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Starting point
● How much dark matter is there? How is it distributed?
● How can dark matter interact? 

○ Nuclei and electrons
● How large are these signals?

● How can we hope to detect such interactions?
○ Noble liquid detectors (LZ, XENONnT, PandaX-4T, Darkside-20k,…)
○ Solid state cryogenic detectors (CRESST, EDELWEISS, SuperCDMS,…)
○ Superheated liquids (PICO, MOSCAB)
○ Room temperature ionization detectors (DAMIC, SENSEI,…)
○ Room temperature scintillators (DAMA\LIBRA, COSINE,…)
○ … and many more
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Fig. 2.— Rotation curve for our favorite models A1

(no exchange of angular momentum) and B1 (with the
exchange). Note that the dark matter dominates only
in the outer part of the Milky Way. Symbols show
observational data from HI measurements of Knapp et
al. (1985) (circles) and Kerr et al.(1986) (triangles).

tuning, our models are consistent with observa-
tions of the dynamical mass of the MW over this
huge range.

Finding an acceptable model for M31 was rel-
atively easy because there are much less data. In
particular, we do not have kinematic constraints

Fig. 3.— Mass distribution of the MW galaxy for
Model A1 (full curve) and model B1 (dashed curve).
The large dots with error bars are observational con-
straints. From small to large radii the constraints are
based on: stellar radial velocities and proper motions
in the galactic center; radial velocities of OH/IR stars;
modeling of the bar using DIRBE and stellar veloci-
ties; rotational velocity at the solar radius; dynamics
of satellites.

for the disk, which would be equivalent to con-
straints at the solar position in our Galaxy. Our
model seems to reproduce reasonably well the dy-
namical mass of M31 from 100 pc to ≈100 kpc.
Our model does not produce the very large wig-
gles exhibited by the observed rotation curve. The
wiggles at 5 kpc and 9 kpc are likely due to non-
circular motions induced by the bar and, thus, as
discussed before, cannot be reproduced by any ax-
isymmetric model. The bulge of M31 is almost
twice as massive as the bulge of our Galaxy. It
is also slightly (30%) more compact. The disk
of M31 is also more massive, but it is more ex-
tended. As a result, in the central 5 kpc of the
M31 the bulge is a much more dominant compo-
nent as compared with the bulge of our Galaxy.

The surface brightness profile in the R-band,
shown in figure 5, is used as an additional con-
straint. An accurate fit (the same as for the mass
modeling) is obtained for stellar mass-to-light ra-
tios of M/L = 0.93M!/L! and M/L = 3M!/L!
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The Dark Matter halo

Luminous matter exists in a disc rotating at around 200 km/s. 

Not to scale!
Halo around 
10 x size of
Milky Way



Dark Matter velocity distribution
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Phase-space structure in the local dark matter distribution 3

for all six halos with about 200 million particles within R200. Fur-
ther details of the halos and their characteristics can be found in
Springel et al. (2008).

In the following analysis we will often compare the six level-2
resolution halos, Aq-A-2 to Aq-F-2. To facilitate this comparison,
we scale the halos in mass and radius by the constant required to
give each a maximum circular velocity of Vmax = 208.49 km/s,
the value for Aq-A-2. We will also sometimes refer to a coordi-
nate system that is aligned with the principal axes of the inner halo,
and which labels particles by an ellipsoidal radius rell defined as
the semi-major axis length of the ellipsoidal equidensity surface on
which the particle sits. We determine the orientation and shape of
these ellipsoids as follows. For each halo we begin by diagonal-
ising the moment of inertia tensor of the dark matter within the
spherical shell 6 kpc < r < 12 kpc (after scaling to a com-
mon Vmax). This gives us a first estimate of the orientation and
shape of the best fitting ellipsoid. We then reselect particles with
6 kpc < rell < 12 kpc, recalculate the moment of inertia tensor
and repeat until convergence. The resulting ellipsoids have minor-
to-major axis ratios which vary from 0.39 for Aq-B-2 to 0.59 for
Aq-D-2. The radius restriction reflects our desire to probe the dark
matter distribution near the Sun.

3 SPATIAL DISTRIBUTIONS

The density of DM particles at the Earth determines the flux of
DM particles passing through laboratory detectors. It is important,
therefore, to determine not only the mean value of the DM density
8 kpc from the Galactic Centre, but also the fluctuations around this
mean which may result from small-scale structure.

We estimate the local DM distribution at each point in our
simulations using an SPH smoothing kernel adapted to the 64
nearest neighbours. We then fit a power law to the resulting dis-
tribution of ln ρ against ln rell over the ellipsoidal radius range
6 kpc < rell < 12 kpc. This defines a smooth model density
field ρmodel(rell). We then construct a density probability distribu-
tion function (DPDF) as the histogram of ρ/ρmodel for all particles
in 6 kpc < rell < 12 kpc, where each is weighted by ρ−1 so that
the resulting distribution refers to random points within our ellip-
soidal shell rather than to random mass elements. We normalise the
resulting DPDFs to have unit integral. They then provide a prob-
ability distribution for the local dark matter density at a random
point in units of that predicted by the best fitting smooth ellipsoidal
model.

