS(u) for
128Xe (this

work, black dots) in comparison to the Helm form factor (solid
red line) [25] and to the structure factor from Fitzpatrick et
al. (dashed green line) [15].
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FIG. 15. (color online). Same as Fig. 14 but for 129Xe.

multipole at u ⇠ 1.7 and u ⇠ 4.4 is the L = 2 multipole
relevant, but the structure factor at these u values is
suppressed with respect to SS(0) by over four and six
orders of magnitude, respectively.
Finally, we list in Table II the coe�cients of the fits

performed to reproduce the calculated structure factors
for each isotope.

V. COMPARISON TO HELM FORM FACTORS
AND OTHER CALCULATIONS

In experimental SI WIMP scattering analyses the stan-
dard structure factor used to set limits on WIMP-nucleon
cross sections is based on the Helm form factor [25]. This
phenomenological form factor is not obtained from a de-
tailed nuclear structure calculation, but is based on the
Fourier transform of a nuclear density model, assumed to
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FIG. 11. (Color online) Structure factors Sp(u) (solid lines)
and Sn(u) (dashed) for

127I as a function of u = p2b2/2 with
b = 2.2801 fm. Results are shown at the 1b current level, and
also including 2b currents. The estimated theoretical uncer-
tainty is given by the red (Sp(u)) and blue (Sn(u)) bands.

4. 127I, 19F, 23Na, 27Al, 29Si

In Figs. 11, 12, and 13, we show the structure fac-
tors Sn(u) and Sp(u) for 127I, 19F, 23Na, 27Al, and 29Si
at the 1b current level and including 2b currents. The
dominant structure factor is the one for the odd species.
Therefore, for 29Si Sn(u) dominates, while for the other
isotopes Sp(u) is the main component. All the features
discussed for 131Xe in Sec. IVC2 translate to these iso-
topes as well: The structure factors for the nondominant
“proton/neutron-only” couplings are strongly increased
when 2b currents are included. For the dominant struc-
ture factor, 2b currents produce a reduction, by about
10%− 30% at low momentum transfers, which at large u
can turn into a weak enhancement due to the 2b current
contribution to the pseudo-scalar currents. This is most
clearly seen for 19F in the top panel of Fig. 12, where we
also show the isoscalar/isovector structure factors S00(u),
S01(u), and S11(u). Note that the structure factor S01(u)
vanishes at the point where Sp(u) and Sn(u) cross.

V. CONCLUSIONS AND OUTLOOK

This work presents a comprehensive derivation of SD
WIMP scattering off nuclei based on chiral EFT, includ-
ing one-body currents to order Q2 and the long-range
Q3 two-body currents due to pion exchange, which are
predicted in chiral EFT. Two-body currents are the lead-
ing corrections to the couplings of WIMPs to single nu-
cleons, assumed in all previous studies. Combined with
detailed Appendixes, we have presented the general for-
malism necessary to describe both elastic and inelastic
WIMP-nucleus scattering.
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FIG. 12. (Color online) Structure factors for 19F as a
function of u = p2b2/2 with b = 1.7608 fm. Top panel:
Isoscalar/isovector S00(u) (solid line), S01(u) (dashed), and
S11(u) (dot-dashed) decomposition. Bottom panel: Pro-
ton/neutron Sp(u) (solid line) and Sn(u) (dashed) decom-
position. In both panels results are shown at the 1b current
level, and also including 2b currents. The estimated theoret-
ical uncertainty is given by the red (S11(u), Sp(u)) and blue
(S01(u), Sn(u)) bands.

We have performed state-of-the-art large-scale shell-
model calculations for all nonzero-spin nuclei relevant to
direct dark matter detection, using the largest valence
spaces accessible with nuclear interactions that have been
tested in nuclear structure and decay studies. The com-
parison of theoretical and experimental spectra demon-
strate a good description of these isotopes. We have cal-
culated the structure factors for elastic SD WIMP scat-
tering for all cases using chiral EFT currents, including
theoretical error bands due to the nuclear uncertainties
of WIMP currents in nuclei. Fits for the structure factors
are given in Appendix D.
We have studied in detail the role of two-body currents,

the contributions of different multipole operators, and
the issue of proton/neutron versus isoscalar/isovector de-
compositions of the structure factors. The long-range
two-body currents reduce the isovector parts of the struc-
ture factor at low momentum transfer, while they can
lead to a weak enhancement at higher momentum trans-

SI
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INTERACTION RATES: DM-ELECTRON SCATTERING
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show the expected daily modulation of the signal rate due to
the Earth’s rotation.

