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Evidence: convincing but so far based only on gravity

Mass range: nearly 50 orders of magnitude
Interactions: from gravitational up to (electro)weak+



Our mandate:
The main points defining scope of the report: 

To aid in the discussions and to devise concrete recommendations for the next steps in direct DM detection 
in the next decade, the DM direct detection committee should provide an assessment of the current and future 
scientific opportunities in non-accelerator DM searches over the next 10-year period, in particular delivering: 

• The global context of DM particle searches… 
• An inventory of existing DM experiments and the technologies adopted by these…        
• A comparative SWOT analysis of existing, planned and proposed technologies for DM direct detection 

with the potential to surpass current sensitivities in the next decade with the eventual goal of reaching 
or surpassing the so-called neutrino floor…

• An assessment of the required infrastructure in Europe
• A list of (possible) technological and scientific synergies between the different direct detection technologies 

and with research and R&D outside of this field...
• An inventory of physics, astronomy or other research that can be done in addition to DM direct detection 

with the various technologies 
• In addition it would be important to discuss if such other research can be done even within the specifically 

proposed DM experiments
• Synergies with other experiments of indirect, accelerator and cosmology DM searches should also be considered, 

including possible technical and R&D synergies, e.g., with CERN, other laboratories and industry
• Any other recommendations within the scope of DM direct searches that the committee deems relevant
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Recommendation 1. The search for dark matter with the aim of
detecting a direct signal of DM particle interactions with a detector
should be given top priority in astroparticle physics, as a positive
measurement will provide the most unambiguous confirmation of the
particle nature of dark matter in the Universe.

?
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Scientific objectives of DD searches:
(i) to detect a signal of DM particle direct interaction with the detector, and 
(ii) to determine its mass and interaction cross section, or else 
(iii) to experimentally exclude the broadest accessible ranges of both quantities 

DM: particle or not?

Alternatives:
§ Primordial black holes
§ Modified gravity
§ …

Direct Detection (DD)Indirect Detection (ID) Production at colliders

Indirect, direct, collider

(figure from Strumia)

but... usually NO crossing symmetry to help
reason: in each case different diagrams dominate

DD: XENON, CDMS, CoGeNT, ....

ID: Fermi, Pamela, ACT, ...

colliders: LHC

Dark Matter – p.13

prime suspect:
some new particle 
outside  the SM



What is DM?
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• Many different approaches, ideas, frameworks, ….

Impeded DM
1609.02147,…

Co-scattering DM 
1705.08450, 1705.09292,…

Forbidden DM 
Griest-Seckel, 1505.07107, …

iDM
hep-ph/0101138, …

Secluded DM 
0711.4866, …

Co-decaying DM 
1607.03110, …

Selfish DM 
1504.00361,…

Cannibal DM
1602.04219, … Semi-annihilating DM 

1003.5912, …

<Your choice> DM 
1811.xxxx

Boosted DM 
1405.7370, 1503.02669…

à Seemingly only limited by our 
ability to invent new names …

… and many other

Darme

Theorist’s view:



What is DM?
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Experimenter’s view:

Two prime classes of candidates:
Ø WIMP
Ø axion

WIMP: weakly interacting massive particle

For the purpose of this report:

Candidates in both classes are:
Ø very strongly motivated by theory
Ø discoverable
Ø calculable
Ø …

Ø WIMP: predicted in many beyond SM (BSM) frameworks 

They have not been invented to solve DM problem:

Ø Axion: by-product of PQ solution to strong CP problem
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What does one mean by ``the WIMP”

Ø standard (thermal) WIMP
mass: ~GeV to TeV, ints: ~(sub)EW

mass: ~eV to ~100 TeV, ints: not only (sub)EW

thermal:  thermally produced via freeze-out

Ø non-thermal WIMP (FIMP)

Ø general (thermal) WIMP

Ø any ``theory WIMP”-like particle that 
can be searched for in ug detectors

(many) DM experimentalists:

(many) DM theorists: relic with Oh2 ~0.1

non-thermal: DM from freeze-in, etc
mass: ~eV to ~100 TeV, ints: usually << thermal WIMP 

In Report we adopted (pragmatic) experimentalists’ WIMP notion

Experimental DM search should be inspired, but not limited, by theory

Figure 1: A summary of several particle candidates and classes of candidates for DM discussed in the Report.
Shown are typical mass ranges, more details can be found in the text.

searches and rare decays, which is often a virtue. On the other hand, experimental results presented as
constraints on the parameter space of specific models cannot be easily translated to other models. In
some situations, especially for direct detection, low-energy effective field theories (EFTs) are therefore
often used as an alternative approach [35, 36]. An EFT includes only a minimal set of particles (for
instance SM nucleons and the DM particles) and interactions. It does not address the question how these
interactions arise in some underlying theory, even though for a given fundamental theory the correspond-
ing EFT can be rigorously derived. As many ultraviolet-complete theories can reduce to the same EFT,
constraints on the EFT apply to a broader class of models.

As an intermediate approach between complete theories and EFTs, numerous simplified models
have become popular over the last decade, especially in the context of searches for new physics at the
Large Hadron Collider (LHC) but also in DM searches; see, e.g., [37]. They are defined by a small
number of new particles and their interactions, usually focusing on just one channel of interactions with
the SM that is mediated by some messenger, although less minimal models have also been studied.
In the limit of large messenger mass one connects with the EFT approach. While simplified models
are not complete, nor model independent, they provide a convenient platform for placing experimental
constraints on specific quantities, like masses and cross sections.

In the context of DM searches, simplified models typically contain the SM as one (visible) sector, a
DM candidate, often as part of a dark sector, and a messenger sector – often called “portal” – containing
one or more states that mediate SM–DM interactions. An example of a simplified but self-consistent
model is the Higgs portal where DM particle can be either a scalar or a fermion and DM–SM interactions
are mediated by a SM Higgs doublet; see Ref. [38] for a recent review. The viable parameter space of the
simplest Higgs portal models has been almost fully probed, with the most important constraints arising
from direct detection experiments. The dark photon portal is another recently popular class of models
in which a light thermal WIMP (either fermion or scalar), in the MeV mass range, interacts with the
SM sector via a dark photon (a new dark sector gauge boson) that mixes with the usual photon via
kinetic mixing. In more elaborate scenarios an additional (dark) Higgs boson is also present in the dark
sector. Those models are primarily testable in fixed-target experiments as typical WIMP direct detection
rates are usually strongly suppressed. However, direct detection experiments are also increasing their
sensitivity to these type of models by exploiting the DM-electron scattering mode [39, 40].