In Fig. 1 we show the DPDFs measured in this way for all
resimulations of Aq-A (top panel) and for all level-2 halos after
scaling to a common Vmax (bottom panel). Two distinct compo-
nents are evident in both plots. One is smoothly and log-normally
distributed around ρ = ρmodel, the other is a power-law tail to high
densities which contains less than 10−4 of all points. The power-
law tail is not present in the lower resolution halos (Aq-A-3, Aq-
A-4, Aq-A-5) because they are unable to resolve subhalos in these
inner regions. However, Aq-A-2 and Aq-A-1 give quite similar re-
sults, suggesting that resolution level 2 is sufficient to get a reason-
able estimate of the overall level of the tail. A comparison of the six
level 2 simulations then demonstrates that this tail has similar shape
in different halos, but a normalisation which can vary by a factor
of several. In none of our halos does the fraction of the distribu-
tion in this tail rise above 5× 10−5. Furthermore, the arguments of
Springel et al (2008) suggest that the total mass fraction in the in-
ner halo (and thus also the total volume fraction) in subhalos below
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Figure 2. Top four panels: Velocity distributions in a 2 kpc box at the Solar
Circle for halo Aq-A-1. v1, v2 and v3 are the velocity components parallel
to the major, intermediate and minor axes of the velocity ellipsoid; v is the
modulus of the velocity vector. Red lines show the histograms measured
directly from the simulation, while black dashed lines show a multivari-
ate Gaussian model fit to the individual component distributions. Residuals
from this model are shown in the upper part of each panel. The major axis
velocity distribution is clearly platykurtic, whereas the other two distribu-
tions are leptokurtic. All three are very smooth, showing no evidence for
spikes due to individual streams. In contrast, the distribution of the velocity
modulus, shown in the upper left panel, shows broad bumps and dips with
amplitudes of up to ten percent of the distribution maximum. Lower panel:
Velocity modulus distributions for all 2 kpc boxes centred between 7 and
9 kpc from the centre of Aq-A-1. At each velocity a thick red line gives the
median of all the measured distributions, while a dashed black line gives
the median of all the fitted multivariate Gaussians. The dark and light blue
contours enclose 68% and 95% of all the measured distributions at each ve-
locity. The bumps seen in the distribution for a single box are clearly present
with similar amplitude in all boxes, and so also in the median curve. The
bin size is 5 km/s in all plots.
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498 km s�1 < vesc < 608 km s�1

The Standard Halo Model

• The standard parameter values used for the SHM are the following:

• local density

• local circular speed

• local escape speed

• The escape speed is the speed required to escape the local gravitational field of the MW, and the 
local escape speed is estimated from the speeds of high velocity stars 

• The RAVE survey has measured:

⇢0 ⌘ ⇢(R0) = 0.3GeV cm�3

vc = 220 km s�1

vesc = 544 km s�1

⇢0 = 0.008M�pc�3 = 5⇥ 10�25g cm�3
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The Standard Halo Model (SHM)

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwi_-9HmkI_gAhVJXRUIHSQ6D-kQFjABegQIBhAC&url=https%3A%2F%2Farxiv.org%2Fpdf%2F0812.0362&usg=AOvVaw1psnSDjKleMcgtmqoXZNtd


From our point of view – a Dark Matter flux 

Dark Matter Wind

v = 200km/s

v = 30km/s



How to search for dark matter
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Dark Matter Searches"

DM!

DM!

SM!

SM!
Collider!
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Annihilation!

Indirect Detection
● Scattering

○ Direct detection

● Annihilation

○ Indirect detection

● Production

○ Colliders



Proposed dark matter candidates
● WIMPs
● Axions and axion-like particles (ALPs)
● Dark Photons
● Sterile Neutrinos
● And many more (FIMP, SIMP, GIMP, PBH, 

etc. etc.)
● Spanning many many orders of magnitude 

in mass and interaction strength
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The WIMP Miracle

M. Lindner MPIK EPS-HEP, Venice, 5-12 July 2017 4

Evolution of original DM density: 

è Boltzmann equation

è thermal freeze-out 

BSM motivated new physics @TeV:
è automatically ~ correct abundance
è typical WIMP mass O(EW scale)

inflation è many e-folds 

Reheating è all particle types produced
Evolution of original plasma by:

- expansion (dilution)
- decays
- interactions à conversion processes

‣ DM and SM particles in thermal equilibrium in the past 
‣ As the Universe expands, the annihilation depletes the DM density and freeze out 
‣ DM abundance  determined by annihilation cross-section at freeze-out

Dark Matter?
Two big explanations : gravitational e!ects and matter (→ new particle!) 
Consider new particle approach to further characterize the DM
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Let’s focus on WIMPs
● Why WIMPs?

○ It’s what you get in SUSY ;-)

● Assumption that in early universe DM was in 
thermal equilibrium with SM matter 
à some interaction with SM matter

● As universe expands and cools down, DM 
decouples

● DM abundance determined by annihilation 
cross section at freeze-out

● A particle with weak scale interactions and 
mass of O(100 GeV) gives relic density in 
agreement with our measurements
à “WIMP miracle”



How much Dark Matter?
● Dark matter density is 0.3 GeV/cm3

● i.e., if dark matter particle has mass of 100 GeV then

10

1 dark matter particle in every can of



Direct detection 
of Dark Matter

● If DM is a particle with a finite probability 
to scatter of SM particles...

● … we are searching for interactions with 
nuclei (nuclear recoils) and electrons 
(electron recoils)

● Good sensitivity generally requires:
○ Large mass detector
○ Excellent suppression of similar signals 

from background sources
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DIRECT DARK MATTER SEARCHES: 
look for the recoil of an atom after the scattering off a DM particle 

Scintillation 
 
 Ionization 
 
Temperature increase 

13	15/11/17	



Experimental detection signals

13

Baudis

Modern experiments are based on 
detecting two of these signals, e.g.:
• Liquid Nobel Gases:
• Scintillation & Ionization

• Cryogenic solid state detectors:
• Ionization and phonons
• Scintillation and phonons



Experimental detection methods

● Scintillation light

● Ionization

● Phonons

14APPEC Report, arXiv:2104.07634



Energy 
transfer in 
scattering

● Signal rate strongly 
depends on achievable 
threshold recoil energy 
(and WIMP mass)

● Recoil of nucleus will 
result in ionisation

● These curves assume 
velocity distribution 
according to SHM

H Araújo 

THE NOBLE LIQUID XENON 

8 

Searches for   
RARE and LOW ENERGY events:  
a challenging combination 

Scattering rates for  
m intermediate  
and p heavy WIMPs 

2013 JINST 8 R04001
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Figure 1. Predicted integral spectra for WIMP elastic scattering (left) and for coherent neutrino-nucleus
elastic scattering (right) for Xe, Ge, Ar and Ne (in order of decreasing rate at zero threshold). Both plots
assume perfect energy resolution. Dark matter rates are for a 100 GeV/c2 WIMP with 10�45cm2 (10�9 pb)
interaction cross section per nucleon, calculated as per [21] with the halo parameters shown; the markers
indicate typical WIMP-search thresholds for each technology. CNS rates are calculated at 10 m from a
3 GWth nuclear reactor (4 · 1013 n/cm2/s) and at the same distance from the ISIS neutron spallation source
(thanks to E. Santos), where 3 neutrino flavors result from pion and muon decay at rest (1 · 107 n/cm2/s for
all flavors [34]).