1. Theoretical rates

We first quote additional formulas that are required for
the rate calculation (see also [2,5]). The velocity-averaged
differential ionization cross section for electrons in the
ðn; lÞ shell is given in Eq. (1). The full expression for vmin is

vmin ¼
ðjEnl

bindingjþ EerÞ
q

þ q
2mχ

; ðA1Þ

where Enl
binding is the binding energy of the shell and q is the

momentum transfer from the DM to the electron. The form

factor for ionization of an electron in the ðn; lÞ shell with
final momentum k0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meEer

p
is given by

jfnlionðk0; qÞj2

¼ 4k03

ð2πÞ3
X

l0L

ð2lþ 1Þð2l0 þ 1Þð2Lþ 1Þ

×
"
l l0 L

0 0 0

#
2
$$$$
Z

r2drRk0l0ðrÞRnlðrÞjLðqrÞ
$$$$
2

; ðA2Þ

where ½& & &' is the Wigner 3-j symbol and jL are the
spherical Bessel functions. We solve for the radial wave-
functions Rk0l0ðrÞ of the outgoing unbound electrons taking
the radial Schrödinger equation with a central potential
ZeffðrÞ=r. This central potential is determined from the
initial electron wavefunction by assuming that it is a bound
state of the same potential. We include the shells listed in
Table II.

2. Electron and photoelectron yields

We provide additional details to convert the recoiling
electron’s recoil energy into a specific number of electrons.
The relevant quantities are

Eer ¼ ðnγ þ neÞW;

nγ ¼ Nex þ fRNi;

ne ¼ ð1 − fRÞNi: ðA3Þ

TABLE II. Xenon shells and energies. “Photon energy” refers
to energy of deexcitation photons for outer-shell electrons
deexciting to lower shells. This photon can subsequently photo-
ionize, creating additional quanta. The range of additional quanta
takes into account that the higher energy shell may have more
than one available lower energy shell to deexcite into. For our
limits, we take the minimum of this range.

Shell 5p6 5s2 4d10 4p6 4s2

Binding energy [eV] 12.4 25.7 75.6 163.5 213.8
Photon energy [eV] – 13.3 63.2 87.9 201.4
Additional quanta 0 0 4 6–10 3–15

FIG. 6. Expected number of events as a function of number of electrons observed for 1000 kg yr of xenon. The left axis sets σ̄e to the
maximum allowed value by current constraints while the right axis sets σ̄e to the predicted value for a freeze-out (freeze-in) model for
FDM ¼ 1ðα2m2

e=q2Þ, respectively. The different colored lines show the contributions from the various xenon shells while the gray band
encodes the uncertainties associated with the secondary ionization processes.

ESSIG, VOLANSKY, and YU PHYSICAL REVIEW D 96, 043017 (2017)

043017-6

Essig, Volanski, Yu, PRD 96, 2017

FDM = 1
<latexit sha1_base64="7/I8/t/hzh9mjNBE12c1snfmzkc=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjLtaDsLoaiIG6GCtcV2KJk0bUMzmSHJCGXoX7hxoYhb/8adf2P6EFT0wIXDOfdy7z1BzJnSCH1YmYXFpeWV7GpubX1jcyu/vXOrokQSWicRj2QzwIpyJmhdM81pM5YUhwGnjWB4NvEb91QqFokbPYqpH+K+YD1GsDbS3UUnPb8awxPodPIFZHuViodciGwXIbdcNKTked4xgo6NpiiAOWqd/Hu7G5EkpEITjpVqOSjWfoqlZoTTca6dKBpjMsR92jJU4JAqP51ePIYHRunCXiRNCQ2n6veJFIdKjcLAdIZYD9RvbyL+5bUS3av4KRNxoqkgs0W9hEMdwcn7sMskJZqPDMFEMnMrJAMsMdEmpJwJ4etT+D+5LdpOyT66dgvV03kcWbAH9sEhcEAZVMElqIE6IECAB/AEni1lPVov1uusNWPNZ3bBD1hvn2dnkBw=</latexit>

FDM = ↵2m
2
e

q2
<latexit sha1_base64="AOCP6ITRUq4J1cudFawU88w7NQ0="></latexit>

Heavy dark photon A’ mediator Ultra-light dark photon A’ mediator

Expected number of events for a xenon detector with 1 tonne year exposure



MAIN EXPERIMENTAL CHALLENGES TOWARDS THE "NEUTRINO FOG"

▸ To observe a signal which is: 

๏ very small  low recoil energies: ~eV to keV (perhaps even meV) 

๏ very rare  <1 event/(kg y) at low masses and < 1 event/(t y) at high masses 

๏ buried in backgrounds with > 106 x higher rates  deep underground & low-
radioactivity materials

→

→

→
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BACKGROUNDS: OVERVIEW
▸ 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

19

Detector



BACKGROUNDS AND SHIELDS
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▸ Go deep underground 

▸ However, can't shield neutrinos 

▸ On the bright side: possible 
signals (pp, 7Be, 8B, SN,...)

GERDA
XENONnT

XENON100

Borexino

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,( )B - 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

15



FURTHER BACKGROUND REDUCTION
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XENON collaboration, EPJ-C 75 (2015) 11

The fiducial volume used in this analysis contains 34 kg
of LXe. The volume was determined before the unblinding
by maximizing the dark matter sensitivity of the data given
the accessible ER background above the blinding cut. The
ellipsoidal shape was optimized on ER calibration data,
also taking into account event leakage into the signal re-
gion. A benchmark WIMP search region to quantify the
background expectation and to be used for the maximum
gap analysis was defined from 6:6–30:5 keVnr (3–20 PE) in
energy, by an upper 99.75% ER rejection line in the dis-
crimination parameter space, and by the lines correspond-
ing to S2> 150 PE and a lower line at !97% acceptance
from neutron calibration data (see lines in Fig. 2, top).

