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Strongly Motivated Dark Matter Candidates 
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Leading Search Candidates: 

WIMPs: Weakly Interacting Massive Particles  
• mass of 1 GeV – 10 TeV

• weak scale cross sections results in 

observed abundance

• DAMA, CDMS, LUX/LZ, XENON, PICO, 

DarkSide, PandaX, …

• Recent developments for low-mass … 


Axions 
• mass ~10-3 – 10-6 eV

• Arises in the Peccei-Quinn solution to the 

strong-CP problem

• ADMX, HAYSTAC, Radio-DM, ABRA, 

CASPEr, …
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Figure 4: Typical ranges of the cross section of DM interactions with ordinary matter as a function of

DM mass is shown for some of DM candidates that are strongly motivated by particle physics. The red,

pink and blue colors represent HDM, WDM and CDM, respectively. Adapted from Ref. [10, 91].

far the most popular WIMP and detection cross section of many other candidates often

fall into the ballpark of the case of the neutralino, we will devote to this case a detailed

discussion, which we postpone to Section 4.

Two Higgs Doublet Models (2HDM) extend the Higgs sector by the addition of another

doublet giving rise to additional charged and neutral Higgs bosons [95], see [96] for a review

of 2HDM phenomenology. In the simplest extension, the inert doublet model (IDM) [97–

99], a Z2 symmetry is imposed under which all the SM fields are even while the additional

Higgs doublet is odd. The neutral additional Higgs boson states, H0 or A0 can then play

the role of DM if one of them is the lightest odd particle. The DM couples to the SM via the

Higgs boson leading to possible signals from spin-independent scattering in direct detection

experiments. Alternatively the DM can be provided by an additional field coupled to the

extended Higgs sector and stabilized by the Z2 see for example [100–102].

Little Higgs models represent a class of possible solutions to the naturalness prob-

lem [103–109] (see [110] for a comprehensive review). In little Higgs models the Higgs

fields are the Goldstone bosons of global symmetry broken at the cut o↵ scale. The Higgs

becomes massive due to symmetry breaking at the electroweak scale, however, the mass

is protected by the approximate global symmetry and is free from 1-loop corrections from

the cuto↵ scale. This allows little Higgs models to remain natural with a cuto↵ scale of up

– 13 –

Roszkowski, Sessolo & Trojanowski  
Rep. Prog. Phys. 81 (2018) 066201 
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An ultralow background spectrometer is used as a detector of cold dark matter candidates from the halo of our galaxy Using a 
realistic model for the galactic halo, large regions of the mass-cross section space are excluded for important halo component 
particles. In particular, a halo dominated by heavy standard Dirac neutrinos (taken as an example of particles with spm-lndepen- 
dent Z ° exchange interactions) with masses between 20 GeV and 1 TeV is excluded. The local density of heavy standard Dirac 
neutrinos is <0.4 GeV/cm 3 for masses between 17.5 GeV and 2 5 TeV, at the 68% confidence level. 

Galact ic  ro ta t ion curves suggest that  most  o f  the 
mat te r  in the universe is non- luminous  [ 1 ]. A vari-  
ety of  arguments suggest that  this mat ter  may  be non- 
baryonic  [2] .  This let ter  discusses the use o f  an 
ul t ralow background ge rmanium spect rometer  as a 
detector of  cold dark mat ter  particles interacting with 
Ge nuclei. Since only 73Ge, with a natura l  abundance  
o f  7.8%, has a non-zero spin, our  best  bounds  apply  
to sp in- independent  (s.i .)  interact ions.  Bounds on 
dark  mat te r  candidates  coupling to baryons  through 
Z ° exchange, l ike stable massive Dirac  neutr inos [ 3 ] 
and scalar neutr inos  [4] ,  are presented.  Our  results 
exclude a halo domina ted  by  part icles with scatter- 
ing cross section 0"Sl =O'weak with masses 20 GeV 
~m~< 1 TeV ( thei r  local densi ty  is <0 .4  GeV/cm 3 
for 17.5 GeV ~m~<2.5 TeV at the 68% confidence 
level) and  apply  to s.i. react ions in the range o f  
O "SI ~ 10--10"weak to 0 "Sl ~ 10 .28 cm 2 (for which the 
dark  mat te r  part icles would be s topped in the ear th 's  

On leave of absence from Department of Physics, University 
of Rome II, Via Orazlo Ralmondo, 1-00173 Rome, Italy 

crust before arr iving at the detector)  where 0"weak is 
the weak scattering cross section o f  a s tandard  heavy 
Dirac  neutr ino f rom a Ge nucleus. This range 
includes neutral  technibaryons,  recently proposed  as 
dark mat te r  candidates  [5] ,  having cross sections 
-~ 100weak , which are, therefore, excluded for masses 
larger than 16 GeV. The 73Ge in the detector  with 
s = 9/2, allows us to obta in  a bound  on part icles with 
spin-dependent  (s.d.) interactions, which case applies 
to particles in the range a--- 4 s a 10  O'~,ea k t o  O',~, 10  - 2 8  c m  2 

(where O'weakSd" corresponds to a s tandard  heavy 
Majorana  neut r ino) .  

The measurement  o f  the nuclear  recoil,  due to the 
scattering o f  heavy weakly interact ing massive par-  
t ides  (WIMPs) ,  requires a detector with a low energy 
threshold and excellent background reject ion [6 -8 ] .  
In  this paper,  the use of  a ge rmanium diode  detector  
to search for dark mat te r  is discussed. The low band  
gap (0.69 eV at 77 K)  and high efficiency for con- 
vert ing electronic energy loss to e lec t ron-hole  ( e - h )  
pairs  (2.96 eV per  e - h  pa i r  at 77 K)  make germa- 
n ium detectors  probably  the best  existing detectors  

0370-2693/87/$ 03.50 © Elsevier Science Publishers  B.V. 
(Nor th -Hol land  Physics Publ ishing Div i s ion)  
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First publication on an underground experimental search for cold dark matter

Ahlen et al. Phys. Lett. B 195, 603 (1987) 

(2012)
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An ultralow background spectrometer is used as a detector of cold dark matter 
candidates from the halo of our galaxy Using a realistic model for the galactic 
halo, large regions of the mass-cross section space are excluded for important 
halo component particles. In particular, a halo dominated by heavy standard 
Dirac neutrinos (taken as an example of particles with spin-lndependent 
Z°exchange interactions) with masses between 20 GeV and 1 TeV is excluded. 
The local density of heavy standard Dirac neutrinos is < 0.4 GeV/cm3 for masses 
between 17.5 GeV and 2.5 TeV, at the 68% confidence level. 
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Sun