In another scenario called asymmetric DM (ADM) [41, 42] an asymmetry between the DM
particle and its antiparticle is generated in a way analogous to the mechanism of baryogenesis and modi-
fies their freeze-out. In that case correct relic density can be obtained for DM typically in the mass range
from ⇠1GeV to ⇠15GeV with large annihilation cross section as (partially) asymmetric DM. Since
in the ADM scenario the DM is not its own antiparticle and the abundance of � and �̄ particles can be
highly asymmetric at present, the expected indirect detection rates from ��̄ annihilations are typically

14
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The danger of bad sampling 

Main arguments raised against (thermal) WIMP as DM:
Ø Searches have been going on for so long, with null results
Ø ``most” of the allowed c.s. ranges have been ruled out, with only small remaining window left 



§ electroweak interactions involved in production in early Universe
§ Freeze-out: 
Omega*h2=0.1 à <sigmaann v> ~ 3x10-26 cm3/s 

§ sigma*v of 3x10-26 cm3/s – natural target for ID searches
GC Halo Limits (bb channel)"

13"UCLA DM 2014!

CTA !
(NFW, 500 hr)!

HESS (112 hr)!
Fermi dSph !
(4 yrs +10 dsphs)!

Expectations for 
(thermal) WIMP

Within ~order of magnitude

Still large astrophysical uncertainties:
§ Halo profiles
§ Galactic center (+foreground)
§ Size and distribution of DM clumps
§ …

Once the ``thermal benchmark” region 
is explored, then the WIMP hypothesis 
will become ``disfavoured” 

(except for ADM)

Short scale anomalies

• May be helpful in solving some difficulties of the CDM paradigm, N-body 
simulations have difficulties fitting the DM data at short scale

• Most famous: Core-cusp problemÆ Current simulations predict too-sharp of 
mass density profile in DM halo

• Dark photon Æ new, tuneable self-interaction for DM

• Caveat: debate 
over the 
influence of 
baryonic 
feedback

⌦h2 ' 0.1
h�annvi

3⇥10�26cm3/s

1709.07997

~GeV < mass < ~TeV

Is the WIMP hypothesis dead?
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Is there an analogous ``benchmark” c.s. for DD searches?

No!Theoretical predictions:
• are model dependent
• lower limits depend on theoretical expectations/assumptions
• Are known to have ``blind spots” of vanishing DD c.s.

DD target: reach down to ``neutrino floor”

Claims that thermal WIMP 
as DM is ``disfavored” are 
unfounded.

``GeV-scale thermal WIMPs: 
Not even slightly ruled out”

Leane, et al, 1805.10305

L. Roszkowski, APPEC feedback meeting, 2 Feb 2021
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Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the stand-
ard parameters for an isothermal WIMP halo: ⇢0 = 0.3 GeV/cm3, v0 = 220 km/s, vesc = 544 km/s. Results labeled
"M" were obtained assuming the Migdal effect [124]. The ⌫-floor shown here for a Ge target is a discovery limit
defined as the cross section �d at which a given experiment has a 90% probability to detect a WIMP with a scat-
tering cross section � > �d at �3 sigma. It is computed using the assumptions and the methodology described
in [139,140], however, it has been extended to very low DM masses by assuming an unrealistic 1 meV threshold be-
low 0.8 GeV/c2. Shown are results from CDEX [142], CDMSLite [143], COSINE-100 [144], CRESST-III [145],
DAMA/LIBRA [146] (contours from [147]), DAMIC [148], DarkSide-50 [149, 150], DEAP-3600 [133], EDEL-
WEISS [151,152], LUX [153,154], NEWS-G [155], PandaX-II [156], SuperCDMS [157], XENON100 [158] and
XENON1T [38, 159, 160].

(vii) Backgrounds located at the detector surface are often reduced by fiducialisation, i.e., the
selection of clean inner volume. This method requires knowledge of every event’s coordinates or a
detector design in which surface events generate special signals.

(viii) Active rejection during data analysis makes assumptions on the expected DM signal (e.g.,
single scatter NR) and rejects all events which do not fall into this category. Typically the ratio of
two out of the three observables heat, scintillation and ionization is used to differentiate between ER
and NR events due to their different energy-loss mechanisms. Other methods are scintillation pulse-
shape-discrimination (liquid argon), acoustic ↵-rejection (bubble chambers) or the rejection of multiply
scattering events. Finite rejection efficiencies might lead to background leaking into the signal region. If
the signal assumption is incorrect, the signal might be rejected in the analysis.

4.5 Current Status
The results of DM searches can be interpreted assuming a plethora of different types of WIMP interac-
tions with the target. Here we summarize the status of the field focusing on the most commonly used

24

Still unexplored ranges of c.s. are a priori
as probable as already excluded ones

Lessons to learn from:
• Higgs boson search at the LHC:

most of mass range ruled out before 
discovery was made in a ``tiny’’ ~15 GeV 
window (predicted by SUSY)
• Gravitational waves --

nearly 40 years of null searches



Axion

L. Roszkowski, APPEC feedback meeting, 2 Feb 2021 10

Axions
a – pseudo-goldstone boson
by–product of PQ solution of strong CP
problem

global U(1) group spontaneously broken
at scale fa ! 1011 GeV

two main frameworks:
DFSZ axion: add two doublets
KSVZ axion: add heavy single quark
with mass mQ ! fa

La! = "1
4ga! Fµ" F̃µ" a = ga! E ·B a

ma # 10"5 eV $ !a # 1

DM axion search: resonant cavity
a! % a!

solar axion search: !! % a % !!

expt sensitive to cosmologically
subdominant a

(ADMX, ’08 prelim)

L. Roszkowski, Spaatind, January ’10 – p.76

Axions
a – pseudo-goldstone boson
by–product of PQ solution of strong CP
problem

global U(1) group spontaneously broken
at scale fa ! 1011 GeV

two main frameworks:
DFSZ axion: add two doublets
KSVZ axion: add heavy single quark
with mass mQ ! fa

La! = "1
4ga! Fµ" F̃µ" a = ga! E ·B a

ma # 10"5 eV $ !a # 1

DM axion search: resonant cavity
a! % a!