Both NR and ER interactions contribute to the expected
background for the WIMP search. The first is determined
from Monte Carlo simulations, by using the measured
intrinsic radioactive contamination of all detector and
shield materials [8] to calculate the neutron background
from ð!; nÞ and spontaneous fission reactions, as well as
from muons, taking into account the muon energy and
angular dependence at LNGS. The expectation from these
neutron sources is (0:17þ0:12

%0:07 ) events for the given expo-
sure and NR acceptance in the benchmark region. About
70% of the neutron background is muon-induced.

ER background events originate from radioactivity of
the detector components and from " and # activity of
intrinsic radioactivity in the LXe target, such as 222Rn and
85Kr. The latter background is most critical, since it cannot
be reduced by fiducialization. Hence, for the dark matter
search reported here, a major effort was made to reduce the
85Kr contamination, which affected the sensitivity of the
previous search [6]. To estimate the total ER background
from all sources, the 60Co and 232Th calibration data are
used, with>35 times more statistics in the relevant energy
range than in the dark matter data. The calibration data are
scaled to the dark matter exposure by normalizing it to the
number of events seen above the blinding cut in the energy
region of interest. The majority of ER background events
is Gaussian distributed in the discrimination parameter
space, with a few events leaking anomalously into the NR
band. These anomalous events can be due to double scat-
ters with one energy deposition inside the TPC and another
one in a charge insensitive region, such that the prompt S1
signal from the two scatters is combined with only one
charge signal S2. Following the observed distribution in
the calibration data, the anomalous leakage events were
parametrized by a constant (exponential) function in the
discrimination parameter (S1 space). The ER background
estimate including Gaussian and anomalous events is
(0:79& 0:16) in the benchmark region, leading to a total
background expectation of (1:0& 0:2) events.

The background model used in the PL analysis employs
the same assumptions and input spectra from MC and
calibration data. Its validity has been confirmed prior to
unblinding on the high-energy sideband and on the vetoed
data from 6:6–43:3 keVnr.

After unblinding, two events were observed in the bench-
mark WIMP search region; see Fig. 2. With energies of 7.1
(3.3) and 7:8 keVnr (3.8 PE), both fall into the lowest PE bin
used for this analysis. The waveforms for both events are of
high quality, and their S2=S1 value is at the lower edge of
the NR band from neutron calibration. There are no leakage
events below 3 PE. The PL analysis yields a p value of
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FIG. 2 (color online). (Top) Event distribution in the discrimi-
nation parameter space log10ðS2b=S1Þ, flattened by subtracting
the distribution’s mean, as observed after unblinding using all
analysis cuts and a 34 kg fiducial volume (black squares). A lower
analysis threshold of 6:6 keVnr (NR equivalent energy scale) is
employed. The PL analysis uses an upper energy threshold of
43:3 keVnr (3–30 PE), and the benchmark WIMP search region is
limited to 30:5 keVnr (3–20 PE). The negligible impact of the
S2> 150 PE threshold cut is indicated by the dashed-dotted blue
line, and the signal region is restricted by a lower border running
along the 97% NR quantile. An additional hard S2b=S1 discrimi-
nation cut at 99.75% ER rejection defines the benchmark WIMP
search region from above (dotted green line) but is only used to
cross-check the PL inference. The histogram in red and gray
indicates the NR band from the neutron calibration. Two events
fall into the benchmark region where (1:0& 0:2) are expected
from background. (Bottom) Spatial event distribution inside the
TPC using a 6:6–43:3 keVnr energy window. The 34 kg fiducial
volume is indicated by the red dashed line. Gray points are above
the 99.75% rejection line, and black circles fall below.

PRL 109, 181301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

2 NOVEMBER 2012

181301-4

๏ Select low-radioactivity materials ๏ Use active shields

๏ Fiducialise๏ Avoid cosmic activation



DARK MATTER SIGNATURES
Rate and shape of recoil 
spectrum depend on: 

๏ DM particle mass  

๏ Target material 

Motion of Earth causes: 

๏ Annual event rate modulation: June - 
December asymmetry ~ 2-10% 

๏ Sidereal directional modulation:  
asymmetry ~20-100% in forward-
backward event rate

150 GeV

15 GeV

50 GeV
25 GeV

Xenon target
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June

December

galactic plane
Cygnus

WIMP wind

v≈220 km/s



DD SIGNALS/EXPERIMENTS
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Heat

Charge Light

CaWO4:  
CRESST 
NaI: 
COSINUS 

Ge, Si:  
SuperCDMS 
EDELWEISS 

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

Xe: LZ, PandaX-4T, XENONnT, DARWIN 
Ar: DarkSide-50, DarkSide-20k, ARGO 
He: ALETHEIA, HeRALD (R&D)