(Modified from: NASA/CXC/M.Weiss)Earth

1. Count individual nuclear recoils

2. Look for annual modulation - peak in June

3. Diurnal directional modulation



Reina Maruyama | Yale University

Direct Detection Dark Matter Search Strategies

�7

Sun

(Modified from: NASA/CXC/M.Weiss)Earth

1. Count individual nuclear recoils

2. Look for annual modulation - peak in June

3. Diurnal directional modulation

Drukier, Freese & Spergel PRD33 3495 (1986)
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WIMP Searches Around the World
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Kamioka Observatory, ICRR, The University of Tokyo Masaki Yamashita

Masaki Yamashita

CanFranc 
IGEX 
ROSEBUD 
ANAIS 
ArDM

Gran Sasso 
DAMA/LIBRA 
CRESST  
XENON 
DarkSide 
NEWS

SNOLAB 
DEAP 
CLEAN 
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NEWS-G

Soudan 
CDMS II 
CoGENT

Boulby 
NaIAD 
ZEPLIN I/II/III 
DRIFT I/II

Frejus 
EDELWEISS

Kamioka 
XMASS 
NEWAGE 
PICOLON

YangYang 
KIMS, COSINE

JINPING 
PANDA-X 
CDEX

South Pole 
DM-Ice

Nest of Dark Matter Hunters in the World

Yamashita, TAUP 2019



Reina Maruyama | Yale University

Current and Upcoming Experimental Limits

�9

10-50
 

10-48
 

10-46
 

10-44
 

10-42
 

10-40

       1         10         102         103         10410-14
 
10-12
 
10-10
 
10-8
 
10-6
 
10-4

σ
pSI

 (c
m

2 )

σ
pSI

 (p
b)

mχ (GeV)

MSSMp19
CMSSM

10-50
 

10-48
 

10-46
 

10-44
 

10-42
 

10-40

       1         10         102         103         10410-14
 
10-12
 
10-10
 
10-8
 
10-6
 
10-4

Atmospheric and DNSB Neutrinos

8B
Neutrinos

7Be
Neutrinos

LUX (2016)
PandaX-II (2017)

CDMSlite
(Run 2)

Xenon100 (2016)

Xenon1T (2018)

SuperCDM
S

SNOLAB

Xenon nTLZ

DarkSide G2

Xenon1T (2 t.-y.)

DEAP 3600

DAMA/I

CDSM/Si (2013)

CoGeNT (2013)

CRESST-II (2012)

CRESST-III (Phase 2)

Figure 5: Current and future limits on DM direct detection spin-independent cross section, �SI
p , as a

function of DM mass, m�. The current limits are shown with solid black (LUX [171]), gray (PandaX-

II [172]), brown (XENON100 [197] and XENON1T [170]) and violet (CDMSlite-II [173]) lines. Future

projections correspond to CRESST-III (Phase 2) [208] (light blue), DarkSide G2 [206] (violet triple-dashed

line), DEAP3600 [204] (blue double-dashed line), LZ [202] (black long-dashed line), SuperCDMS at SNO-

LAB [207] (pink short-dashed line) as well as XENON1T/nT [201] (brown dash-dotted lines). We also show

the 95% C.L. region for the 19-parameter version of the MSSM (green shaded area) [209] and posterior

plot for the allowed parameter space of the CMSSM (brown area enclosed with the solid brown line) [210].

The shaded areas on top of the plot correspond to the favored regions for DM interpretations of anomalies

reported in the literature by the CDMS-Si [190] (blue), CoGeNT [184] (gray) CRESST-II [194] (light blue)

and DAMA/LIBRA [167] (light green) collaborations. The shaded area below the solid orange line on the

bottom of the plot corresponds to the irreducible neutrino background [165].

Implications for WIMP models Direct detection searches play a vital role in con-

straining various models of WIMP as DM. For instance, early negative results from the

Heidelberg-Moscow experiment [216] led to an exclusion of the scenario in which the ma-

jority of DM was composed of left-handed sneutrinos in the MSSM [128], as discussed in

Section 2.3. Since then many other theoretical candidates have been constrained by null

results of searches for the DM particles in DD experiments.

Limits from DD have also been derived on e↵ective contact operators describing pos-

sible interactions between DM and the SM particles (for studies related to DD see, e.g.,

[158, 159]). One can then translate the usual DD limits shown in the (m�,�SI
p ) plane into

the actual limits on the coe�cients of the operators that contribute to �
SI
p , while the other

coe�cients remain free and can, e.g., help to achieve the proper value of the DM relic

density. Stronger constraints can be obtained when both DD and ID searches are taken

into account (see, e.g., [217]).

Another phenomenological approach consist in “expanding” the contact operator ap-

– 19 –

Roszkowski, Sessolo & Trojanowski  
Rep. Prog. Phys. 81 (2018) 066201 
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Cryogenic Detectors: Low Mass Searches 

• Precision instrument

• great energy resolution & threshold

• Hard to scale up, grams -> ~30 kg

• Most sensitive to low-masses
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Kamioka Observatory, ICRR, The University of Tokyo, Masaki Yamashita

Low Mass by cryogenic detectors
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DM7: DAMIC, NEWS-G,    also see Susana Cebrian

DM7 Sep.10
Tsuguo Aramaki

SuperCDMS
CDMSlite 
E threshold  = 56 eV 

=> SNOLAB 
4 towers x 6 detectors 
about 30 kg total 
start in 2021

DM7 Sep.10
Jules Gascon

EDELWEISS
LSM (Modane) 
total 20 kg Ge 

R&D: @SURFACE 
detector mass 33.4 g 
E threshold = 60 eV
arXiv:1901.03588v2

Institut für KernphysikBernhard Siebenborn - EDELWEISS dark matter search

EDELWEISS R&D at surface
above ground lab: overburden < 1 m

dry cryostat (Cryoconcept)

vibration mitigation: suspended detector

smaller Ge detectors: mGe = 33.4 g

phonon sensor: Ge-NTD

low energy calibration:

55Fe x-ray source

neutron activation of Ge

10
DM7 Sep.10
Holger Kluck

CRESST-III
CaWO4 @LNGS 
Mass: 23.6 g 
E threshold  = 30.1 eV 

to observe dark matter particles via their elastic scattering off nuclei in their detectors. The small energy
deposit by the interaction in the detector material and the very small expected event rates represent the
major challenges of these experiments.
Cryogenic experiments currently provide the best sensitivity for light dark matter particles, with the
CRESST experiment advancing to the sub-GeV/c2 dark matter particle mass regime.
The CRESST target consists of scintillating CaWO4 crystals operated as cryogenic calorimeters at
millikelvin temperatures (phonon detectors). Most of the energy deposited in a crystal by a particle
interaction induces a heat signal, yielding a precise energy measurement. A small fraction of the
deposited energy is emitted as scintillation light that is measured by a secondary independent cryogenic
calorimeter (light detector), allowing for particle identification [1, 2]. A phonon detector and the
corresponding light detector form a detector module. Both, phonon and light detectors are read out
via tungsten transition edge sensors (TES). Each detector is equipped with a heater to stabilize the
temperature in the operating point and to inject pulses which are needed for the energy calibration.
The experiment is based in the LNGS (Laboratori Nazionali del Gran Sasso) underground laboratory in
central Italy.