(detection scheme)

L. Roszkowski, Spaatind, January ’10 – p.76

LQCD : ✓
g2
s

32⇡2
GG̃

dn � 10�16✓ e · cm

expt : � < 10�10

(benchmark) QCD axion

ALPs (axion-like particles)
§ any pseudoscalar that couples to two photons

Primakoff effect
ma = 5.7(7)µeV 10

12
GeV

fa

+a/ALP-electron coupling

See talks by Laura Covi and Béla Majorovits

Several cosmological 
scenarios

Figure 1: A summary of several particle candidates and classes of candidates for DM discussed in the Report.
Shown are typical mass ranges, more details can be found in the text.

searches and rare decays, which is often a virtue. On the other hand, experimental results presented as
constraints on the parameter space of specific models cannot be easily translated to other models. In
some situations, especially for direct detection, low-energy effective field theories (EFTs) are therefore
often used as an alternative approach [35, 36]. An EFT includes only a minimal set of particles (for
instance SM nucleons and the DM particles) and interactions. It does not address the question how these
interactions arise in some underlying theory, even though for a given fundamental theory the correspond-
ing EFT can be rigorously derived. As many ultraviolet-complete theories can reduce to the same EFT,
constraints on the EFT apply to a broader class of models.

As an intermediate approach between complete theories and EFTs, numerous simplified models
have become popular over the last decade, especially in the context of searches for new physics at the
Large Hadron Collider (LHC) but also in DM searches; see, e.g., [37]. They are defined by a small
number of new particles and their interactions, usually focusing on just one channel of interactions with
the SM that is mediated by some messenger, although less minimal models have also been studied.
In the limit of large messenger mass one connects with the EFT approach. While simplified models
are not complete, nor model independent, they provide a convenient platform for placing experimental
constraints on specific quantities, like masses and cross sections.

In the context of DM searches, simplified models typically contain the SM as one (visible) sector, a
DM candidate, often as part of a dark sector, and a messenger sector – often called “portal” – containing
one or more states that mediate SM–DM interactions. An example of a simplified but self-consistent
model is the Higgs portal where DM particle can be either a scalar or a fermion and DM–SM interactions
are mediated by a SM Higgs doublet; see Ref. [38] for a recent review. The viable parameter space of the
simplest Higgs portal models has been almost fully probed, with the most important constraints arising
from direct detection experiments. The dark photon portal is another recently popular class of models
in which a light thermal WIMP (either fermion or scalar), in the MeV mass range, interacts with the
SM sector via a dark photon (a new dark sector gauge boson) that mixes with the usual photon via
kinetic mixing. In more elaborate scenarios an additional (dark) Higgs boson is also present in the dark
sector. Those models are primarily testable in fixed-target experiments as typical WIMP direct detection
rates are usually strongly suppressed. However, direct detection experiments are also increasing their
sensitivity to these type of models by exploiting the DM-electron scattering mode [39, 40].

In another scenario called asymmetric DM (ADM) [41, 42] an asymmetry between the DM
particle and its antiparticle is generated in a way analogous to the mechanism of baryogenesis and modi-
fies their freeze-out. In that case correct relic density can be obtained for DM typically in the mass range
from ⇠1GeV to ⇠15GeV with large annihilation cross section as (partially) asymmetric DM. Since
in the ADM scenario the DM is not its own antiparticle and the abundance of � and �̄ particles can be
highly asymmetric at present, the expected indirect detection rates from ��̄ annihilations are typically

14



Recommendation 2. The diversified approach to probe the broad-
est experimentally accessible ranges of particle mass and interactions
is needed to ensure the most conservative and least assumption-
dependent exploration of hypothetical candidates for cosmological
dark matter or subdominant relics.
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Figure 1: A summary of several particle candidates and classes of candidates for DM discussed in the Report.
Shown are typical mass ranges, more details can be found in the text.
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the SM that is mediated by some messenger, although less minimal models have also been studied.
In the limit of large messenger mass one connects with the EFT approach. While simplified models
are not complete, nor model independent, they provide a convenient platform for placing experimental
constraints on specific quantities, like masses and cross sections.

In the context of DM searches, simplified models typically contain the SM as one (visible) sector, a
DM candidate, often as part of a dark sector, and a messenger sector – often called “portal” – containing
one or more states that mediate SM–DM interactions. An example of a simplified but self-consistent
model is the Higgs portal where DM particle can be either a scalar or a fermion and DM–SM interactions
are mediated by a SM Higgs doublet; see Ref. [38] for a recent review. The viable parameter space of the
simplest Higgs portal models has been almost fully probed, with the most important constraints arising
from direct detection experiments. The dark photon portal is another recently popular class of models
in which a light thermal WIMP (either fermion or scalar), in the MeV mass range, interacts with the
SM sector via a dark photon (a new dark sector gauge boson) that mixes with the usual photon via
kinetic mixing. In more elaborate scenarios an additional (dark) Higgs boson is also present in the dark
sector. Those models are primarily testable in fixed-target experiments as typical WIMP direct detection
rates are usually strongly suppressed. However, direct detection experiments are also increasing their
sensitivity to these type of models by exploiting the DM-electron scattering mode [39, 40].

In another scenario called asymmetric DM (ADM) [41, 42] an asymmetry between the DM
particle and its antiparticle is generated in a way analogous to the mechanism of baryogenesis and modi-
fies their freeze-out. In that case correct relic density can be obtained for DM typically in the mass range
from ⇠1GeV to ⇠15GeV with large annihilation cross section as (partially) asymmetric DM. Since
in the ADM scenario the DM is not its own antiparticle and the abundance of � and �̄ particles can be
highly asymmetric at present, the expected indirect detection rates from ��̄ annihilations are typically
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Report: experimental DM search to be inspired, but not limited, by theory

Axion/ALP and WIMP search arena



DD of WIMP DM: Search techniques

(a)                                                    (b)                                                      (c)

  

(d)                                                    (e)                                                       (f)

Figure 2: Working principle of common detector types for the direct WIMP search: (a) scintillating crystal, (b)
bolometer (here with additional charge-readout), (c) single-phase and (d) dual-phase liquid noble gas detectors, (e)
bubble chamber, (e) directional detector. Images adapted from [106].

does not allow building detectors beyond the few-kg scale. The state-of-the-art experiments use p-type
point contact HPGe crystals at the kg-scale and achieved very low thresholds down to ⇠160 eVee [129].
Background events from the large n+ surface can be distinguished from bulk events based on their longer
rise time [130]. Thanks to their smaller mass number A silicon detectors have a better sensitivity to low-
mass WIMPs than germanium which is exploited, e.g., by using charge-coupled devices (CCDs).