Ar: DEAP-3600 
CsI: KIMS 
NaI: ANAIS 
DAMA/LIBRA, 
COSINE, SABRE

e-

e-

�
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THE DIRECT DETECTION LANDSCAPE

Scattering off electrons

1 MeV 1 GeV 1 TeV

Scattering off nuclei

24

PDG 2020SENSEI, PRL 125, 2020



CRYOGENIC EXPERIMENTS

▸ Sub-keV (< 100 eV) energy thresholds 

▸ Cryogenic detectors: phonons and/or 
ionisation/light background 
discrimination 

▸ Probe light dark matter

⇒

CRESST
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Super-CDMS

χ

E

χ

T0

T-sensor
Absorber, C(T)

G(T)

EDELWEISS



CRYOGENIC EXPERIMENTS

▸ Sub-keV (< 100 eV) energy thresholds 

▸ Cryogenic detectors: phonons and/or 
ionisation/light background 
discrimination 

▸ Probe light dark matter

⇒

CRESST EDELWEISS

26

Super-CDMS at SNOLAB



ARGON AND XENON DETECTORS
▸ Use a large amount of clean liquid argon or xenon target & detect ionisation and excitation 

from particle interactions 

▸ Argon, "the inactive one", xenon, "the strange one", concentration in the atmosphere: 
0.934% and 0.87 ppb (by volume)

Xe*

Xe+

Xe*2

Xe

Xe

Xe+2 Xe*2

Excitation

Ionisation

Excited  
molecule

Ionised  
molecule

e-

e-
Recombination

h𝜈 (VUV region)

Dissociation
Xe

�
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LIQUEFIED NOBLE GASES

e-
e-e-

Photo sensors

Photo sensors

gas xenon

liquid xenon

e-
e-e-

Photo sensors

Photo sensors

gas xenon

liquid xenon

photosensors

photosensors

S1

S2

E

▸ Single and two-phase Ar & Xe detectors 

▸ Time projection chambers: 

๏ energy determination, 3D position 
resolution via light (S1) & charge (S2): 
fiducialisation 

๏ S2/S1  ER/NR discrimination  

๏ Single versus multiple interactions

⇒

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

Introduction Rate modulation Bolometers Noble gases Others

Next LAr detectors

Dark Side-50 at LNGS in Italy
Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab

PandaX – in	Future

• PandaX-4T	for	DM	search
• PandaX-III	for	0vbb	search	

PandaX-I: 120 kg 
DM experiment
2009-2014

PandaX-II: 500 kg 
DM experiment 
2014-2018

PandaX-III: 200 kg to 
1 ton HP gas 136Xe 
0vDBD experiment
Future

PandaX-xT:   
multi-ton (~4-T) 
DM experiment
Future

CJPL-I CJPL-II

Ning	Zhou,	ICHEP	2018 16

DEAP-3600 XENON1T LUX DarkSide-50 PandaX-IIXMASS
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LIQUEFIED NOBLE GASES
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Physics run expected for fall 2013
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3 600 kg LAr in single phase at SNOlab
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PandaX – in	Future
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• PandaX-III	for	0vbb	search	
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DEAP-3600 XENON1T LUX DarkSide-50 PandaX-IIXMASS
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�SI < 4.1⇥ 10�47cm2 at 30GeV/c2

▸ Single and two-phase Ar & Xe detectors 

▸ Time projection chambers: 

๏ energy determination, 3D position 
resolution via light (S1) & charge (S2): 
fiducialisation 

๏ S2/S1  ER/NR discrimination  

๏ Single versus multiple interactions

⇒

No excess of nuclear recoil events observed so far



XENON1T: ELECTRONIC RECOIL EXCESS

▸ Excess between (1,7) keV; number of observed 
events: 285, expected from background: (232±15) 
events 

▸ Unknown origin: tritium, solar axions, ALPs, dark 
photons, something else?

30

14

FIG. 8. Constraints on the axion-electron gae, axion-photon
ga�, and e↵ective axion-nucleon ge↵an couplings from a search
for solar axions. The shaded blue regions show the two-
dimensional projections of the three-dimensional confidence
surface (90% C.L.) of this work, and hold for ma < 100 eV/c2.
See text for more details on the three individual projections.
All three plots include constraints (90% C.L.) from other
axion searches, with arrows denoting allowed regions, and
the predicted values from the benchmark QCD axion mod-
els DFSZ and KSVZ.

very close to the limit reported by Borexino [39], which
is currently the most stringent direct detection constraint
on the neutrino magnetic moment. Similar to the solar
axion analysis, if we infer the excess as a neutrino mag-
netic moment signal, our result is in strong tension with
indirect constraints from analyses of white dwarfs [111]
and globular clusters [41].
As in Sec. IVB, we report on the additional statistical

test where an unconstrained tritium component was in-
cluded in both null and alternative hypotheses. In this
test the significance of the neutrino magnetic moment
signal is reduced to 0.9�.
This is the most sensitive search to date for an en-

hanced neutrino magnetic moment with a dark matter
detector, and suggests that this beyond-the-SM signal
be included in the physics reach of other dark matter
experiments.