2. CRESST-III Detectors

The results from CRESST-II Phase 2 [3, 4] clearly demonstrate that the energy threshold is the main
driver for low-mass dark matter search. Given the kinematics of coherent, elastic dark matter particle-
nucleus scattering, extremely low thresholds of O(50 eV) are necessary to access dark matter particle
masses of O(0.1 GeV). Therefore, the detector optimization for CRESST-III followed a straight-forward
approach thoroughly discussed in [5]. The CaWO4 target crystals of already available quality (i.e.
radiopurity and optical properties) have been scaled down in mass from ⇠ 300 g to 24 g and the
thermometer design has been optimised to achieve a threshold of <100 eV.
A schematic view of the detector layout is presented in fig. 1.

Figure 1. Left: Schematic view of the detector design for CRESST-III modules. Right: Open CRESST-
III detector module during mounting in the Gran Sasso facility.

As can be seen from the picture in fig. 1, the phonon and light detectors are held by CaWO4 sticks,
a design which was already successfully implemented in CRESST-II Phase 2 [4, 6]. In addition, a
novel concept for an instrumented detector holder is introduced in which the sticks holding the phonon
detectors are equipped with TESs which realize a veto against events related to the crystal support.

3. CRESST-III Phase 1

The first data-taking period of the CRESST-III experiment, referred to as Phase 1, has started in July
2016 and since November 2016 the experiment is steadily collecting dark matter data.

Phys. Rev. D 99, 062001 arXiv:1711.07692EDELWEISS

arXiv:1901.03588
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plot for the allowed parameter space of the CMSSM (brown area enclosed with the solid brown line) [210].
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bottom of the plot corresponds to the irreducible neutrino background [165].

Implications for WIMP models Direct detection searches play a vital role in con-

straining various models of WIMP as DM. For instance, early negative results from the

Heidelberg-Moscow experiment [216] led to an exclusion of the scenario in which the ma-

jority of DM was composed of left-handed sneutrinos in the MSSM [128], as discussed in

Section 2.3. Since then many other theoretical candidates have been constrained by null

results of searches for the DM particles in DD experiments.

Limits from DD have also been derived on e↵ective contact operators describing pos-

sible interactions between DM and the SM particles (for studies related to DD see, e.g.,

[158, 159]). One can then translate the usual DD limits shown in the (m�,�SI
p ) plane into

the actual limits on the coe�cients of the operators that contribute to �
SI
p , while the other
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density. Stronger constraints can be obtained when both DD and ID searches are taken
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The CRESST target consists of scintillating CaWO4 crystals operated as cryogenic calorimeters at
millikelvin temperatures (phonon detectors). Most of the energy deposited in a crystal by a particle
interaction induces a heat signal, yielding a precise energy measurement. A small fraction of the
deposited energy is emitted as scintillation light that is measured by a secondary independent cryogenic
calorimeter (light detector), allowing for particle identification [1, 2]. A phonon detector and the
corresponding light detector form a detector module. Both, phonon and light detectors are read out
via tungsten transition edge sensors (TES). Each detector is equipped with a heater to stabilize the
temperature in the operating point and to inject pulses which are needed for the energy calibration.
The experiment is based in the LNGS (Laboratori Nazionali del Gran Sasso) underground laboratory in
central Italy.

2. CRESST-III Detectors

The results from CRESST-II Phase 2 [3, 4] clearly demonstrate that the energy threshold is the main
driver for low-mass dark matter search. Given the kinematics of coherent, elastic dark matter particle-
nucleus scattering, extremely low thresholds of O(50 eV) are necessary to access dark matter particle
masses of O(0.1 GeV). Therefore, the detector optimization for CRESST-III followed a straight-forward
approach thoroughly discussed in [5]. The CaWO4 target crystals of already available quality (i.e.
radiopurity and optical properties) have been scaled down in mass from ⇠ 300 g to 24 g and the
thermometer design has been optimised to achieve a threshold of <100 eV.
A schematic view of the detector layout is presented in fig. 1.

Figure 1. Left: Schematic view of the detector design for CRESST-III modules. Right: Open CRESST-
III detector module during mounting in the Gran Sasso facility.

As can be seen from the picture in fig. 1, the phonon and light detectors are held by CaWO4 sticks,
a design which was already successfully implemented in CRESST-II Phase 2 [4, 6]. In addition, a
novel concept for an instrumented detector holder is introduced in which the sticks holding the phonon
detectors are equipped with TESs which realize a veto against events related to the crystal support.

3. CRESST-III Phase 1

The first data-taking period of the CRESST-III experiment, referred to as Phase 1, has started in July
2016 and since November 2016 the experiment is steadily collecting dark matter data.
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FIG. 7. Experimental results on elastic, spin-independent dark mat-
ter nucleus scattering depicted in the cross-section versus dark mat-
ter particle mass plane. If not specified explicitly, results are reported
with 90 % confidence level (C.L.). The result of this work is depicted
in solid red with the most stringent limit between masses of (0.16-
1.8) GeV/c2. The previous CRESST-II result is depicted in dashed
red [16], the red dotted line corresponds to a surface measurement
performed with a gram-scale Al2O3 detector [17]. We use a color-
coding to group the experimental results: Green for exclusion limits
(CDEX [18], CDMSlite [19], DAMIC [20], EDELWEISS[21, 22],
SuperCDMS [23]) and positive evidence (CDMS-Si (90 %C.L.) [23],
CoGeNT (99 %C.L.)[24]) obtained with solid state detectors based
on silicon or germanium, blue for liquid noble gas experiments based
on argon or xenon (DarkSide [25], LUX [26, 27], Panda-X[28],
Xenon100[29], Xenon1t[30]), violet for COSINE-100 (NaI) [31],
black for Collar (H) [32], magenta for the gaseous spherical pro-
portional counter NEWS-G (Ne + CH4) [33] and cyan for the super-
heated bubble chamber experiment PICO (C3F8) [34]. The gray re-
gion marks the so-called neutrino floor calculated for CaWO4 in [35].