Crystalline cryogenic detectors (bolometers) measure heat (phonon) signals by measuring the
tiny particle interaction-induced temperature increase �T. Detector operation at cryogenic temperat-
ures T (typically 50 mK) and a low heat capacity C is required to achieve a good sensitivity. Dielectric
crystals with good phonon-transport property are particularly well-suited for cryogenic operation. Sev-
eral methods to measure �T are available, frequently used are transition edge sensors (TES) and neutron
transmutation doped (NTD) germanium thermistors. In both cases, the resistivity of the sensors strongly
depends on the temperature. A simultaneous measurement of a second observable (ionization, Fig. 2 b, or
scintillation) allows for signal/background discrimination as the partition of the signal into the two chan-
nels depends on the recoil type [131]. Cryogenic detectors feature a precise energy measurement with
almost no quenching in the heat channel, excellent energy resolution and background rejection down
to energies of O(1 keVnr), where the distributions start to overlap. The operation at mK-temperatures
is challenging and expensive and the requirement of a low energy threshold constrains the mass of the
individual detectors, limiting the reachable exposure. The threshold of cryogenic HPGe detectors can be
further reduced by operating the crystals with a high bias voltage, which effectively converts the charge
signal into heat by the production of additional Neganov-Trofimov-Luke phonons [132], hence boosting
the total heat signal.

The noble gases argon and xenon are excellent scintillators and can be ionized easily. In liquid
state they are used to build massive, dense and compact DM targets which already exceeded the ton-scale.
Interactions produce heat (undetected) and excite (X⇤) and ionize (X+) the atoms. The X⇤ form excimer
states X⇤

2
with with neutral atoms X. These decay under the emission of ultraviolet light at wavelengths

of 128 nm and 178 nm for argon and xenon, respectively. Photocathode materials with sensitivity to the
xenon scintillation light exist but wavelength shifters such as tetraphenyl butadiene (TPB) have to be

21

M. Schumann

scintillating crystal bolometer

liquid noble gas 

single-phase (sci’n)

dual-phase TPC
(sci’n S1 + ion’n S2)

bubble chamber directional

liquid noble gas 

Main: nuclear recoil
Lower mass: electron recoilL. Roszkowski, APPEC feedback meeting, 2 Feb 2021 12

See talk by Federica Petricca



Experiment Lab Target Mass
[ kg] Ch Sensitivity

[ cm2@GeV/c2]
Exposure
[t⇥y] Timescale Ref.

Cryogenic bolometers (Section 4.6.1)
EDELWEISS LSM Ge 20 SI 10�43 @ 2 0.14 in prep. [326]
SuperCDMS SNOLAB Ge, Si 24 SI 4⇥10�44 @ 2 0.11 constr. [327]
CRESST LNGS CaWO4+ 2.5 SI 6⇥10�43 @ 1 2.7⇥10�3 running [145]
LXe detectors (Section 4.6.2)
LZ SURF LXe 7.0 t SI 1.5⇥10�48 @ 40 15.3 comm. [257]
PandaX-4T CJPL LXe 4.0 t SI 6⇥10�48 @ 40 5.6 constr. [260]
XENONnT LNGS LXe 5.9 t SI 1.5⇥10�48 @ 40 20 comm. [263]
DARWIN LNGS⇤ LXe 40 t SI 2⇥10�49 @ 40 200 2026 [234]
LAr detectors (Section 4.6.3)
DarkSide-50 LNGS LAr 46.4 SI 1.1⇥10�44 @ 100 0.05 running [149]
DEAP-3600 SNOLAB LAr 3.6 t SI 1.2⇥10�46 @ 100 3 running [133]
DarkSide-20k LNGS LAr 40 t SI 2⇥10�48 @ 100 200 2023 [328]
ARGO SNOLAB LAr 400 t SI 3⇥10�49 @ 100 3000 TBD [328]
NaI(Tl) scintillators (Section 4.6.4.1)
DAMA/LIBRA LNGS NaI 250 AM running [128]
COSINE-100 Y2L NaI 106 AM 3⇥10�42 @ 30 0.212 running [291]
ANAIS-112 LSC NaI 112 AM 1.6⇥10�42 @ 40 0.560 running [297]
SABRE LNGS NaI 50 AM 2⇥10�42 @ 40 0.150 in prep. [298]
COSINUS LNGS NaI SI 3⇥10�43 @ 40 2.9⇥10�4 2022 [301]
Ionization detectors (Section 4.6.4.2)
DAMIC SNOLAB Si 40 g SI 2⇥10�41 @ 3-10 3.6⇥10�5 running [329]
DAMIC-M LSM Si ⇠0.7 SI 3⇥10�43 @ 3 0.001 2023 [304]
CDEX Jinping Ge 10 SI 2⇥10�43 @ 5 0.01 running [129]
NEWS-G SNOLAB Ne,He SI comm. [310]
TREX-DM LSC Ne 0.16 SI 2⇥10�39 @ 0.7 0.01 comm. [313]
Bubble chambers (Section 4.6.4.3)
PICO-40L SNOLAB C3F8 59 SD 5⇥10�42 @ 25 0.044 running [330]
PICO-500 SNOLAB C3F8 1 t SD ⇠1⇥10�42 @ 50 in prep.
Directional detectors (Section 4.6.5)
CYGNUS Several CF4, SF6+ 103 m3 SD 2⇥10�43 @ 50 6 y R&D [324]
NEWSdm LNGS Ag,Br,C,. . . SI 8⇥10�43 @ 200 0.1 R&D [323]

Table 1: Current, upcoming and proposed experiments for the direct detection of WIMPs. Mass is given in kg
unless explicitly specified. The experiments’ main detection channel (Ch) is abbreviated as: SI (spin independent
WIMP-nucleon interactions), SD (spin dependent), AM (annual modulation). The sensitivity is reported for this
channel, assuming the quoted exposure. Note that many projects have several detection channels. comm. = exper-
iment under commissioning.
⇤No decision yet. A CDR for LNGS is being prepared.

events, respectively. The sensitivity of the largest proposed projects will be limited by these neutrino-
induced backgrounds. The ultimately lower background achievable in argon experiments due to the
pulse-shape discrimination of ERs allows a better discovery potential for higher WIMP mass, see Fig. 5.
The discovery potential at lower masses is better in xenon experiments thanks to their much lower exper-
imental energy threshold. When operated in charge-only mode, the large liquid noble gas TPCs also have
a good sensitivity in the low mass region below ⇠5 GeV/c2, however, the discovery potential is superior
for the dedicated low-mass searches using bolometers and crystals thanks to their lower backgrounds and
energy thresholds.