FIG. 9. Constraints (90% C.L.) on the neutrino magnetic mo-
ment from this work compared to experiments Borexino [39]
and Gemma [112], along with astrophysical limits from the
cooling of globular clusters [41] and white dwarfs [111]. Ar-
rows denote allowed regions. The upper boundary of the in-
terval from this work is about the same as that from Borexino
and Gemma. If we interpret the low-energy excess as a neu-
trino magnetic moment signal, its 90% confidence interval is
in strong tension with the astrophysical constraints.

D. Bosonic Dark Matter Results

For bosonic dark matter, we iterate over (fixed) masses
between 1 and 210 keV/c2 to search for peak-like ex-
cesses. The trial factors to convert between local and
global significance were extracted using toy Monte Carlo
methods. While the excess does lead to looser constraints
than expected at low energies, we find no global signifi-
cance over 3� for this search under the background model
B0. We thus set an upper limit on the couplings gae and
 as a function of particle mass.
These upper limits (90% C.L.) are shown in Fig. 10,

along with the sensitivity band in green (1�) and yel-

<latexit sha1_base64="2WgT1HBAgoXEO9ggefiSuB54qvM=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0i0pe2t6MVjC/YD2lA22027drMJuxuhhP4CLx4U8epP8ua/cZtWUNEHA4/3ZpiZ58ecKe04H1ZubX1jcyu/XdjZ3ds/KB4edVSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT68XfveeSsUicatnMfVCPBYsYARrI7XwsFhy7LJjUEUZcZ1LQ+r1WqVSR67tZCjBCs1h8X0wikgSUqEJx0r1XSfWXoqlZoTTeWGQKBpjMsVj2jdU4JAqL80OnaMzo4xQEElTQqNM/T6R4lCpWeibzhDrifrtLcS/vH6ig5qXMhEnmgqyXBQkHOkILb5GIyYp0XxmCCaSmVsRmWCJiTbZFEwIX5+i/0nnwnYrttMqlxpXqzjycAKncA4uVKEBN9CENhCg8ABP8GzdWY/Wi/W6bM1Zq5lj+AHr7RMgLo0p</latexit>a

XENON Collab., Phys. Rev. D 102, 2020

Solar axion favoured over background-only at 3.4 σ (however discrepancy with stellar cooling constraints, 
see e.g. 2006.12487); Tritium favoured over background-only at 3.2 σ  to (6.2 ± 2) x 10-25 mol/mol̂=



FUTURE: LIQUEFIED NOBLE GASES
▸ In construction, commissioning or first data 

taking: 

▸ LUX-ZEPLIN, PandaX-4T, XENONnT, DarkSide-20k 

▸ Planned (design and R&D stage) 

▸ DARWIN (50 t LXe), ARGO (300 t LAr)

DarkSide: 20 t LAr 
Data taking 2023

XENONnT: 8.6 t LXe  
Data taking 2021

PandaX-4T LXe 
Data taking 2021

LUX-ZEPLIN: 10 t LXe 
Data taking 2021

DARWIN: 50 t LXe 
Data taking ~2027/28

The DarkSide Program at Gran Sasso Lab

DarkSide-50
150/50/30 kg total/active/fiducial

Sensitivity<10−44 cm2

Data: 2013-present

DarkSide-20k
30/23/20 T tot/act/fiducial

Sensitivity<10−47 cm2

Data: ~2021 

Features
• High light yield:  LAr Pulse 
Shape Discrimination >107

• Underground Argon:  low 39Ar
• TPC 3D event reconstruction
• High-efficiency neutron 
vetoing

31

Neutrino 
coherent 
scattering



LUX-ZEPLIN, PANDAX-4T, AND XENON-NT

▸ Scale: 10 t, 6 t and 8.6 t LXe in total 

๏ TPCs with 2 arrays of 3-inch PMTs  

๏ Kr and Rn removal techniques 

๏ Ultra-pure water shields; neutron & 
muon vetos (LZ, XENON-nT) 

๏ External and internal calibration 
sources 

▸ Status: commissioning at SURF, Jinping 
and LNGS
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XENON-NT FIRST LIGHT
▸ All new systems (TPC, liquid purification system, 

neutron veto, radon distillation column) 
commissioned 

๏ First 83mKr calibration data with S1 and S2  

๏ Electron lifetime*: 7 ms (0.6 ms in XENON1T) 

๏ 222Rn reduction factor due to distillation column ≥ 
3.6 

▸ Start a first science run in June 2021

33

S1 and S2 from 83mKr calibration event

*e--lifetime: a measure of the charge that is lost during e-drift to liquid/gas interface



DARWIN: DESIGN AND R&D
▸ Detector, Xe target, background mitigation, photosensors, etc 

▸ Two large-scale demonstrators (in z & in x-y) supported by ERC grants: demonstrate electron 
drift over 2.6 m, operate 2.6 m ø electrodes 