VI. RESULTS

We use the Yellin optimum interval algorithm [36, 37] to
extract an upper limit on the dark matter-nucleus scattering
cross-section. In accordance with this method, we consider
all 441 events inside the acceptance region to be potential dark
matter interactions; no background subtraction is performed.

The anticipated dark matter spectrum follows the stan-
dard halo model [38] with a local dark matter density
of rDM = 0.3 (GeV/c2)/cm3, an asymptotic velocity of
v� = 220km/s and an escape velocity of vesc = 544km/s.
Form factors, which are hardly relevant given the low trans-
ferred momenta here, follow the model of Helm [39] in the
parametrization of Lewin and Smith [40].

The result of the present analysis on elastic scattering of
dark matter particles off nuclei is depicted in solid red in figure
7 in comparison to the previous CRESST-II exclusion limit in
dashed red and results from other experiments (see caption

and legend of figure 7 for details). The red dotted line cor-
responds to a surface measurement with a 0.5 g Al2O3 crys-
tal achieving a threshold of 19.7 eV using CRESST technol-
ogy [17].

The improvement in the achieved nuclear recoil threshold,
in the respectively best performing detectors, from 0.3 keV
for CRESST-II to 30.1 eV for CRESST-III, yields a factor of
more than three in terms of reach for low masses, down to
0.16 GeV/c2. At 0.5 GeV/c2 we improve existing limits by a
factor of 6(30) compared to NEWS-G (CRESST-II). In the
range (0.5-1.8) GeV/c2 we match or exceed the previously
leading limit from CRESST-II.

VII. CONCLUSION

In this paper, we report newly implemented data process-
ing methods, featuring in particular the optimum filter tech-
nique for software-triggering and energy reconstruction. This
allows one to make full use of the data down to threshold. The
best detector operated in the first run of CRESST-III (05/2016-
02/2018) achieves a threshold as low as 30.1 eV and was,
therefore, chosen for the analysis presented.

In comparison to previous CRESST measurements, an in-
dication of a g-line at approximately 540 eV compatible with
the N1 shell electron binding energy of 179Hf could be ob-
served. Together with the reappearance of known lines, this
corroborates the analysis of background components outlined
in [11], as well as the energy calibration in this work.

At energies below 200 eV we observe a rising event rate
which is incompatible with a flat background assumption and
seems to point to a so-far unknown contribution. At the time
of writing, dedicated hardware-tests with upgraded detector
modules are underway to illuminate its origin.

We present exclusion limits on elastic dark matter particle-
nucleus scattering, probing dark matter particle masses below
0.5 GeV/c2 and down to 0.16 GeV/c2.

VIII. APPENDIX

1. Study of Systematic Uncertainties

As discussed in section IV the energy scale is adjusted us-
ing the 11.27 keV g-peak (Hf L1 shell). As a consequence
the energy scale is only strictly valid for events with a light
yield of one. In particular, for a nuclear recoil less scintilla-
tion light is produced and, thus, more energy remains in the
phonon channel leading to an overestimation of the phonon
energy. Based on the fact that we measure both energies –
phonon (Ep) and light (El) – one can account for this effect as
was shown in [15] by applying the following correction:

E = hEl +(1�h)Ep = [1�h(1�LY )]Ep. (1)

CRESST-III

CDMSlite

EDELWEISS

DarkSide

NEWS-G

DAMIC

Kluck, CRESST-III TAUP 2019
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with 90 % confidence level (C.L.). The result of this work is depicted
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1.8) GeV/c2. The previous CRESST-II result is depicted in dashed
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on argon or xenon (DarkSide [25], LUX [26, 27], Panda-X[28],
Xenon100[29], Xenon1t[30]), violet for COSINE-100 (NaI) [31],
black for Collar (H) [32], magenta for the gaseous spherical pro-
portional counter NEWS-G (Ne + CH4) [33] and cyan for the super-
heated bubble chamber experiment PICO (C3F8) [34]. The gray re-
gion marks the so-called neutrino floor calculated for CaWO4 in [35].

VI. RESULTS

We use the Yellin optimum interval algorithm [36, 37] to
extract an upper limit on the dark matter-nucleus scattering
cross-section. In accordance with this method, we consider
all 441 events inside the acceptance region to be potential dark
matter interactions; no background subtraction is performed.

The anticipated dark matter spectrum follows the stan-
dard halo model [38] with a local dark matter density
of rDM = 0.3 (GeV/c2)/cm3, an asymptotic velocity of
v� = 220km/s and an escape velocity of vesc = 544km/s.
Form factors, which are hardly relevant given the low trans-
ferred momenta here, follow the model of Helm [39] in the
parametrization of Lewin and Smith [40].

The result of the present analysis on elastic scattering of
dark matter particles off nuclei is depicted in solid red in figure
7 in comparison to the previous CRESST-II exclusion limit in
dashed red and results from other experiments (see caption

and legend of figure 7 for details). The red dotted line cor-
responds to a surface measurement with a 0.5 g Al2O3 crys-
tal achieving a threshold of 19.7 eV using CRESST technol-
ogy [17].

The improvement in the achieved nuclear recoil threshold,
in the respectively best performing detectors, from 0.3 keV
for CRESST-II to 30.1 eV for CRESST-III, yields a factor of
more than three in terms of reach for low masses, down to
0.16 GeV/c2. At 0.5 GeV/c2 we improve existing limits by a
factor of 6(30) compared to NEWS-G (CRESST-II). In the
range (0.5-1.8) GeV/c2 we match or exceed the previously
leading limit from CRESST-II.

VII. CONCLUSION

In this paper, we report newly implemented data process-
ing methods, featuring in particular the optimum filter tech-
nique for software-triggering and energy reconstruction. This
allows one to make full use of the data down to threshold. The
best detector operated in the first run of CRESST-III (05/2016-
02/2018) achieves a threshold as low as 30.1 eV and was,
therefore, chosen for the analysis presented.

In comparison to previous CRESST measurements, an in-
dication of a g-line at approximately 540 eV compatible with
the N1 shell electron binding energy of 179Hf could be ob-
served. Together with the reappearance of known lines, this
corroborates the analysis of background components outlined
in [11], as well as the energy calibration in this work.

At energies below 200 eV we observe a rising event rate
which is incompatible with a flat background assumption and
seems to point to a so-far unknown contribution. At the time
of writing, dedicated hardware-tests with upgraded detector
modules are underway to illuminate its origin.