quarks: for neutrons it is sn ,n ⇡ 0.42 · 10�44(En/MeV)2 cm2, whereas for protons it is a factor
of ⇠200 smaller. Therefore, the effect of coherence over the whole nucleus is an enhancement
factor of N2. For example, for 10 MeV neutrinos, the cross section for scattering on a Xe nucleus
is sn ,Xe ⇠ 2 · 10�39 cm2; for Ar it is an order of magnitude smaller, sn ,Ar⇠ 2 ·10�40 cm2. Although
these values are even smaller than those expected for WIMPs, significantly higher fluxes can be ob-
tained with neutrinos from artificial sources (⇠1013 cm�2s�1 at a distance of⇠10 m from a nuclear
reactor, to give one example). Calculated rates as a function of threshold for two neutrino sources
are shown in figure 1 (right). In addition, ‘on/off’ experiments are also possible in this instance,
which is a significant advantage for controlling systematic uncertainties. Therefore, detectors with
a mass of the order of kilograms can, in principle, provide a reasonable rate. However, one must
not neglect the fact that, contrary to WIMP searches, where only a few events with correct signa-
ture could constitute a discovery in a nearly background-free experiment conducted underground,
a neutrino experiment in a surface laboratory must accumulate enough recoil signals to produce
a statistically significant distribution in energy (or in the number of ionization electrons, as only
few-electron signals can be expected for MeV neutrinos [24, 36, 37]).

The low scattering rate makes the background issue of extreme importance. Background re-
duction (passive shielding, low radioactivity environment and radio-clean construction) and its
active discrimination in the experimental setup are essential. In the case of direct dark matter
searches in underground laboratories, two kinds of background can be distinguished: one resulting
in electron recoils and the other leading to production of nuclear (atomic) recoils in the sensitive

– 6 –

Rate 
increases 
with A2

for large nuclei rate
decreases at higher 
energies due to form 
factor suppression



● Scattering off atom in liquid xenon
○ Recoil from nucleus (NR) or atomic 

electrons (ER)

● Produces light and free electrons / ions
○ Prompt light detected: “S1”
○ Electric field drifts electrons

● Charge reaches gas xenon
○ Amplification
○ Second delayed light: “S2”

● From S1 and S2:
○ Relative time: depth in detector
○ Transverse position
○ Type of interaction: ER vs NR

● Xenon naturally radio-pure

Two-phase 
xenon TPC
(LZ, XENONnT, PandaX)

16

Electric 
Field



The LZ experiment
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Gd-doped 
Liquid 

Scintillator 
Outer Detector

HV lineLXe
cooling
system

Liquid Xe 
“skin” region

TPC

● Two-phase xenon TPC:
○ 7 tons liquid xenon
○ 5.6 t of fiducial volume
○ 50 kV cathode
○ 494 x 3’’ PMTs in TPC

● Veto and shield systems
● LXe skin

● Gd doped liquid 
scintillator in Outer 
Detector

● Water Tank

● ~1.6km underground

1.5 m
1.5 m

7.6 m

6 m

Passive water shielding

Mono-energetic 

neutron source



Backgrounds 
and 
Sensitivity

18



Sources of Background
● External sources
○ Cosmogenics
○ Radiation from experiment cavern
○ Other new physics (e.g. neutrinos)

● Internal sources
○ Radioactive materials in detector components
○ Emanation of Radon from detector components
○ Radioactive dust on surfaces
○ Contaminants in the xenon

19



Backgrounds, backgrounds, backgrounds…
● External backgrounds mainly gammas and 

neutrons but also some neutrinos

● Intrinsic radioactivity in LXe (beta decay of 
214Pb, 212Pb, 85Kr)

○ Xenon filtering: 1 Krypton atom per 100 
trillion Xenon atoms

● Solar neutrino scattering off atomic electrons 
● Solar and atmospheric neutrino coherent 

nuclear scattering

● Veto detectors:
○ LXe skin region to reject gammas

○ Outer detector (GdLS) for tagging neutrons

○ Water tank to suppress natural radiation from 
surrounding rocks

9
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FIG. 4. ER background spectra in the 5.6-tonne fiducial volume for single scatter events with neither a xenon skin nor an OD
veto signal. No detector e�ciency or WIMP-search region of interest cuts on S1c have been applied. The right-hand panel
shows a close-up of the 0–200 keV region of the left-hand panel.

lease gamma rays and induce neutron emission. LZ has
instituted a target for plate-out of 210Pb and 210Po of
less than 0.5 mBq/m2 on the TPC walls and below
10 mBq/m2 everywhere else. LZ has also instituted a
requirement limiting generic dust contamination to less
than 500 ng/cm2 on all wetted surfaces in the detector
and xenon circulation system. A rigorous program of
cleanliness management is implemented to ensure that
the accumulated surface and dust contamination do not
exceed these limits. All detector components that con-
tact xenon must be cleaned and assembled according to
validated cleanliness protocols and witness plates will ac-
company the production and assembly of all detector
components. Detector integration will take place in a
reduced-radon cleanroom built at the Surface Assembly
Laboratory at SURF.

Several large volume liquid scintillator experiments re-
ported observing mobility of radon-daughters plated onto
surfaces, in particular the beta emitter 210Bi [52–54].
Studies in LUX are used to place a limit on this mobility
in LXe, resulting in the projection shown in Table III.

C. Dispersed xenon contaminants

Radioisotopes dispersed throughout the LXe pro-
duce background that cannot be mitigated through self-
shielding. Radon emanation from materials and dust re-
sults in the largest contribution to the total background
in LZ. This is primarily due to ‘naked beta’ emission—a
beta emitted without any accompanying gamma rays—
from 214Pb(212Pb) in the 222Rn(220Rn) sub-chain. To
simulate the radon contribution to Table III, the de-
fault branching ratios in GEANT4 are modified: that
from 214Pb(212Pb) to the ground state of 214Bi(212Bi) is
taken to be 9.2%(13.3%) [55, 56]. Direct measurements
of 222Rn emanation from xenon-wetted materials are per-

formed [57]. For components that do not yet exist or are
still to be measured, projections are made based on mea-
surements of similar materials that exist in the literature.
Most measurements are made at room temperature, and
the expected emanation can depend strongly on temper-
ature depending on the source material. For these es-
timates a conservative approach is adopted, only taking
credit for a reduction at LXe temperatures if there is di-
rect knowledge that such a reduction will occur. The LZ
gas handling apparatus includes a radon reduction sys-
tem that can take a small stream of gas from problem
areas, such as the cable conduits, and perform on-line
radon purification. The current best estimate for ema-
nation from LZ components results in a 222Rn specific
activity of 1.53 µBq/kg of LXe.