It is important to emphasize that the whole spectrum of direct WIMP searches with all its com-
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Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the stand-
ard parameters for an isothermal WIMP halo: ⇢0 = 0.3 GeV/cm3, v0 = 220 km/s, vesc = 544 km/s. Results labeled
"M" were obtained assuming the Migdal effect [124]. The ⌫-floor shown here for a Ge target is a discovery limit
defined as the cross section �d at which a given experiment has a 90% probability to detect a WIMP with a scat-
tering cross section � > �d at �3 sigma. It is computed using the assumptions and the methodology described
in [139,140], however, it has been extended to very low DM masses by assuming an unrealistic 1 meV threshold be-
low 0.8 GeV/c2. Shown are results from CDEX [142], CDMSLite [143], COSINE-100 [144], CRESST-III [145],
DAMA/LIBRA [146] (contours from [147]), DAMIC [148], DarkSide-50 [149, 150], DEAP-3600 [133], EDEL-
WEISS [151,152], LUX [153,154], NEWS-G [155], PandaX-II [156], SuperCDMS [157], XENON100 [158] and
XENON1T [38, 159, 160].

(vii) Backgrounds located at the detector surface are often reduced by fiducialisation, i.e., the
selection of clean inner volume. This method requires knowledge of every event’s coordinates or a
detector design in which surface events generate special signals.

(viii) Active rejection during data analysis makes assumptions on the expected DM signal (e.g.,
single scatter NR) and rejects all events which do not fall into this category. Typically the ratio of
two out of the three observables heat, scintillation and ionization is used to differentiate between ER
and NR events due to their different energy-loss mechanisms. Other methods are scintillation pulse-
shape-discrimination (liquid argon), acoustic ↵-rejection (bubble chambers) or the rejection of multiply
scattering events. Finite rejection efficiencies might lead to background leaking into the signal region. If
the signal assumption is incorrect, the signal might be rejected in the analysis.

4.5 Current Status
The results of DM searches can be interpreted assuming a plethora of different types of WIMP interac-
tions with the target. Here we summarize the status of the field focusing on the most commonly used
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Experiment Lab Target Mass
[ kg] Ch Sensitivity

[ cm2@GeV/c
2]

Exposure
[t⇥ year] Timescale Ref.

Cryogenic bolometers (Section 4.6.1)
EDELWEISS-
subGeV LSM Ge 20 SI 10�43 @ 2 0.14 in prep. [348]

SuperCDMS SNOLAB Ge, Si 24 SI 4⇥ 10
�44 @ 2 0.11 constr. [349]

CRESST-III LNGS CaWO4+ 2.5 SI 6⇥ 10
�43 @ 1 3⇥ 10

�3 running [153]
LXe detectors (Section 4.6.2)
LZ SURF LXe 7.0 t SI 1.5⇥10

�48 @ 40 15.3 comm. [267]
PandaX-4T CJPL LXe 4.0 t SI 6⇥ 10

�48 @ 40 5.6 constr. [271]
XENONnT LNGS LXe 5.9 t SI 1.4⇥10

�48 @ 50 20 comm. [276]
DARWIN LNGS⇤ LXe 40 t SI 2⇥ 10

�49 @ 40 200 ⇠2026 [244]
LAr detectors (Section 4.6.3)
DarkSide-50 LNGS LAr 46.4 SI 1⇥ 10

�44 @ 100 0.05 running [157]
DEAP-3600 SNOLAB LAr 3.6 t SI 1⇥ 10

�46 @ 100 3 running [140]
DarkSide-20k LNGS LAr 40 t SI 2⇥ 10

�48 @ 100 200 2023 [350]
ARGO SNOLAB LAr 400 t SI 3⇥ 10

�49 @ 100 3000 TBD [350]
NaI(Tl) scintillators (Section 4.6.4.1)
DAMA/LIBRA LNGS NaI 250 AM 2.46 running [135]
COSINE-100 Y2L NaI 106 AM 3⇥ 10

�42 @ 30 0.212 running [306]
ANAIS-112 LSC NaI 112 AM 1.6⇥10

�42 @ 40 0.560 running [311]
SABRE LNGS NaI 50 AM 2⇥ 10

�42 @ 40 0.150 in prep. [312]
COSINUS-1⇡ LNGS NaI ⇠1 AM 1⇥ 10

�43 @ 40 3⇥ 10
�4 2022 [315]

Ionisation detectors (Section 4.6.4.2)
DAMIC SNOLAB Si 0.04 SI 2⇥10

�41 @ 3-10 4⇥ 10
�5 running [351]

DAMIC-M LSM Si ⇠0.7 SI 3⇥ 10
�43 @ 3 0.001 2023 [319]

CDEX CJPL Ge 10 SI 2⇥ 10
�43 @ 5 0.01 running [136]

NEWS-G SNOLAB Ne,He SI comm. [325]
TREX-DM LSC Ne 0.16 SI 2⇥ 10

�39 @ 0.7 0.01 comm. [328]
Bubble chambers (Section 4.6.4.3)
PICO-40L SNOLAB C3F8 59 SD 5⇥ 10

�42 @ 25 0.044 running [352]
PICO-500 SNOLAB C3F8 1 t SD ⇠1⇥10

�42 @ 50 in prep.
Directional detectors (Section 4.6.5)
CYGNUS Several He:SF6 103

m
3 SD 3⇥10

�43 @ 45 6 y R&D [346]
NEWSdm LNGS Ag,Br,C,. . . SI 8⇥ 10

�43 @ 200 0.1 R&D [345]

Table 1: Current, upcoming and proposed experiments for the direct detection of WIMPs. Mass is given in kg
unless explicitly specified. The experiments’ main detection channel (Ch) is abbreviated as: SI (spin independent
WIMP-nucleon interactions), SD (spin dependent), AM (annual modulation). The sensitivity is reported for this
channel, assuming the quoted exposure. Note that many projects have several detection channels. comm. denotes
experiment under commissioning.
⇤No decision yet. A CDR for LNGS is being prepared.
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Recommendation 3. The experimental underground programmes
with the best sensitivity to detect signals induced by dark matter
WIMPs scattering o! the target should receive enhanced support to
continue e!orts to reach down to the so-called neutrino floor on the
shortest possible timescale.

Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the stand-
ard parameters for an isothermal WIMP halo: ⇢0 = 0.3 GeV/cm3, v0 = 220 km/s, vesc = 544 km/s. Results labeled
"M" were obtained assuming the Migdal effect [124]. The ⌫-floor shown here for a Ge target is a discovery limit
defined as the cross section �d at which a given experiment has a 90% probability to detect a WIMP with a scat-
tering cross section � > �d at �3 sigma. It is computed using the assumptions and the methodology described
in [139,140], however, it has been extended to very low DM masses by assuming an unrealistic 1 meV threshold be-
low 0.8 GeV/c2. Shown are results from CDEX [142], CDMSLite [143], COSINE-100 [144], CRESST-III [145],
DAMA/LIBRA [146] (contours from [147]), DAMIC [148], DarkSide-50 [149, 150], DEAP-3600 [133], EDEL-
WEISS [151,152], LUX [153,154], NEWS-G [155], PandaX-II [156], SuperCDMS [157], XENON100 [158] and
XENON1T [38, 159, 160].

(vii) Backgrounds located at the detector surface are often reduced by fiducialisation, i.e., the
selection of clean inner volume. This method requires knowledge of every event’s coordinates or a
detector design in which surface events generate special signals.

(viii) Active rejection during data analysis makes assumptions on the expected DM signal (e.g.,
single scatter NR) and rejects all events which do not fall into this category. Typically the ratio of
two out of the three observables heat, scintillation and ionization is used to differentiate between ER
and NR events due to their different energy-loss mechanisms. Other methods are scintillation pulse-
shape-discrimination (liquid argon), acoustic ↵-rejection (bubble chambers) or the rejection of multiply
scattering events. Finite rejection efficiencies might lead to background leaking into the signal region. If
the signal assumption is incorrect, the signal might be rejected in the analysis.

4.5 Current Status
The results of DM searches can be interpreted assuming a plethora of different types of WIMP interac-
tions with the target. Here we summarize the status of the field focusing on the most commonly used
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Figure 4: Sensitivity projections (90% CL) for spin-independent WIMP-nucleon scattering. The neutrino floor is
defined as in Fig. 3 and shown for different targets. Shown are projections from ARGO [350], CRESST, CYGNUS
(1000m3) [346], DAMIC-M [319], DarkSide-20k [350], DARWIN [235, 244], EDELWEISS [348], LZ [234],
PandaX-4t [271], SuperCDMS [349], T-REX [328], XENONnT [276] along with the envelope of the current
results from Fig. 3.

see Fig. 5. The discovery potential at lower mass is better in xenon experiments thanks to their much
lower experimental energy threshold. When operated in charge-only mode, the large liquid noble gas
TPCs also have a good sensitivity in the low mass region below ⇠5GeV/c

2, however, the discovery
potential is superior for the dedicated low-mass searches using bolometers and crystals thanks to their
lower backgrounds and energy thresholds.

It is important to emphasise that the whole spectrum of direct WIMP searches with all its com-
plementary approaches, targets and search channels cannot be put into one common figure. Experi-
ments with targets containing 19F are needed to optimally probe spin-dependent WIMP-proton coup-
lings. Xenon targets (129Xe, 131Xe) are required to test spin-dependent WIMP-neutron couplings with
the highest sensitivity, however, there are a number of isotopes which can also provide excellent res-
ults in one or/and the other channel (e.g., 7Li, 17O, 23Na, 27Al, 29Si, 73Ge, 127I, 183W). The search
for signatures of inelastic scattering requires a low background in both, NR and ER (before rejection),
channels; an additional excellent energy resolution will allow for an optimal characterisation of the pro-
cess. Interactions of DM particles in the mass range of O(1 � 100)MeV/c

2 are best searched for by
detectors with a sensitivity to single electrons, e.g., Si CCDs, Ge bolometers or liquid noble gas TPCs in
charge-only mode. Other models introduce different coupling between DM and protons vs. neutrons to
explain the apparent tension between DM claims and limits (e.g., [181]): in such a "xenophobic" model,
parameter space exists where DEAP-3600 has leading exclusion sensitivity [353]. In addition there is the
long-standing claim of the observation of an annually modulating DM signal in the NaI(Tl) scintillators
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Recommendation 4. European participation in DM search pro-
grammes and associated, often novel, R&D e!orts, that currently do
not o!er the biggest improvement in sensitivity should continue and
be encouraged with view of a long-term investment in the field and
the promise of potential interdisciplinary benefits.

Ø verify DAMA/LIBRA claim (NaI scintillators)

Ø directional detectors: once WIMP DM detected, will become key 
to confirm its halo origin 

Ø very light WIMP mass regime <~ MeV: much R&D in the USA, little in Europe

L. Roszkowski, APPEC feedback meeting, 2 Feb 2021 15

Ø various innovative R&D in many experimental programmes, 
links to other branches of science, hi-tech, medicine (PET), …

Beyond currently leading efforts..



Recommendation 5. The long-term future of underground science
in Europe would strongly benefit from creating a distributed but
integrated structure of underground laboratories for the 21st century.
This strategic initiative would be most e!ciently realised by forming
the European Laboratory of Underground Science.

Infrastructure

WIMP searches:
deep underground labs

General needs: stable conditions, low radioactivity (muon, Rn,…), dedicated infrastructure: cleanrooms, cryostats, 
radiopure electronics, ug storage of large amounts of (cryogenic) noble gases, ….