▸ Demonstrators (Xenoscope, 2.6 m tall & Pancake, 2.6 m diam TPCs) in commissioning stage

Test electrodes with 2.6 m diameter

34

DARWIN

Test e- drift over 2.6 m (purification, high-voltage)



BUBBLE CHAMBERS
▸ PICO: superheated liquid C3F8 octafluoropropane  

๏ Acoustic + visual readout : impressive background rejection 

๏ PICO-500 at SNOLAB: under design, installation/data in 2022/23 

▸ New detector: the scintillating bubble chamber (SBC) 

▸ superheated 10 kg Xe-doped LAr, cooled to 130 K, piezoelectric 
sensors + cameras readout + SiPMs for scintillation signal

35

SBC

1 event/
(150 t y)

SD, PICO-500 SI, SBC

100 eV 
threshold 
assumption



SODIUM IODIDE EXPERIMENTS
▸ Test the DAMA/LIBRA annual modulation anomaly with 

sodium iodide crystals: NaI(Tl) 

▸ So far, no evidence for annual modulation from ANAIS-112 
(3 y of data) and COSINE-100 (1.7 y of data) 

▸ New experiment COSINUS: detects also phonons in 
undoped NaI (apart from scintillation) at few mK, for active 
background rejection; construction/data at LNGS 2022/23

ANAIS-112

M. Martinez. F. ARAID & U. Zaragoza                                                     SUSY2018 – Barcelona, July 23-27 2018
7
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COSINE-100 Construction Timeline
Dec. 2015 Jan. 2016 Feb. 2016

Mar. 2016 Apr. 2016

May. 2016 Sep. 2016Jun. 2016

5Chang Hyon Ha, Center for Underground Physics, IBS ICHEP2018, Seoul, July 4-11

COSINE-100 at Yangyang

ANAIS, PRD 103, 2021

ANAIS at Canfranc

COSINE-100, arXiv:2104.03537

COSINUS

1 keV Eth

https://arxiv.org/abs/2104.03537


DIRECTIONAL DETECTORS

▸ Low-pressure gas, nuclear emulsion and graphene 
detectors to measure the recoil direction (30º & 13º res) 
correlated to galactic motion towards Cygnus 

▸ Challenge: good angular resolution plus head/tails at 
low recoil energies 

▸ Cygnus: proto-collaboration to coordinate R&D efforts 
for gas based  (He-CF4) TPCs with ~ 1 keV threshold

4

Nuclear Emulsions 

AgBr crystal size 0.2-0.3 µm 

After the passage of charged 
particles through the emulsion, a 
latent image is produced. 
 
The emulsion chemical 
development makes Ag grains 
visible with an optical microscope 

A long history, from the discovery of the Pion (1947) to the discovery of  νµ! ντ 
oscillation in appearance mode (OPERA, 2015) 

CYGNUS

NEWSdm 
nuclear emulsions 
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Fig. 1 The 2D reconstruction is performed in the xy-plane. The x-
axis is directed opposite to the Cygnus constellation and θ is the angle
between the x-axis and the projection of the nuclear recoil in the xy-
plane

The angular distribution of the recoiled nuclei is expected
to have a Gaussian shape peaked at zero, with standard devia-
tion (σWn−scatt

θ ) that decreases as the WIMP mass increases.
The lighter the WIMP, the stronger the angular anisotropy.
Indeed, due to the fact that low WIMP mass induce an
energy distribution shifted to low energy, events above 100
nm threshold are those with the most pronounced directional
feature.

As far as the background is concerned, the contribution
from β-rays is considered negligible. Indeed, at tempera-
tures around 100 K, NIT emulsion films become insensi-
tive to electrons while keeping sufficiently good sensitivity
to ions. The reason for such a result is the suppression at
low temperature of one mechanism to produce latent image
specs, i.e. the formation of interstitial silver ions producing
silver grains after the chemical development. This is the only
mechanism occurring for electrons. On the other side, given
the higher energy deposition of nuclear recoils, atomic dis-
placements are induced and phonons are transmitted to the
crystals, heating them up and producing latent image specs.
This result is illustrated in the Ref. [10]. The electron back-
ground is therefore neglected.
The background from neutrons is usually considered as irre-
ducible, since they induce nuclear recoils as WIMPs do.
Neutrons in underground laboratories originate from cos-
mic muon interactions, environmental radioactivity, spon-
taneous fissions and (α, n) reactions. The first two sources
can be reduced by an appropriate shielding, the latter one
comes from the intrinsic radioactivity of the target materials.
The measurements performed by the Collaboration on NIT
samples with ICP-MS and gamma spectroscopy techniques
together with a dedicated simulation show that the detectable
neutron induced background would be of the order of 0.06
n/kg/year [11]. The most radioactive compound in the emul-
sion is the gelatine which, given the mass fraction, provides
about 1/3 of the total neutron yield. The Collaboration plans
to replace the gelatine with synthetic polymers. This will
make the background from this emulsion compound neg-
ligible, thus reducing the radioactivity to 2/3 of the current
value. We assume that a careful selection of the raw materials
and the corresponding production processes could possibly
reduce AgBr radioactivity down to about 10% of the current
value. This would result in 0.004 n/kg/year that will be

sufficient to operate a 100 kg year scale detector with a neg-
ligible background. It is worth noting that the contribution
from intrinsic radioactivity is associated with an isotropic
distribution in the laboratory frame.