Radon from dust is estimated separately. For the ra-
dioactivity levels typical of dust at SURF and under
the conservative assumption, compared to preliminary
measurements, that 25% of 222Rn is released into the
LXe, the dust requirement of <500 ng/cm2 generates a
222Rn specific activity of 0.28 µBq/kg of LXe. Combined
with the emanation from detector components, a total
of 1.81 µBq/kg of 222Rn is projected. A concentration
of 0.09 µBq/kg of 220Rn (⇥0.05 the specific activity of
222Rn, based on the ratio seen in LUX [58]) is also in-
cluded in the background estimates.

Natural xenon includes trace levels of 85Kr and 39Ar,
both of which disperse throughout the liquid and are
beta emitters that lead to ER events in the ROI. LZ
has instituted a significant xenon purification campaign
using chromatography to remove krypton from xenon
in order to control 85Kr. In an R&D phase, the chro-
matography system reduced the natKr/Xe concentration
to 0.075 ppt g/g [22] and a further improvement to 0.015
ppt g/g is expected in the production system. Argon lev-
els are also reduced during this purification step, with an
expected concentration of natAr/Xe below 0.45 ppb g/g.
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FIG. 5. NR background spectra in the 5.6-tonne fiducial vol-
ume for single scatter events with neither a xenon skin nor
an OD veto signal. No detector e�ciency or WIMP-search
region of interest cuts on S1c have been applied.

D. Laboratory and cosmogenic backgrounds

Neutrons produced from muon-induced electromag-
netic and hadronic cascades can generate background
events [59, 60]. The number of muon-induced NR back-
ground events has been estimated using simulations of
muon transport through rock around the laboratory and
detector geometry, including secondary particle produc-
tion, transport and detection. Backgrounds from outside
the water tank are dominated by the cavern walls. The
gamma flux has been measured at the 4850-foot level of
SURF (4300 m w.e.) at various locations in the Davis
Campus [61, 62]. Neutrons from the laboratory walls
are attenuated e�ciently by water and scintillator sur-
rounding the LZ cryostat; with a minimum thickness of
hydrogenous shielding of 70 cm, the neutron flux is re-
duced by more than 6 orders of magnitude [35] resulting
in a negligible contribution to backgrounds in LZ.

Cosmogenic activation of xenon can lead to contamina-
tion by 127Xe (T1/2 = 36.4 d). LUX measurements [58]
show an equilibrium decay rate of (2.7 ± 0.5) mBq/kg
of 127Xe after xenon was exposed to cosmic rays on the
Earth’s surface (see also [63]). That level of activity leads
to the projected number of events shown in Table III fol-
lowing an assumed 8-month cooling down period under-
ground prior to data-taking. The largest contribution to
activation in the detector materials comes from produc-
tion of 46Sc (T1/2 = 83.8 d) in the 2.5 tonnes of titanium
being used in LZ. Using GEANT4 and ACTIVIA [64, 65]
simulations, the decay rate of 46Sc is estimated to be
4.8 mBq/kg of titanium after 6 months activation at sea
level and surface assembly of the TPC within the cryo-
stat at SURF, followed by the same 8 month cooling down
period underground assumed for 127Xe.

E. Physics backgrounds

Three sources of background are identified that carry
interesting physics in their own right: neutrino-electron
scattering (ER), 2⌫�� 136Xe decay (ER), and neutrino-
nucleus scattering (NR). All three of these backgrounds
generate single-scatter events uniformly in the detector
with no corresponding veto signal.

The solar neutrino ER background is dominated by pp
neutrinos, with smaller contributions from the 7Be, and
CNO chains, and LZ uses the flux and spectra from [66]
and up to date oscillation parameters from [67] to calcu-
late the solar neutrino rates. The rate of 2⌫�� decay of
136Xe in LZ is based on measurements in EXO-200 and
KamLAND-Zen [68, 69].

Nuclear recoils are produced by 8B and hep solar neu-
trinos, di↵use supernova neutrinos and atmospheric neu-
trinos through coherent elastic neutrino-nucleus scatter-
ing, a standard model process that was recently observed
for the first time [70]. 8B- and hep-induced events pop-
ulate the very low recoil energy region, and their impact
depends critically on the NR e�ciency shown in Fig. 3.
Because these neutrino fluxes do not constitute a signif-
icant background in searches for WIMPs of mass > 20
GeV, they are not included in Table III; however, they
are included in the WIMP sensitivity calculations using
the full PLR treatment described in section V. Atmo-
spheric and di↵use supernova neutrinos produce NRs at
higher energies and constitute the largest contribution to
the total NR background in LZ.

F. Non-standard backgrounds

A number of rare but potentially dangerous non-
standard event topologies are considered. While not cur-
rently included as components in the background model
used for sensitivity projections, studies have been per-
formed to ensure they are sub-dominant to the existing
ER and NR backgrounds.

Multiple scattering of gamma rays where one vertex
occurs in a region of the detector that is optically coupled
to the PMT arrays but that has no charge collection can
cause an NR-like background. These so-called ‘gamma-
X’ events have a lower S2/S1 ratio than is typical for
ER events and can leak into the NR band. Simulations
indicate that with the current fiducial volume (2 cm from
cathode) less than 0.1 of these events are expected.

Accidental coincidences between multiple PMT dark
counts lead to a rate of fake S1-only signals; these may
combine with S2-only events to fake plausible S1-S2 pairs,
some of which can overlap with the NR band. Consid-
ering the cold PMT dark count measurements reported
in [29], enforcing a 3-fold PMT coincidence level for a
valid S1 signal, and predicting 1 mHz for the S2-only rate
(twice that seen in LUX [39]) then less than 0.2 events
are projected in a 1000 day run.