Cooperation with large laboratories – especially CERN -- would be highly beneficial
§ It would enhance synergies from developing common technologies, …

e.g. LAr:
common technologies
with (proto)DUNE
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See talk by Giuliana Fiorillo

DRAFT

to the experiments sufficient space to erect additional shielding against radiogenic backgrounds from the
environment and the required auxiliary buildings to run the experiment (cleanroom, counting house etc.)
as well as the relevant infrastructure to prepare (material analysis etc.), build (workshops, construction
halls, etc.) and operate the experiments (power, liquefied gases, network, etc.). Europe currently hosts
fourteen different DM projects at four laboratories. Some key parameters of these laboratories are listed
in Table 12. A more detailed description can be found in the APPEC Double Beta Decay report [487].

The Italian Laboratori Nazionali del Gran Sasso (LNGS) is still the largest underground labor-
atory world-wide. It features three large experimental halls underground, a large surface campus and is
sufficiently deep for a DARWIN-like LXe dark matter TPC. LNGS is rather conveniently located less
than 2 hours away from Rome’s airports. Due to environmental concerns by the local authorities, op-
erations at LNGS became more complicated in the recent years. One direct consequence impacting on
astroparticle physics and direct DM searches is the future ban of organic liquid scintillators from the
laboratory. The Laboratorio Subterraneo de Canfranc (LSC) in the Spanish Pyrenees and the Labor-
atoire Subterrain de Modane (LSM) in the French Alps are significantly smaller, however, the muon
flux at the deeper LSM is almost 7 times lower compared to LNGS. The Boulby Laboratory, hosted in
a working potash and salt mine in the North East of England, provides a very low level of < 3Bq/m

2 of
Rn-activity in the air. Several other, smaller underground laboratories with less rock overburden exist in
Europe which are usually used and operated by individual Universities. The most important large labor-
atories for DM searches outside Europe are SNOLAB in northern Ontario (Canada), Jinping (CJPL) in
southern Sichuan (China), SURF in South Dakota (USA), Kamioka in Japan and Yangyang in South
Korea. SNOLAB (� = 3⇥10

�6 muons/m2/s) and CJPL (� = 2⇥10
�6 muons/m2/s) are the laboratories

with the lowest muon fluxes in the world. In general, the European DM community would benefit from
having a deeper laboratory in Europe to further reduce cosmogenic backgrounds; a possible realisation
could be the extension of the Modane laboratory which has already been under discussion. However, it
is important to stress that any laboratory needs to provide the auxiliary infrastructure (surface space etc.)
and that the existing facilities are of utmost importance for the continuation of the ongoing and upcoming
projects.

As pointed out in Sect. 4.4, the strict control of the radiopurity of materials used in DM experi-
ments is essential to achieve the background requirements. Axion helioscopes also need low-background
X-ray detectors and benefit from the direct detection expertise. Underground laboratories provide the en-
vironment for material analysis which is becoming more and more demanding. All laboratories have
facilities to perform germanium spectroscopy [488] but only some of them have also ICP-MS equip-
ment [489] and radon detection and mitigation systems [490]. Specific detectors such as BiPo-3 [491],
the world-leading GeMPI HPGe facilities [492] and DArT [493] or dedicated analysis techniques [494]
have been developed by individual research groups or within international collaborations. Copper elec-

Laboratory LNGS LSC LSM Boulby
Country Italy Spain France UK
Depth (m.w.e) 3600 2450 4800 2820
Muon Flux (µ/m2

/ s) 3⇥ 10
�4

3⇥ 10
�3

5⇥ 10
�5

4⇥ 10
�4

Volume (m3) 180000 8250 3500 4000
Access Road Road Road Shaft
Personnel O(100) O(10) O(10) O(5)
DM Experiments⇤ 8 2 3 1

Table 12: Main features of the large European underground laboratories hosting DM experiments: Laboratori
Nazionali del Gran Sasso (LNGS), Laboratorio Subterraneo de Canfranc (LSC), Laboratoire Subterrain de Modane
(LSM), and Boulby Underground Laboratory (Boulby). ⇤Only projects running or under commissioning.
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Axion/ALP Searches

"plasma" to the axion mass [344]. This might have the potential to reach a sensitivity to QCD DM
axions in a similar mass range as the dielectric haloscope.

Another interesting and complementary concept is based on topological insulators. For these
materials axion like quasi-particles are predicted that would, couple to the axion field and lead to resonant
conversion to polaritons that are detectable [345]. This method, if suitable materials can be produced,
may be sensitive to DM axions in a mass range between ⇠ 0.5meVand 5meV.

Also the axion couplings to electrons gae or nuclei gaN are proposed for experimental searches.
These couplings can lead to spin interaction, hence to spin precession of electrons or nuclei with fre-
quency corresponding to ma which can be detected. Furthermore, an oscillating axion field would also
induce an oscillation of the electric dipole moment of nuclei, which could be detected using NMR tech-
niques. In low background experiments the axio-electric effect can be utilized to search for high mass
DM ALPs (see 5.8).

5.1.2 Helioscopes
Solar axions would be thermally produced with energies corresponding to the temperature in the interior
of the sun, i.e. a few keV. Helioscopes make use of dipole magnets that are pointed towards the sun.
The axions from the sun can be converted to photons and can then be focused and detected using low
background x-ray detectors.

Some low background experiments designed to search for WIMP DM or neutrinoless double beta
decay are sensitive to ALPs interactions via gae coupling to both, solar and DM ALPs in the mass range
⇠ eV toMeVvia the axio-electric effect [335]. For axions this mass range is strongly disfavored by limits
on fa by astrophysical arguments [346].

Figure 7: Left: Sketch of the concept of a dielectric haloscope. A number of discs with high dielectric constant is
stacked in front of a perfect mirror inside a magnet guaranteeing a B-field parallel to the disc surfaces. The signal
emitted from this system is collected by an antenna and detected by a receiver (Figure taken from [336]). Right:
Achievable power amplification of a dielectric haloscope with 80 discs and a dielectric constant ✏=24 (LaAlO3)
as a function of frequency with respect to emission from a single mirror. The results a simplified 1D simulation
is shown with the blue line. The shaded areas correspond to results of a 3-D simulation of the setup, whereas the
different colors denote the contributions to the amplification in different modes of the system. The red dashed line
corresponds to the power enhancement of the signal with respect to a single mirror surface after antenna coupling
to the first mode only [337].
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dielectric haloscope

Ø Haloscopes:
• Cavity
• Dielectric
• Dish antenna
• Plasma
• Topological insulators
• NMR technique
• …

Ø Helioscopes: Use dipole magnets pointing at the Sun

Figure 8: Sketch of concept of the IAXO helioscope: The aperture of a dipole magnet is pointed towards the sun.
Axions from the sun can be converted into photons (x-rays) inside the B-field of the magnet. These can be focused
by x-ray optics onto specially developed low background x-ray detectors (taken from [347]).