We present exclusion limits on elastic dark matter particle-
nucleus scattering, probing dark matter particle masses below
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VIII. APPENDIX
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ing the 11.27 keV g-peak (Hf L1 shell). As a consequence
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• Modulation persists in Phase 2

• 6 more years, 1.13 ton-year
• Threshold now 1 keV

• (1 – 6) keV: 9.5σ from 1.13 ton- year
• (2 – 6) keV: 12.9σ from 2.46 ton-year

DAMA’s annual modulation
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COSINE: Spin-Independent WIMP Search

• Exclude DAMA/LIBRA’s signal as spin-independent WIMP with NaI(Tl) 
• Confirms null results from other direct detect experiments with different 

target medium
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Annual Modulation Search
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COSINE-100 (1.7 years)

COSINE-100 
1.7 yr

DAMA/LIBRA

+

PRL 123, 031302 (2019)

• Not yet conclusive. More data being taken
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ANAIS-112

�17

Least squared fit of the ANAIS-112 time-binned data in 2-6 keV energy regions to:

ω is fixed (1 year period)

A
N

A
IS-112 annualm

odulation

• Also not yet conclusive

1.5 years data published in PRL 123 031301 (2019) 

Sarsa, TAUP 2019Look for results from COSINE & ANAIS soon.
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Liquid Noble Gas Detectors: DM > 10 GeV

• Discovery instrument

• 300 - 1300 kg

• Single or dual phase

• Ar & Xe
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Figure 5: Current and future limits on DM direct detection spin-independent cross section, �SI
p , as a

function of DM mass, m�. The current limits are shown with solid black (LUX [171]), gray (PandaX-

II [172]), brown (XENON100 [197] and XENON1T [170]) and violet (CDMSlite-II [173]) lines. Future

projections correspond to CRESST-III (Phase 2) [208] (light blue), DarkSide G2 [206] (violet triple-dashed

line), DEAP3600 [204] (blue double-dashed line), LZ [202] (black long-dashed line), SuperCDMS at SNO-

LAB [207] (pink short-dashed line) as well as XENON1T/nT [201] (brown dash-dotted lines). We also show

the 95% C.L. region for the 19-parameter version of the MSSM (green shaded area) [209] and posterior

plot for the allowed parameter space of the CMSSM (brown area enclosed with the solid brown line) [210].

The shaded areas on top of the plot correspond to the favored regions for DM interpretations of anomalies

reported in the literature by the CDMS-Si [190] (blue), CoGeNT [184] (gray) CRESST-II [194] (light blue)

and DAMA/LIBRA [167] (light green) collaborations. The shaded area below the solid orange line on the

bottom of the plot corresponds to the irreducible neutrino background [165].

Implications for WIMP models Direct detection searches play a vital role in con-

straining various models of WIMP as DM. For instance, early negative results from the

Heidelberg-Moscow experiment [216] led to an exclusion of the scenario in which the ma-

jority of DM was composed of left-handed sneutrinos in the MSSM [128], as discussed in

Section 2.3. Since then many other theoretical candidates have been constrained by null

results of searches for the DM particles in DD experiments.

Limits from DD have also been derived on e↵ective contact operators describing pos-

sible interactions between DM and the SM particles (for studies related to DD see, e.g.,

[158, 159]). One can then translate the usual DD limits shown in the (m�,�SI
p ) plane into

the actual limits on the coe�cients of the operators that contribute to �
SI
p , while the other

coe�cients remain free and can, e.g., help to achieve the proper value of the DM relic

density. Stronger constraints can be obtained when both DD and ID searches are taken

into account (see, e.g., [217]).

Another phenomenological approach consist in “expanding” the contact operator ap-
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Phys.Rev.Lett. 121 (2018) no.11, 111302 
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Spin-Independent Limits > 10 GeV
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Goal of XENONnT

• Primary goal

1. Discover dark matter particle
2. Discover dark matter particle

• Secondary goals

1. Dark matter model exclusion
2. Neutrino-less double beta decay
3. Supernova detection
4. ……..

4

Nothing yet.

XENON Collaboration

Neutrino floor

Not shown: other couplings
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Gen-2 experiments: next 5 years

• active mass of 4 — 7 tons, 

�20Kamioka Observatory, ICRR, The University of Tokyo, Masaki Yamashita

 Generation 2 experiment    2019-2025
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active mass about  4-7 ton will start commissioning soon.

XENO
NnT (

5.9t) 

2019
-

DM2: Auke Colijn

Markus Horn - LUX-ZEPLIN Dark Matter experiment

LZ Design
• 10 t liquid Xenon  

(7 t active, 5.6 t fid.Vol.) 

• 494 3” PMTs 

• 50 kV cathode 

• Xenon skin detector  
(131 1” & 2” PMTs) 

• liquid scintillator outer 
detector (120 8” PMTs) 

• high purity water shield 

• 4850L Sanford Lab
 7

Technical Design Report, arXiv:1703.09144 

Markus Horn - LUX-ZEPLIN Dark Matter experiment

Status update - PMT arrays

• Top & Bottom array checkouts complete - June ‘19
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! M. Kapust

DM2: Alden Fan

PandaX-xT facilities

2018/7/24 Yong Yang, SJTU 27

• Intermediate stage: 
• PandaX-4T (4-ton in sensitive region) with SI sensitivity ~10-47 cm2

• On-site assembly and commissioning: 2019-2020

TPC Drift region: F ~1.2m, H ~1.2m

512

Current	Status	and	Schedule

• R&D	work-in-progress
• 2019-2020:	assembly	and	commissioning

Ning	Zhou,	ICHEP	2018 19
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Cooling	bus

Krypton	measurement
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DM18: Jianglai Liu on 
Thursday 

The LUX-ZEPLIN Dark Matter Experiment

Alden Fan  

for the LZ collaboration 
Stanford/KIPAC/SLAC 

TAUP 2019 

Toyama, Japan 

9 September 2019

LZ(7t)
 

2020-
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FIG. 4. 3D schematics of the DarkSide-20k experiment. The drawing shows the PPMA TPC filled with UAr,
surrounded by the VETO detector made of Gd-loaded PMMA shell sandwiched between two AAr active layers (the
inner one, named IAB and the outer one, named OAB in the text), all contained in the ProtoDUNE-like cryostat.
The OAB is optically separated by the AAr in contact with the cryostat wall by a membrane, whose characteristics
are yet to be defined.

lower bias voltage. SiPMs can also be e�ciently integrated into tiles that cover large areas and feature better
radiopurity up to an order of magnitude than PMTs.

Utilization of ProtoDUNE cryostat: The decision to abandon an organic liquid scintillator veto and
to host DS-20k within a ProtoDUNE-like cryostat was originally motivated by the need of minimizing the
environmental impact on underground LNGS operations but carries significant performance advantages.
Indeed, operating the TPC directly in the ProtoDUNE-like cryostat allows eliminating the stainless steel
cryostat and placing SiPMs modules outside the TPC, thus keeping most radioactive components further
away from the active volume. Also, the scalability to even larger experiment is higher with this design.