Backgrounds, backgrounds, backgrounds…
● External backgrounds mainly gammas and 

neutrons but also some neutrinos

● Intrinsic radioactivity in LXe (beta decay of 
214Pb, 212Pb, 85Kr)

○ Xenon filtering: 1 Krypton atom per 100 
trillion Xenon atoms

● Solar neutrino scattering off atomic electrons 
● Solar and atmospheric neutrino coherent 

nuclear scattering

● Veto detectors:
○ LXe skin region to reject gammas

○ Outer detector (GdLS) for tagging neutrons

○ Water tank to suppress natural radiation from 
surrounding rocks

9

0 50 100 150 200
Electronic recoil energy [keV]

10�7

10�6

10�5

10�4

R
at

e
[c

ou
nt

s/
kg

/d
ay

/k
eV

]

Solar n

222Rn

220Rn

85Kr

136Xe
Total

Materials

FIG. 4. ER background spectra in the 5.6-tonne fiducial volume for single scatter events with neither a xenon skin nor an OD
veto signal. No detector e�ciency or WIMP-search region of interest cuts on S1c have been applied. The right-hand panel
shows a close-up of the 0–200 keV region of the left-hand panel.

lease gamma rays and induce neutron emission. LZ has
instituted a target for plate-out of 210Pb and 210Po of
less than 0.5 mBq/m2 on the TPC walls and below
10 mBq/m2 everywhere else. LZ has also instituted a
requirement limiting generic dust contamination to less
than 500 ng/cm2 on all wetted surfaces in the detector
and xenon circulation system. A rigorous program of
cleanliness management is implemented to ensure that
the accumulated surface and dust contamination do not
exceed these limits. All detector components that con-
tact xenon must be cleaned and assembled according to
validated cleanliness protocols and witness plates will ac-
company the production and assembly of all detector
components. Detector integration will take place in a
reduced-radon cleanroom built at the Surface Assembly
Laboratory at SURF.

Several large volume liquid scintillator experiments re-
ported observing mobility of radon-daughters plated onto
surfaces, in particular the beta emitter 210Bi [52–54].
Studies in LUX are used to place a limit on this mobility
in LXe, resulting in the projection shown in Table III.

C. Dispersed xenon contaminants

Radioisotopes dispersed throughout the LXe pro-
duce background that cannot be mitigated through self-
shielding. Radon emanation from materials and dust re-
sults in the largest contribution to the total background
in LZ. This is primarily due to ‘naked beta’ emission—a
beta emitted without any accompanying gamma rays—
from 214Pb(212Pb) in the 222Rn(220Rn) sub-chain. To
simulate the radon contribution to Table III, the de-
fault branching ratios in GEANT4 are modified: that
from 214Pb(212Pb) to the ground state of 214Bi(212Bi) is
taken to be 9.2%(13.3%) [55, 56]. Direct measurements
of 222Rn emanation from xenon-wetted materials are per-

formed [57]. For components that do not yet exist or are
still to be measured, projections are made based on mea-
surements of similar materials that exist in the literature.
Most measurements are made at room temperature, and
the expected emanation can depend strongly on temper-
ature depending on the source material. For these es-
timates a conservative approach is adopted, only taking
credit for a reduction at LXe temperatures if there is di-
rect knowledge that such a reduction will occur. The LZ
gas handling apparatus includes a radon reduction sys-
tem that can take a small stream of gas from problem
areas, such as the cable conduits, and perform on-line
radon purification. The current best estimate for ema-
nation from LZ components results in a 222Rn specific
activity of 1.53 µBq/kg of LXe.

Radon from dust is estimated separately. For the ra-
dioactivity levels typical of dust at SURF and under
the conservative assumption, compared to preliminary
measurements, that 25% of 222Rn is released into the
LXe, the dust requirement of <500 ng/cm2 generates a
222Rn specific activity of 0.28 µBq/kg of LXe. Combined
with the emanation from detector components, a total
of 1.81 µBq/kg of 222Rn is projected. A concentration
of 0.09 µBq/kg of 220Rn (⇥0.05 the specific activity of
222Rn, based on the ratio seen in LUX [58]) is also in-
cluded in the background estimates.

Natural xenon includes trace levels of 85Kr and 39Ar,
both of which disperse throughout the liquid and are
beta emitters that lead to ER events in the ROI. LZ
has instituted a significant xenon purification campaign
using chromatography to remove krypton from xenon
in order to control 85Kr. In an R&D phase, the chro-
matography system reduced the natKr/Xe concentration
to 0.075 ppt g/g [22] and a further improvement to 0.015
ppt g/g is expected in the production system. Argon lev-
els are also reduced during this purification step, with an
expected concentration of natAr/Xe below 0.45 ppb g/g.
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FIG. 5. NR background spectra in the 5.6-tonne fiducial vol-
ume for single scatter events with neither a xenon skin nor
an OD veto signal. No detector e�ciency or WIMP-search
region of interest cuts on S1c have been applied.

D. Laboratory and cosmogenic backgrounds

Neutrons produced from muon-induced electromag-
netic and hadronic cascades can generate background
events [59, 60]. The number of muon-induced NR back-
ground events has been estimated using simulations of
muon transport through rock around the laboratory and
detector geometry, including secondary particle produc-
tion, transport and detection. Backgrounds from outside
the water tank are dominated by the cavern walls. The
gamma flux has been measured at the 4850-foot level of
SURF (4300 m w.e.) at various locations in the Davis
Campus [61, 62]. Neutrons from the laboratory walls
are attenuated e�ciently by water and scintillator sur-
rounding the LZ cryostat; with a minimum thickness of
hydrogenous shielding of 70 cm, the neutron flux is re-
duced by more than 6 orders of magnitude [35] resulting
in a negligible contribution to backgrounds in LZ.

Cosmogenic activation of xenon can lead to contamina-
tion by 127Xe (T1/2 = 36.4 d). LUX measurements [58]
show an equilibrium decay rate of (2.7 ± 0.5) mBq/kg
of 127Xe after xenon was exposed to cosmic rays on the
Earth’s surface (see also [63]). That level of activity leads
to the projected number of events shown in Table III fol-
lowing an assumed 8-month cooling down period under-
ground prior to data-taking. The largest contribution to
activation in the detector materials comes from produc-
tion of 46Sc (T1/2 = 83.8 d) in the 2.5 tonnes of titanium
being used in LZ. Using GEANT4 and ACTIVIA [64, 65]
simulations, the decay rate of 46Sc is estimated to be
4.8 mBq/kg of titanium after 6 months activation at sea
level and surface assembly of the TPC within the cryo-
stat at SURF, followed by the same 8 month cooling down
period underground assumed for 127Xe.