The directional detection has the unique capability of
distinguishing the WIMP signal from the background by
exploiting the feature of the signal, expected to be peaked
in the opposite direction to the motion of the Sun.

2.3 Recoil simulation

Nuclear recoil tracks produced in WIMP interactions show
deviations from their original path due to continuous col-
lisions with atoms in the target. In order to quantify these
deviations we evaluated the effect of the straggling in an
emulsion target made of the following nuclei (mass fraction
in %): H (1.6), C (10.1), N (2.7), O (7.4), S (0.3), Br (32.0),
Ag (44.0), I (1.9). The total density is 3.43 g/cm3. When a
charged particle passes through the emulsion film, a number
of AgBr grains per unit path length are sensitised. Measure-
ments performed with both a SEM and an X-ray microscope
showed that heavy nuclei produce on average 12 grains/µm
in NIT emulsions.

The study was performed with the SRIM [12] software
package and its TRIM (Transport of Ions in Matter) track
generator Monte Carlo program.

All nuclear recoils were simulated in the energy range
from 0 to 500 keV. All the tracks with at least 100 nm length
were considered. The range was calculated using the coordi-
nates of the first and last point of the ion track. The energy
threshold corresponding to the minimum track length was
evaluated from the average range estimated by SRIM. It
ranges from 25 keV for Carbon to 273 KeV for Iodine. Being
NIT emulsions less sensitive to protons, H recoils are con-
servatively not taken into account.

In the above mentioned DM model, the mean direction of
the track was compared with the initial direction of the recoil:
the difference of the two directions shows a Gaussian distri-
bution centered at zero, with a sigma (σ straggl

θ ) that depends
on the selected nuclei and on the recoil energy and reflects
the loss of the directional information due to the straggling
in the target. Figure 2 shows σ

straggl
θ as a function of the

recoil energy for the most abundant nuclei in emulsion. Only
ranges above 100 nm are considered. The angular deviation
due to straggling ranges from 0.3 to 0.5 rad for light nuclei
(C, N, O) and from 0.2 to 0.35 for heavy nuclei (Ag, Br).

Figure 3 shows the overall angular deviation expected for
nuclear recoils in an emulsion target as a function of the
WIMP mass. Black dots represent the angular deviation of
nuclear recoils from the direction of Earth’s motion, as it
arises from the WIMP-nucleus scattering (σWn−scatt

θ ), the
blue triangles represent the angular deviation due to strag-
gling in emulsion target only (σ straggl

θ ), the red boxes are the
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NEWSdm, EPJ-C 78, 2018

F. Mayet et al., Physics Reports 627( 2016)

50-60 keV ER

10-20 keV ER



IONISATION DETECTORS
▸ Point contact HPGe detectors: low energy threshold and 

(potentially) large total mass (CDEX) 

▸ Si CCDs: low ionisation energy, low noise, and particle 
tracks for background reduction  particle ID (DAMIC-M, 
SENSEI) 

▸ NEWS-G: spherical proportional counter, light targets (H, 
He, Ne), pulse shape discrimination against surface events, 
low energy threshold (very low capacitance)

⇒
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DAMICNEWS-G Reach of NEWS-G at SNOLAB

DAMIC, Phys. Rev. Lett. 125, 2020



DD EXPERIMENTS: PAST, PRESENT, FUTURE
๏ Example: spin-independent cross section upper limits at 60 GeV WIMP mass

We have 
come a long 
way!

10-41cm2 in  ~1998 to few x 10-47 cm2 in ~2018
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=

Figure: Rick Gaitskell, 2020

~ now



SUMMARY & OUTLOOK

▸ Dark matter particle candidates cover large mass & cross section range 

▸ A variety of technologies employed for their detection & many new ideas 

▸ So far: we have mostly learned what dark matter is not…  we have been 
narrowing down the options 

▸ However, tremendous progress over the past decades & expected for next 

▸ Pragmatic goal: broaden the searches & probe the experimentally accessible 
parameter space 

▸ Rich non-WIMP physics programme: neutrinos, solar axions, ALPs, dark 
photons... 