V. DARKSIDE-20K

DS-20k will be located in the Hall-C of the Gran Sasso National Laboratory (LNGS) in Italy. It consists of
two detectors: the inner detector and the veto detector, both hosted in a ProtoDUNE-like cryostat [41, 42].
The inner detector is a Liquid Argon Time Projection Chamber (LAr TPC) filled with UAr contained in
an acrylic vessel made from the same ultra-pure poly(methyl methacrylate) (PMMA) developed for the
DEAP-3600 experiment. The active volume is defined by octagonal reflector panels and top & bottom
windows of the acrylic vessel. All the surface touching the active volume is coated with TPB wavelength
shifter to convert LAr scintillation light to detectable light to SiPMs. The top and bottom SiPM-based PDM
arrays, 4140 PDMs each, are located outside the acrylic vessel viewing the active volume through the acrylic
windows. The height of the TPC is 2.63m. With this design, the total mass of LAr in the active volume is
38.6 t.

The veto detector is made of a passive Gd-loaded PMMA shell, surrounding the inner detector, sandwiched
between two active AAr layers. The Gd-loaded PMMA shell moderates neutrons emitted from materials
of the LAr TPC and enhances neutron capture on Gd, resulting in the emission of multiple �-rays. The
�-rays are detected by use of scintillation light emitted by the AAr layers. The ProtoDUNE-like cryostat
will be surrounded by layers of plastic for moderation of cosmogenic and radiogenic neutrons from the rocks
surrounding the LNGS Hall C.

Fig. 4 shows a 3D schematic, with the TPC placed inside the Veto detector. DS-20k is expected to be
operated in a zero-background mode, i.e., suppressing background from instrumental sources to < 0.1 events
in a 100 t yr exposure.

DarkS
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What might it look like in 2025?

• XENON 1T observes a few 
dark matter events


• Gen 2 solidifies discovery

• Start precision measurement 

with DARWIN 

�21

Goal of XENONnT

• Primary goal

1. Discover dark matter particle
2. Discover dark matter particle

• Secondary goals

1. Dark matter model exclusion
2. Neutrino-less double beta decay
3. Supernova detection
4. ……..

4

???
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FIG. 7. Experimental results on elastic, spin-independent dark mat-
ter nucleus scattering depicted in the cross-section versus dark mat-
ter particle mass plane. If not specified explicitly, results are reported
with 90 % confidence level (C.L.). The result of this work is depicted
in solid red with the most stringent limit between masses of (0.16-
1.8) GeV/c2. The previous CRESST-II result is depicted in dashed
red [16], the red dotted line corresponds to a surface measurement
performed with a gram-scale Al2O3 detector [17]. We use a color-
coding to group the experimental results: Green for exclusion limits
(CDEX [18], CDMSlite [19], DAMIC [20], EDELWEISS[21, 22],
SuperCDMS [23]) and positive evidence (CDMS-Si (90 %C.L.) [23],
CoGeNT (99 %C.L.)[24]) obtained with solid state detectors based
on silicon or germanium, blue for liquid noble gas experiments based
on argon or xenon (DarkSide [25], LUX [26, 27], Panda-X[28],
Xenon100[29], Xenon1t[30]), violet for COSINE-100 (NaI) [31],
black for Collar (H) [32], magenta for the gaseous spherical pro-
portional counter NEWS-G (Ne + CH4) [33] and cyan for the super-
heated bubble chamber experiment PICO (C3F8) [34]. The gray re-
gion marks the so-called neutrino floor calculated for CaWO4 in [35].

VI. RESULTS

We use the Yellin optimum interval algorithm [36, 37] to
extract an upper limit on the dark matter-nucleus scattering
cross-section. In accordance with this method, we consider
all 441 events inside the acceptance region to be potential dark
matter interactions; no background subtraction is performed.

The anticipated dark matter spectrum follows the stan-
dard halo model [38] with a local dark matter density
of rDM = 0.3 (GeV/c2)/cm3, an asymptotic velocity of
v� = 220km/s and an escape velocity of vesc = 544km/s.
Form factors, which are hardly relevant given the low trans-
ferred momenta here, follow the model of Helm [39] in the
parametrization of Lewin and Smith [40].

The result of the present analysis on elastic scattering of
dark matter particles off nuclei is depicted in solid red in figure
7 in comparison to the previous CRESST-II exclusion limit in
dashed red and results from other experiments (see caption

and legend of figure 7 for details). The red dotted line cor-
responds to a surface measurement with a 0.5 g Al2O3 crys-
tal achieving a threshold of 19.7 eV using CRESST technol-
ogy [17].

The improvement in the achieved nuclear recoil threshold,
in the respectively best performing detectors, from 0.3 keV
for CRESST-II to 30.1 eV for CRESST-III, yields a factor of
more than three in terms of reach for low masses, down to
0.16 GeV/c2. At 0.5 GeV/c2 we improve existing limits by a
factor of 6(30) compared to NEWS-G (CRESST-II). In the
range (0.5-1.8) GeV/c2 we match or exceed the previously
leading limit from CRESST-II.

VII. CONCLUSION

In this paper, we report newly implemented data process-
ing methods, featuring in particular the optimum filter tech-
nique for software-triggering and energy reconstruction. This
allows one to make full use of the data down to threshold. The
best detector operated in the first run of CRESST-III (05/2016-
02/2018) achieves a threshold as low as 30.1 eV and was,
therefore, chosen for the analysis presented.

In comparison to previous CRESST measurements, an in-
dication of a g-line at approximately 540 eV compatible with
the N1 shell electron binding energy of 179Hf could be ob-
served. Together with the reappearance of known lines, this
corroborates the analysis of background components outlined
in [11], as well as the energy calibration in this work.

At energies below 200 eV we observe a rising event rate
which is incompatible with a flat background assumption and
seems to point to a so-far unknown contribution. At the time
of writing, dedicated hardware-tests with upgraded detector
modules are underway to illuminate its origin.

We present exclusion limits on elastic dark matter particle-
nucleus scattering, probing dark matter particle masses below
0.5 GeV/c2 and down to 0.16 GeV/c2.