E. Physics backgrounds

Three sources of background are identified that carry
interesting physics in their own right: neutrino-electron
scattering (ER), 2⌫�� 136Xe decay (ER), and neutrino-
nucleus scattering (NR). All three of these backgrounds
generate single-scatter events uniformly in the detector
with no corresponding veto signal.

The solar neutrino ER background is dominated by pp
neutrinos, with smaller contributions from the 7Be, and
CNO chains, and LZ uses the flux and spectra from [66]
and up to date oscillation parameters from [67] to calcu-
late the solar neutrino rates. The rate of 2⌫�� decay of
136Xe in LZ is based on measurements in EXO-200 and
KamLAND-Zen [68, 69].

Nuclear recoils are produced by 8B and hep solar neu-
trinos, di↵use supernova neutrinos and atmospheric neu-
trinos through coherent elastic neutrino-nucleus scatter-
ing, a standard model process that was recently observed
for the first time [70]. 8B- and hep-induced events pop-
ulate the very low recoil energy region, and their impact
depends critically on the NR e�ciency shown in Fig. 3.
Because these neutrino fluxes do not constitute a signif-
icant background in searches for WIMPs of mass > 20
GeV, they are not included in Table III; however, they
are included in the WIMP sensitivity calculations using
the full PLR treatment described in section V. Atmo-
spheric and di↵use supernova neutrinos produce NRs at
higher energies and constitute the largest contribution to
the total NR background in LZ.

F. Non-standard backgrounds

A number of rare but potentially dangerous non-
standard event topologies are considered. While not cur-
rently included as components in the background model
used for sensitivity projections, studies have been per-
formed to ensure they are sub-dominant to the existing
ER and NR backgrounds.

Multiple scattering of gamma rays where one vertex
occurs in a region of the detector that is optically coupled
to the PMT arrays but that has no charge collection can
cause an NR-like background. These so-called ‘gamma-
X’ events have a lower S2/S1 ratio than is typical for
ER events and can leak into the NR band. Simulations
indicate that with the current fiducial volume (2 cm from
cathode) less than 0.1 of these events are expected.

Accidental coincidences between multiple PMT dark
counts lead to a rate of fake S1-only signals; these may
combine with S2-only events to fake plausible S1-S2 pairs,
some of which can overlap with the NR band. Consid-
ering the cold PMT dark count measurements reported
in [29], enforcing a 3-fold PMT coincidence level for a
valid S1 signal, and predicting 1 mHz for the S2-only rate
(twice that seen in LUX [39]) then less than 0.2 events
are projected in a 1000 day run.

The Noble Liquid Xenon 
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Searches for RARE and LOW 
ENERGY events: a challenging 
combination 

single scatters 
<5 keVee 



Mitigating 
External 
Backgrounds

● Go deep underground
○ 4300 m.w.e. underground at SURF in Lead, SD
○ Measure rock backgrounds: ArXiv:1904.02112 

● Add three layers of outer shields:
○ Instrumented xenon skin around TPC

⇒ gamma ray scatters
○ Gadolinium-doped liquid scintillator tank

⇒ neutron tagging
○ Passive high-purity water

22

No 
veto

With veto

https://arxiv.org/abs/1904.02112


● Detector materials
○ Radio-assay campaign
○ Gamma-screening, ICPMS, NAA
○ Screening Gd-LS: ArXiv: 1808.05595 

● Radon emanation
○ Four screening sites and two portable assays
○ Target Rn activity: 2 μBq/kg
○ Rn removal system: reduces Rn from warm components  

by > x10: doi:10.1016/j.nima.2018.06.076

● Radon daughters and dust on surfaces
○ TPC assembly in Rn-reduced cleanroom
○ Dust < 500 ng/cm3 on all LXe wetted surfaces
○ Rn-daughter plate-out on TPC walls < 0.5 mBq/m2

● Xenon contaminants – 85Kr, 39Ar
○ Charcoal chromatography @ SLAC
○ Final natKr/Xe 0.015 ppt 23

Mitigating 
Internal 
Backgrounds

By User:Tosaka - File:Decay chain(4n+2, Uranium series).PNG, CC BY 
3.0, https://commons.wikimedia.org/w/index.php?curid=33293646

https://arxiv.org/abs/1808.05595
https://doi.org/10.1016/j.nima.2018.06.076


Total backgrounds
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Background source
ER 
counts

NR 
counts

Detector Components 9 0.07

Surface contamination 40 0.39

Xenon Contamination 819 0

Laboratory and cosmogenics 5 0.06

Physics 322 0.51

Total 1195 1.03

Total after 99.5% ER rejection 
and 50% NR efficiency 5.97 0.52

● Assumes 1000 live days (full LZ run)
● Radon in the xenon dominates ER 

counts
● Coherent atmospheric neutrino 

scattering dominates NR
● Sub-dominant NR backgrounds

○ Alpha-n on PTFE from Pb-210
○ Ions reconstructed in fiducial volume

From “Projected WIMP sensitivity of the LUX-ZEPLIN (LZ) 
dark matter experiment” ArXiv:1802.06039

https://arxiv.org/abs/1802.06039


• 40 GeV/c2 WIMP

1000 days

5.6 Tons

25

electron 
recoil 
band

nuclear 
recoil 
band

Simulated full LZ exposure



Current direct detection WIMP limits

● Current limits for 40 GeV  
WIMP, spin-independent at 
3x10-47cm2 by PandaX-4T
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Sensitivity 
estimates
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For WIMP of 40 GeV/c2

● Excluded at 90% C.L.:
1.6x10-48 cm2

● 3𝝈 discovery:
3.8x10-48 cm2

● 5𝝈 discovery:
6.7x10-48 cm2

From “Projected WIMP sensitivity of the LUX-ZEPLIN (LZ) dark matter 
experiment” ArXiv:1802.06039

https://arxiv.org/abs/1802.06039


Spin dependent couplings
● So far only looked at spin-independent scattering

○ Because of its large de Broglie wavelength, the WIMP interacts coherently with 
all nucleons in the target nucleus