Figure 9: Sketch of the concept of LSW experiments. Laser is introduced inside a optical cavity that is placed
inside a dipole magnet. Photons can be converted into ALPs and propagate unhindered through a wall into a
separated optical cavity inside a magnet on the opposite side of the wall. Here, the ALPs can be re-converted to
photons and be detected. (Taken from [334].)

5.1.3 Lab experiments
Experiments relying on production of axions in the lab have the advantage that they do not rely on
cosmological or astrophysical assumptions and can probe the particle properties model independently.

ALPs converted from laser photons in the laboratory inside a B-field can be re-converted to
photons behind a wall that blocks the laser light of the initial laser beam. As photons first have to
be converted to axions and then back to photons again, the probability for this process scales with g

4
a� ,

thus is additionally suppressed. However, by using a strong laser source and by placing optical cavities
inside the conversion areas within the magnet, the path lengths, hence the probability for this process to
occur can be increased by the product of the finesse of the two cavities [348]. Nevertheless, these LSW
experiments yield results that do not rely on astrophysical or cosmological modelling.

An axion field oscillation can be induced by the nuclei of rotating non-circular bodies for the
case that there is extra CP violation in axion/ALP-nucleon coupling gaN. Due its macroscopic de Broglie
wavelength, this leads to long range forces that in principle could be detectable from outside the rotating
body with the very well known frequency of the rotating body [349, 350].

5.2 Cavity Haloscope Experiments
Presently the cavity-based approach is leading the field of axion searches. The US based ADMX exper-
iment [351] located at University of Washington (UW) is presently taking data with a sensitivity that is
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IaXO helioscope
Ø Laboratory: Produce axion/ALP, detect photon

Figure 8: Sketch of concept of the IAXO helioscope: The aperture of a dipole magnet is pointed towards the sun.
Axions from the sun can be converted into photons (x-rays) inside the B-field of the magnet. These can be focused
by x-ray optics onto specially developed low background x-ray detectors (taken from [347]).

Figure 9: Sketch of the concept of LSW experiments. Laser is introduced inside a optical cavity that is placed
inside a dipole magnet. Photons can be converted into ALPs and propagate unhindered through a wall into a
separated optical cavity inside a magnet on the opposite side of the wall. Here, the ALPs can be re-converted to
photons and be detected. (Taken from [334].)

5.1.3 Lab experiments
Experiments relying on production of axions in the lab have the advantage that they do not rely on
cosmological or astrophysical assumptions and can probe the particle properties model independently.

ALPs converted from laser photons in the laboratory inside a B-field can be re-converted to
photons behind a wall that blocks the laser light of the initial laser beam. As photons first have to
be converted to axions and then back to photons again, the probability for this process scales with g

4
a� ,

thus is additionally suppressed. However, by using a strong laser source and by placing optical cavities
inside the conversion areas within the magnet, the path lengths, hence the probability for this process to
occur can be increased by the product of the finesse of the two cavities [348]. Nevertheless, these LSW
experiments yield results that do not rely on astrophysical or cosmological modelling.

An axion field oscillation can be induced by the nuclei of rotating non-circular bodies for the
case that there is extra CP violation in axion/ALP-nucleon coupling gaN. Due its macroscopic de Broglie
wavelength, this leads to long range forces that in principle could be detectable from outside the rotating
body with the very well known frequency of the rotating body [349, 350].

5.2 Cavity Haloscope Experiments
Presently the cavity-based approach is leading the field of axion searches. The US based ADMX exper-
iment [351] located at University of Washington (UW) is presently taking data with a sensitivity that is
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LSW: light-shining-through-the-wall

Ø Low-background experiments:
• Limits from XENON100, PandaX, LUX, XENON1T

Solar axion/ALP, mass ~> keV

Infrastructure needs:
• large halls
• stable, low em bgnd
• cryogenic infrastructure

Large superconducting magnets
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See talk by Béla Majorovits



Recommendation 6. European-led e!orts should focus on axion
and ALPs mass ranges that are complementary to the established
cavity approach and this is where European teams have a unique op-
portunity to secure the pioneering role in achieving sensitivities in
axion/ALP mass ranges not yet explored by experiments conducted
elsewhere. In parallel, R&D e!orts to improve experimental sensi-
tivity and to extend the accessible mass ranges should be supported.
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Figure 10: Current limits (red line) and projections (dashed lines) of searches for axions and ALPs via the ga�

coupling. Also shown are the different areas in the QCD axion parameter range corresponding to pre- (orange)
and post-inflationary (yellow) Peccei Quinn breaking scenario. Note that the two scenarios partly overlap. Shown
as shaded orange and violet regions are the ranges consistent with ALPs explaining the transparency and cooling
hints, respectively.

detecting individual photons with these low energies (sub meV).
For the frequency range below 10GHz (axion mass below 40µeV) detector R&D on (sub-)quantum

limited detectors should be supported. Many other fields of fundamental physics research have strong
interest in development of (sub) quantum limited sensors: gravitational wave detectors, radio astronomy
and cosmology. But also applications like quantum information technology, extreme telecommunica-
tions (space program, submarines) have common interests that are worthwhile to exploit for synergies on
detector R&D.

For higher mass axions (mass above 100µeV) single photon detectors for the frequency range
above 30GHz need to be developed. This also is a big topic for the quantum computing technology as
well. Many groups working on the development of quantum computing are striving to find applications
other than their core business. This opportunity should be exploited. Specifically, it should be evaluated
whether the huge commercial interest, hence huge amount of funds being put into this type of R&D,
could be at least partly utilized for axion research. Note that this research may also be highly beneficial
for other topics in astro-particle physics (like development of low energy threshold detectors for coherent
neutrino scattering or low mass WIMP searches) in quantum computing.

Low loss RF technology and cavities: Many applications in quantum computing, microwave
engineering for telecommunication and radio astronomy depend on careful RF engineering and develop-
ment of new low loss dielectric materials. The current R&D efforts in these fields should be studied and
potential common interests and synergies should be evaluated. This could be especially relevant for:
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ALPS II, babyIAXO
MADMAX

USA
S. Korea