VIII. APPENDIX

1. Study of Systematic Uncertainties

As discussed in section IV the energy scale is adjusted us-
ing the 11.27 keV g-peak (Hf L1 shell). As a consequence
the energy scale is only strictly valid for events with a light
yield of one. In particular, for a nuclear recoil less scintilla-
tion light is produced and, thus, more energy remains in the
phonon channel leading to an overestimation of the phonon
energy. Based on the fact that we measure both energies –
phonon (Ep) and light (El) – one can account for this effect as
was shown in [15] by applying the following correction:

E = hEl +(1�h)Ep = [1�h(1�LY )]Ep. (1)

CRESST-III

CDMSlite

EDELWEISS

DarkSide

NEWS-G

DAMIC

• we see dark matter events in 
low-mass searches


• consistent picture emerges out 
of different nuclear masses


• start precision measurement 
with larger detectors

???
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SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why

13

US Cosmic Visions: New Ideas in Dark Matter 2017 
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Bertone & Tait
Nature 562, 51–56 (2018)

• Heavier? e.g. wino?

• do we need to explain dark 

matter on its own?

• lighter and weaker coupling?
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Low mass detectors: meV — GeV

• Probe dark matter below proton mass

• lighter targets

• lower thresholds

• look for scattering or absorption by nuclei or electrons

�24FIG. 4: Ideas to probe low-mass DM via scattering o↵, or absorption by, nuclei (NR) or electrons
(ER).

Several well-motivated DM candidates can be probed. In several cases, sharp theory

targets in parameter spaces can be identified, which can be probed by first-generation, low-
cost experiments with target exposures of as little as 100 gram-days. These sharp targets
have been discussed in Section III. They assume that the basic interaction between the DM
and SM particles are through a dark photon, which allows the DM to couple to all electrically
charged particles:

• Elastic Scalar – a (complex) scalar particle, �, can obtain the observed relic abun-
dance from thermal freeze-out of the “direct-annihilation” process � + �⇤

$ A0⇤
!

SM + SM, where A0 is the dark photon [89]. The annihilation cross section, �ann is
proportional to ↵D✏2µ�,e/m4

A0 , and has precisely the same dependence as the direct-
detection cross section, �DD does on the fundamental parameters, mA0 (the dark-
photon mass), ✏ (the kinetic mixing), and ↵D (the “fine-structure constant” of the
dark U(1)) [50] (µ�,e is the DM-electron reduced). In fact, since the final DM relic
abundance, n�, is proportional to 1/�ann, the direct-detection rate is proportional to
n��DD ⇠ �DD/�ann, which is a constant for a given m�. So even if � constitutes only a
subdominant component of the entire DM, the “target” cross section on the �DD�m�

plane is a fixed line.

• Asymmetric Fermion – a Dirac fermion can obtain the correct relic abundance from
an initial asymmetry and provides an “asymmetric” DM candidate [13]. However, di-
rect annihilation between DM and SM particles from �+�̄ ! A0⇤

$ SM+SM produces
also a symmetric component, whose abundance is smaller for larger annihilation cross
sections [43]. The symmetric component can annihilate and, if its abundance is too
large, distort the Cosmic Microwave Background power spectrum. The CMB thus sets
a lower bound on the annihilation cross section and, therefore, on �DD [50].

• ELDER – An “elastically decoupling relic” (ELDER) has its relic abundance set by
its elastic scattering o↵ SM particles through A0 exchange (as opposed to annihilation

33

US Cosmic Vision, arXiv:1707 .04591v1 [hep-ph]

• lighter targets: to keep kinematic matching
• lower threshold: to detect smaller signals
• change search channel: light WIMPs cannot transfer sufficient momentum to 

generate detectable nuclear recoils → scattering off or absorption by nuclei
(NR) or electrons (ER)

Low mass dark matter
Probe dark matter candidates with masses between the meV to GeV scale

S. Cebrián,  TAUP2019, 11 September 2019
10 MeV-1 GeV        1 meV-1 keV

1 MeV-10 GeV      1 keV-1 GeV

US Cosmic Visions, arXiv:1707.04591
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DAMIC

Silicon charge-coupled devices (CCDs): charge produced in the 
interaction drifts towards the pixel gates, until readout.
+ 3D position reconstruction possible: the depth of interaction correlated with 
the lateral charge diffusion
+ Effective particle identification and background rejection

DArk Matter In CCDs

S. Cebrián,  TAUP2019, 11 September 2019

DAMIC at SNOLAB: 
• High resisitivity, fully depleted CCDs developed at Berkeley 

(675 Pm thick, area 6x6 cm2, 4k x 4k pixels, mass 6 g ech)
• 7 CCDs, 40 g since 2017
• Leakage current 2 e-/mm2/day
• Contamination in Si bulk quantified (32Si) through time-

correlated spatial coincidences, study on 3H
• Bulk background 5 c/(keV kg d), threshold 50 eVee
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(675 Pm thick, area 6x6 cm2, 4k x 4k pixels, mass 6 g ech)
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• Leakage current 2 e-/mm2/day
• Contamination in Si bulk quantified (32Si) through time-

correlated spatial coincidences, study on 3H
• Bulk background 5 c/(keV kg d), threshold 50 eVee

DAMIC
Si CCDs

SENSEI
Skipper technology

NEWS-G
Spherical proportional counter

SENSEI

• Prototype developed at Berkeley: 200 Pm thick, 15 Pm x 15 
Pm square pixels, 0.0947 g total active mass

• Operated at Fermilab MINOS Hall (100 m underground)
• Constraints on dark matter-electron scattering and 

possibility to explore a broad range of hidden-sector dark
matter candidates

O. Abramoff et al, Phys. Rev. Lett. 122, 161801 (2019) 

• Proposal to install a 100-g detector in 2020 with custom-
designed electronics deep underground at SNOlab

Sub-Electron-Noise Skipper CCD Experimental Instrument 
Silicon charge-coupled devices (CCDs): new generation of CCDs consisting of million pixels 
and innovative Skipper readout to measure precisely the number of free electrons in each pixel.

S. Cebrián,  TAUP2019, 11 September 2019
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Sub-Electron-Noise Skipper CCD Experimental Instrument 
Silicon charge-coupled devices (CCDs): new generation of CCDs consisting of million pixels 
and innovative Skipper readout to measure precisely the number of free electrons in each pixel.

S. Cebrián,  TAUP2019, 11 September 2019

NEWS-G:
• At SNOLab
• 140-cm low activity copper sphere, built in 

France
• Work on mitigation of 210Pb in copper
• First full implementation and tests currently in 

Modane
• Lighter targets: H, He

NEWS-G

• Testing new mixtures and sensors
• Single electron response (gain, drift and 

diffusion times, …) characterized with a laser 
system

Q. Arnaud et al, Phys. Rev. D 99 (2019) 102003 
• Quenching factor measurements at Grenoble

for H and at TUNL (Duke University) for Ne-
CH4(2%) down to 300 eV: no published
measurements for Ne now

S. Cebrián,  TAUP2019, 11 September 2019

Q. Arnaud et al, Astropart. Phys. 97, 54 (2018)
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Where are we now?
• 30 years of Direct Detection WIMP Search
• DAMA vs. null-results
• Hints from indirect detection
• Upcoming “Gen2” experiments may yield signal
• Where to after “neutrino floor”?
Where to? 
• New WIMP and axion experiments are coming 

online. 
• WIMPs? Low mass? Warm? Other forms of DM?