● In spin-dependent interactions, WIMP is assumed to be a (Majorana or 
Dirac) fermion coupling to unpaired nuclear spins

○ Nuclei without unpaired spins are blind to spin-dependent scattering

○ Nuclei with unpaired spins, e.g. !
"!𝐹, #$%#𝐺𝑒, &'

"#"𝑋𝑒, &'
"$!𝑋𝑒 are sensitive to spin-

dependent WIMP scattering

● Neutrons and protons typically contribute differently to the total spin of 
the target such that the SD-results are commonly quoted assuming that 
WIMPs couple either only to neutrons or protons

28



Bubble chambers - PICO
● Use superheated liquids, usually refrigerants such as CF3I, 

C3F8, C4F10, C2ClF5 or C3ClF8 as WIMP target 
○ 19F enhances sensitivity to spin-dependent scattering 

(WIMP-proton)

● Temperature kept just below boiling point. A sufficient 
energy deposition into a micro-volume will lead to a local 
phase transition of the superheated liquid and start the 
formation of a bubble. 

● PICO: superheated liquid C3F8, octafluoropropane
๏ Acoustic + visual readout for background rejection
๏ PICO-500 at SNOLAB: under design, installation/data 
in 2022/23 

29

Bubble 
forming



Spin-dependent scattering
● Naturally occurring Xenon has around 50% odd-neutron isotopes

○ 26.4%129Xe and 21.2% 131Xe by mass
14
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FIG. 11. LZ projected sensitivity to SD WIMP-neutron (left) and WIMP-proton (right) scattering for a 1000 live day run with a
5.6 tonne fiducial mass. For SD WIMP-neutron(-proton) scattering a minimum sensitivity of 2.7⇥10�43 cm2 (8.1⇥10�42 cm2)
is expected at 40 GeV/c2. Recent limits from direct detection experiments are shown as solid lines [83–86]. Dashed lines
indicate the model dependent collider constraints from the LHC (for WIMP-neutron) [87, 88] and the leading indirect limits
from neutrino telescopes (for WIMP-proton) [89, 90]. The gray contoured regions show the favored regions from recent MSSM7
model predictions [82].

to WIMP signals.
The sensitivity of LZ has been evaluated with a de-

tector response built on the properties of the materials
procured for use in LZ and a background model based on
the results of a comprehensive materials screening cam-
paign.

For a 1000 day exposure utilizing a 5.6 tonne fiducial
mass, LZ is projected to exclude, at 90% CL, SI WIMP-
nucleon cross sections of 1.6⇥10�48 cm2 and above for a
40 GeV/c2 WIMP. This represents an order of magnitude
improvement with respect to the expected sensitivities of
currently running LXe dark matter experiments; LZ will
have 5� discovery potential for cross sections below their
expected 90% exclusion limits giving access to an en-
tirely unexplored class of theoretical models and predic-
tions [91]. For SD WIMP-neutron (-proton) scattering,
a best sensitivity of 2.7 ⇥ 10�43 cm2 (8.1 ⇥ 10�42 cm2)
for a 40 GeV/c2 WIMP is expected.

Construction of LZ is now well underway and the
experiment is on track for underground installation at
SURF in 2019.
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● Crystalline detectors allow for detection 
of a heat signal in form of phonons by 
measuring the temperature increase 
following a particle interaction 

○ E.g. with transition edge sensors (TES) 
operated at the transition temperature 
between their super-conducting and the 
normal-conducting state 

● In addition measure ionization (e.g. 
SuperCDMS, EDELWEISS) or 
scintillation (CRESST) signals

● Best suited to probe light dark matter 
(lighter target nuclei)

Cryogenic Solid 
State 

detectors/ 
Bolometers

31



SuperCDMS
● Uses Silicon and Germanium crystals to detect DM

● Cooled to 15 mK to reduce thermal noise
● Vibration isolation

● phonon sensors consist of array of tiny 
superconducting transition edge sensors 

○ they themselves consist of microscopic strips of 
tungsten coupled to aluminium "fins" to collect phonon 
energy from the crystal.

○ Energy threshold of ~70eV
● Voltage applied across crystals to collect ionization 

signals

32



CRESST- scintillating crystal

33



Sensitivity to low mass WIMPs

34

Current experiments Future experiments

Note: neutrino “floor/fog” is target dependent



SENSEI 
● Skipper-CCD, mass of ~2g

● DM scatter creates one (or possibly a few) electron in a pixel. 

● Si band gap is 1.2 eV. Sensitivity to small DM masses
35

Example image

R.Essig



Current sensitivity
● Scattering off electrons

36

heavy mediator light mediator



As we try to probe lighter and lighter DM…
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Single photon superconducting nanowires
● Photon (or DM) interacts with 

electrons in Cooper pairs 
● Breaking the Cooper pair 

results in normally conducting 
“hot spot” 

● ~1mV pulse, ~10ns
● 0.8 eV threshold!

● Demonstrator:
○ 4.3ng active material

○ Run for 10000s

○ Exposure: 4.3x10-5 gs

○ Zero observed events

38arXiv:1903:05101



Indirect Direct 
Dark Matter 
Detection

39



Indirect dark matter detection
● Indirect searches are based on dark matter annihilation
● Can still happen today, as long as sufficiently large DM density is present

○ overdense regions are expected to arise due to gravitational collapse in the centre of 
gravitationally bound objects, like galaxies or clusters of galaxies, or more close by centre of sun 
or earth 

● Final states generally include photons, neutrinos, light leptons and hadrons

● Good reach at large mass as signal becomes more evident over background.
● Can provide direct measurement of mass if annihilation into 2 (mono-chromatic) photons

● Only possible to compare constraints from neutrino telescopes to direct detection 
constraints in a ~model independent way

● In general, direct and indirect searches probe different couplings in the dark sector
40



Dark Matter Annihilation to SM particles
● Dark matter makes a “bump”, 

not continuous spectrum. 
● Cut-off at DM mass.