▸ Remember that yesterday’s background might be today’s signal ;-)

40



Of course, “the probability of success is difficult to 
estimate, but if we never search, the chance of 
success is zero” G. Cocconi & P. Morrison, Nature, 1959

41

Eugene Jansson 
Hornsgatan Nattetid, 1902



ADDITIONAL MATERIAL
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KINEMATICS: DARK MATTER PARTICLE MASS

Electron recoils

Nuclear recoils

1 MeV 1 GeV10 keV
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US Cosmic Visions, 
arXiv:1707.04591

43

▸ Light DM: nuclear recoil energy - well below the threshold of most experiments 

▸ Total energy in scattering: larger, and can induce inelastic atomic processes  visible signals→



INTERACTION RATES: DM ABSORPTION

▸ Absorption of bosonic DM (ALPs, dark photons) via the "axioelectric" effect 

▸ Rates ~ φ x σ ~ ρ x v/m x σ (here ρ = 0.3 GeV/cm3)
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Z+e- Pospelov, Ritz, Voloshin, PRD 78, 
2008; An, Pospelov, Pradler, Ritz, 
PLB747, 2015
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 strength of kinetic mixing 
between photon and dark 
photon



BACKGROUNDS: THE NEUTRINO FOG
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Figures: Knut Moraa  

Shaded grey areas:  the “neutrino fog”  -> the lightest area shows the WIMP cross-section where more than 
1 ν event is expected in the 50% most signal-like (S1, S2) region; subsequent shaded areas: 10-fold 
increases of the ν expectation 

5σ discovery for 6 x 10-49 cm2, 50 GeV, 
1000 t x y exposure in Xe target

Upper limits, 100 t x y and 1000 t y 
exposure in Xe target



BACKGROUNDS: THE NEUTRINO FOG
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C. A. J. O'Hare PRD 94, 2016

▸ Sensitivity of DDNR experiments: eventually limited by 
the neutrino backgrounds 

▸ Discovery of a signal: only possible if excess in events > 
stat. fluctuations in the background  

▸ The "neutrino fog" depends on 

๏ systematic uncertainty in neutrino fluxes (~2% in 8B, 
~20% for atmospheric neutrinos) 

๏ nuclear and astro inputs for the DM signal

C. A. J. O'Hare PRD 102, 2020

Discovery limit of a 5 TeV WIMP in an 
argon target, as a function of the atm. 
neutrino event N and fract. uncertainty 
on the atm ν flux: δΦatm/Φatm

Neutrino "floor" for 3 sets 
of 1-σ uncertainties on the 
local density, speed and 
escape velocity for a 
xenon target



XENON-NT 47

TPC (5.9 t LXe, 4 t fiducial), 1.3 m 
diameter, 1.5 m tall

PMT array (494 PMTs in total, in 2 
arrays)

Neutron veto (120 additional PMTs, Gd 
doped (0.5% Gd2(SO4)3))

LXe purification system (5 L/min 
LXe, faster cleaning; 2500 slpm)

Rn distillation column 
(reduce 222Rn - hence 
also 214Bi - from pipes, 
cables, cryogenic 
system)



THE DARWIN PROJECT

▸ Two-phase Xe TPC: 2.6 m ø, 2.6 m height 

▸ 50 t (40 t) LXe in total (in the TPC) 

▸ Two arrays of photosensors (e.g., 1800 3-
inch PMTs) 

▸ PTFE reflectors and Cu field shaping 
rings 

▸ Low-background, double-walled 
titanium cryostat 

▸ Shield: Gd-doped water, for µ and n

50 t LXe

DARWIN collaboration, JCAP 1611 (2016) 017

Alternative TPC designs, photosensors etc under study
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BACKGROUND MODEL AND DATA

▸ Good fit over most of the energy region 

▸ Excess between (1,7) keV 

▸ Number of observed events: 285, expected from background: (232±15) events
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NEW BACKGROUND: TRITIUM DECAYS?

▸ Low energy β-decay with 18.6 keV endpoint, 
T1/2 = 12.3 y 

▸ Cosmogenic production in xenon & emanation 
of HTO and HT from detector materials 

๏ Removed by continuous gas purification

50

Best fit: (159 ± 51) events/(t y) 

3H:Xe concentr.: (6.2 ± 2.0) x 10-25 mol/mol 

< 3 3H atoms per kg of xenon 

Tritium favoured over background-only fit 
at 3.2 σ

3H

n
n

p e-

n
p p

⌫̄e
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HIGH-ENERGY ANALYSIS FOR A DOUBLE BETA SEARCH OF 136XE
▸ Motivation: search for 0νββ-decay of 136Xe, at Qββ= (2457.83±0.37) keV, 

understand background rate and spectrum at high energies 

▸ Correct for signal saturation, determine event multiplicity, energy scale, resolution  

▸ Achieved σ/E ~0.8%; 0νββ-decay data analysis and data/MC matching in progress

±4σ

σ/E ≈ 0.8% at Qββ 

208Tl214Bi
214Bi

40K
60Co

XENON collaboration, EPJ-C 80, 2020
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XENON-NT: BACKGROUND PREDICTIONS

52XENON Collaboration, 2007.08796, JCAP 2020

rates in a fiducial mass of 4 t of LXe, 1-13 keV ER, 4 - 
50 keV NR energy range

https://arxiv.org/abs/2007.08796


XENON-NT: BACKGROUND PREDICTIONS

53XENON Collaboration, 2007.08796, JCAP 2020

Number of events in the ROI and in a reference WIMP 
signal region for an exposure of 20 t years

https://arxiv.org/abs/2007.08796