When do we say “YES!” ?
• Consistent w/ astrophysics observations +

• reproducible 
• targets, cross section, annual modulation, … 

Summary

Kamioka Observatory, ICRR, The University of Tokyo, Masaki Yamashita

Low Mass by cryogenic detectors
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DM7: DAMIC, NEWS-G,    also see Susana Cebrian

DM7 Sep.10
Tsuguo Aramaki

SuperCDMS
CDMSlite 
E threshold  = 56 eV 

=> SNOLAB 
4 towers x 6 detectors 
about 30 kg total 
start in 2021

DM7 Sep.10
Jules Gascon

EDELWEISS
LSM (Modane) 
total 20 kg Ge 

R&D: @SURFACE 
detector mass 33.4 g 
E threshold = 60 eV
arXiv:1901.03588v2

Institut für KernphysikBernhard Siebenborn - EDELWEISS dark matter search

EDELWEISS R&D at surface
above ground lab: overburden < 1 m

dry cryostat (Cryoconcept)

vibration mitigation: suspended detector

smaller Ge detectors: mGe = 33.4 g

phonon sensor: Ge-NTD

low energy calibration:

55Fe x-ray source

neutron activation of Ge

10
DM7 Sep.10
Holger Kluck

CRESST-III
CaWO4 @LNGS 
Mass: 23.6 g 
E threshold  = 30.1 eV 

to observe dark matter particles via their elastic scattering off nuclei in their detectors. The small energy
deposit by the interaction in the detector material and the very small expected event rates represent the
major challenges of these experiments.
Cryogenic experiments currently provide the best sensitivity for light dark matter particles, with the
CRESST experiment advancing to the sub-GeV/c2 dark matter particle mass regime.
The CRESST target consists of scintillating CaWO4 crystals operated as cryogenic calorimeters at
millikelvin temperatures (phonon detectors). Most of the energy deposited in a crystal by a particle
interaction induces a heat signal, yielding a precise energy measurement. A small fraction of the
deposited energy is emitted as scintillation light that is measured by a secondary independent cryogenic
calorimeter (light detector), allowing for particle identification [1, 2]. A phonon detector and the
corresponding light detector form a detector module. Both, phonon and light detectors are read out
via tungsten transition edge sensors (TES). Each detector is equipped with a heater to stabilize the
temperature in the operating point and to inject pulses which are needed for the energy calibration.
The experiment is based in the LNGS (Laboratori Nazionali del Gran Sasso) underground laboratory in
central Italy.

2. CRESST-III Detectors

The results from CRESST-II Phase 2 [3, 4] clearly demonstrate that the energy threshold is the main
driver for low-mass dark matter search. Given the kinematics of coherent, elastic dark matter particle-
nucleus scattering, extremely low thresholds of O(50 eV) are necessary to access dark matter particle
masses of O(0.1 GeV). Therefore, the detector optimization for CRESST-III followed a straight-forward
approach thoroughly discussed in [5]. The CaWO4 target crystals of already available quality (i.e.
radiopurity and optical properties) have been scaled down in mass from ⇠ 300 g to 24 g and the
thermometer design has been optimised to achieve a threshold of <100 eV.
A schematic view of the detector layout is presented in fig. 1.

Figure 1. Left: Schematic view of the detector design for CRESST-III modules. Right: Open CRESST-
III detector module during mounting in the Gran Sasso facility.

As can be seen from the picture in fig. 1, the phonon and light detectors are held by CaWO4 sticks,
a design which was already successfully implemented in CRESST-II Phase 2 [4, 6]. In addition, a
novel concept for an instrumented detector holder is introduced in which the sticks holding the phonon
detectors are equipped with TESs which realize a veto against events related to the crystal support.

3. CRESST-III Phase 1

The first data-taking period of the CRESST-III experiment, referred to as Phase 1, has started in July
2016 and since November 2016 the experiment is steadily collecting dark matter data.

Phys. Rev. D 99, 062001 arXiv:1711.07692
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Figure 5: Current and future limits on DM direct detection spin-independent cross section, �SI
p , as a

function of DM mass, m�. The current limits are shown with solid black (LUX [171]), gray (PandaX-

II [172]), brown (XENON100 [197] and XENON1T [170]) and violet (CDMSlite-II [173]) lines. Future

projections correspond to CRESST-III (Phase 2) [208] (light blue), DarkSide G2 [206] (violet triple-dashed

line), DEAP3600 [204] (blue double-dashed line), LZ [202] (black long-dashed line), SuperCDMS at SNO-

LAB [207] (pink short-dashed line) as well as XENON1T/nT [201] (brown dash-dotted lines). We also show

the 95% C.L. region for the 19-parameter version of the MSSM (green shaded area) [209] and posterior

plot for the allowed parameter space of the CMSSM (brown area enclosed with the solid brown line) [210].

The shaded areas on top of the plot correspond to the favored regions for DM interpretations of anomalies

reported in the literature by the CDMS-Si [190] (blue), CoGeNT [184] (gray) CRESST-II [194] (light blue)

and DAMA/LIBRA [167] (light green) collaborations. The shaded area below the solid orange line on the

bottom of the plot corresponds to the irreducible neutrino background [165].

Implications for WIMP models Direct detection searches play a vital role in con-

straining various models of WIMP as DM. For instance, early negative results from the

Heidelberg-Moscow experiment [216] led to an exclusion of the scenario in which the ma-

jority of DM was composed of left-handed sneutrinos in the MSSM [128], as discussed in

Section 2.3. Since then many other theoretical candidates have been constrained by null

results of searches for the DM particles in DD experiments.

Limits from DD have also been derived on e↵ective contact operators describing pos-

sible interactions between DM and the SM particles (for studies related to DD see, e.g.,

[158, 159]). One can then translate the usual DD limits shown in the (m�,�SI
p ) plane into

the actual limits on the coe�cients of the operators that contribute to �
SI
p , while the other

coe�cients remain free and can, e.g., help to achieve the proper value of the DM relic

density. Stronger constraints can be obtained when both DD and ID searches are taken

into account (see, e.g., [217]).

Another phenomenological approach consist in “expanding” the contact operator ap-
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