41

● Photons: 
○ DM annihilation to almost all 

final states will produce 
photons

○ Neutral pion decays, final 
state radiation, internal 
bremsstrahlung

● Neutrinos: 
○ produced from charged pion 

decays and radiative 
processes

● Antinuclei: 
○ can arise from hadronization 

of DM-initiated jets



● Propagate without deflection

● Sources can be dwarf galaxies and 
central region of Milky Way

● Annihilation proportional to dark matter 
density squared

● Photons from internal bremsstrahlung, 
fragmentation or FSR give a continuous 
spectrum up to energies equal to DM 
mass

● Pairs of photons from direct 
annihilation generate monochromatic 
line at DM mass

Gamma Flux

42



FERMI-LAT                 HESS - High Energy Stereoscopic System

● Fermi Gamma-ray Space Telescope: 
satellite observatory for photon 
energies from 8 keV to > 300 GeV

● Consists of Large Area Telescope 
and the Gamma-ray Burst Monitor

43

● System of Imaging Atmospheric Cherenkov 
Telescopes in Namibia

● investigates cosmic gamma rays in the 
energy range O(10) GeV to O(10) TeV. 



Dark Matter in gamma rays – FERMI-LAT
● Observation of dwarf spheroidal galaxies most promising as they do not emit any 

significant astrophysical background at gamma or X-ray frequencies

44

Limits on DM annihilation x-sec
from dwarf galaxies by final state

Additional uncertainties from
DM density in dwarf galaxies



Dark Matter in gamma ray from galactic centre
● Centre of Milky Way good candidate for hosting large density 

of DM but large backgrounds at almost any wavelength
● FERMI-LAT observed excess but origin remains controversial

○ Contributions from unresolved point sources (Millisecond Pulsars)

○ Excess can also also be described by 43 GeV DM particle
● Limits from HESS on velocity-weighted annihilation cross-

section for prompt annihilation into 2 photons at higher masses
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S. Murgia Fermi-LAT

HESS



● Neutrinos, like photons, propagate 
undeflected but more difficult to detect 
at low energies because of atmospheric 
neutrino background

● Sun and Earth are promising sources for 
neutrinos from WIMP annihilation

● SuperKamiokande, IceCube, Antares

Neutrino Flux
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ICECUBE
● Gigaton neutrino detector 

in Antarctic
● Neutrino interactions in 

large ice volume create 
charged particles that emit 
Cherenkov radiation
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ANTARES
● large area water Cherenkov detector in the 

deep Mediterranean Sea, optimised for the 
detection of muons from high-energy 
astrophysical neutrinos

● Also SuperKamiokande
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Constraints on DM from neutrinos
● WIMP annihilation in the sun
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Spin dependent Spin independent
velocity independent constraints

Eur. Phys. J. C (2017) 77:146



Constraints on DM from neutrinos
● WIMP annihilation in the sun

50

Spin dependent Spin independent
velocity independent constraints

arXiv:1907.12509 

Eur. Phys. J. C (2017) 77:146



● Charged SM particles are deflected by 
magnetic fields, can only reach Earth 
when produced within a few kpc

● Search for excesses in flux of positrons, 
anti-protons, anti-deuterons.

● Extracting DM properties from spectra 
comes with challenges as modified 
during propagation

Charged Cosmic 
Rays
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AMS – a particle physics detector in space

Precision magnetic 
spectrometer
● Tracking
● Calorimeters
● Particle ID

● Measurement of 
momentum, charge and 
mass

52Physics Reports 894 (2021) 1–116



AMS

53Physics Reports 894 (2021) 1–116



Positron excess
● First seen by PAMELA, later confirmed by AMS-02, caused a lot of excitement,… 

(see next page)

54Linden, IDM2020



Positron excess
● But: Rate of excess much too large for any final state and in conflict with 

annihilation cross-section constraints from Planck (CMB)
● Additional data sees drop at high energies

● Excess in positron fraction can be explained with emission from pulsars
55

AMS, PRL 122, 041102 (2019) 

Linden, IDM2020



Anti-proton spectrum
● Excess also observed in anti-proton 

spectrum of AMS-02

○ Dark Matter as an explanation

● But more likely background 
modelling inaccuracy

○ production, propagation, solar 
modulation, instrumental effects
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47 GeV DM
annihilating to bb

arXiv:1610.03840



● Example: Fit considering correlations among AMS systematic uncertainties

Anti-proton spectrum
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arXiv:2107.14606



Anti-deuteron/anti-helium spectrum
● Anti-nuclei can form as a 

result of DM annihilation
● “Easy” to detect, as low 

energetic compared to 
astrophysical background

58arXiv:2006.16251

● However, strongly 
suppressed compared 
to anti-proton

● AMS-02 has recorded 8 candidates 
for 3He

○ Too large a rate!
○ New possibility: production in DM 

annihilation via Λb rather than 
prompt

○ Most of these at high energies 
where AMS is sensitive

○ Might be able to explain observed 
rate



Summary
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● Direct dark matter detection is a very 
active field, with many new results 
expected in coming years

○ Exciting ideas for new experiments being 
developed

○ Established techniques complemented by new 
approaches, in particular when pushing towards 
lighter (MeV, keV) dark matter

● Indirect dark matter searches more 
difficult to interpret, still significant 
uncertainties on astrophysical models

○ Results from neutrino telescopes most relevant 
for comparison with collider and direct 
detection

○ But gamma excess from centre of Milky Way as 
well as positron, anti-proton and anti-helium 
excesses remain exciting

arXiv:1903.03026



Useful resources/reviews
● Marc Schumann: Direct Detection of WIMP Dark Matter: Concepts and 

Status, arXiv:1903.03026

● J. Billard et al.: Direct Detection of Dark Matter -- APPEC Committee 
Report, arXiv:2104.07634

● PDG Dark Matter review: 
https://pdg.lbl.gov/2021/web/viewer.html?file=%2F2021/reviews/rpp202
0-rev-dark-matter.pdf
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https://pdg.lbl.gov/2021/web/viewer.html?file=%2F2021/reviews/rpp2020-rev-dark-matter.pdf


How much Dark Matter?
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https://xkcd.com/2186/



Thank you
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Detailed 
background 
table
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From “Projected WIMP 
sensitivity of the LUX-
ZEPLIN (LZ) dark matter 
experiment” 
ArXiv:1802.06039

https://arxiv.org/abs/1802.06039

