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Happy to be here again!



Outline

‣ Direct detection (DD) of “WIMP” dark matter. 

‣ Extending the DD sensitivity to the scattering of 
lighter WIMPs. 

‣ Technology overview. 

‣ Results from different experiments (focus on leading 
and recent 2018-19 results). 

‣ Outlook for the coming years.
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Galactic dark matter
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Dark matter is cold, kinetic 
energy is ~10-6 Mc2.

Local density in ~0.3 
GeV c2 cm-3.

Need detector with low energy threshold, largest possible 
exposure and correspondingly low backgrounds.

Interaction cross-section 
is small.

Dark matter particle can deposit at most its kinetic energy (if 
fermion) or its rest energy (if boson).



WIMP-nucleus ES
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Traditional mechanism for 
WIMP searches:

Coherent 
enhancement: �N / A2

Recoil spectrum in Si target

Maximum energy transfer 
when M ~ A

Lower recoil energies for smaller 
WIMP masses

MT � M� ET < 4
M�

MT
E�

For low-mass WIMP:

dr
u
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Rapid loss 
in sensitivity

Lighter WIMPs
Elastic scattering 
limited: ET < 4

M�

MT
E�

Find process that can extract most (all!) 
kinetic energy from the DM particle.
‣ If the energy is deposited by an 

electron, can probe Eχ down to 
ionization threshold!

!

Noble liquids ~ 10 eV
Semiconductors ~ 1 eV!

Can probe scattering of WIMPs 
as light as MeV/c2.



Processes
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Three-body final state:

DM-e scattering:

e-, γ

‣ An additional e- or γ in the final state. 

‣Migdal effect (atomic e-) or Bremsstrahlung (γ). 

‣ E and p can be conserved even when e- or γ take 
most of the WIMP kinetic energy. 

‣ Probability of e- or γ emission <10-6. Rare. 

‣ Never observed for recoils with keV energies. 
Uncalibrated.

e recoilχ

‣ Electrons are a lighter target. 

‣ Electrons bound with some momentum; there is 
a region of phase-space where the electron 
carries most of the WIMP kinetic energy. 

‣ Phase-space ‘penalty,’ no coherent enhancement 
and probing DM-e interaction cross-section. 

http://ddldm.physics.sunysb.edu/ddlDM/
https://arxiv.org/abs/1707.07258
https://arxiv.org/abs/1607.01789


Direct detection
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‣ Low threshold (toward the ionization limit and below with 
heat sensors) to access smaller WIMP masses. 

‣ Scalable technologies to increase the number of 
interactions in the target. 

‣ Low and controlled backgrounds to identify the rarest 
signals and probe the smallest cross sections.

Although there are new ideas motivated by a broader 
theoretical perspective and enabled by new technologies, 

the game remains the same

‣ (Maybe someday) directionality to 
confirm the discovery and WIMP 
astronomy.
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Dark Matter “Gold Rush”
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Techniques
๏Noble liquids
๏Low-threshold 
๏Bubble chambers
๏Cryogenic bolometers
๏Scintillating crystals
๏Directional detectors

Target Materials
๏Xe, Ar, Ne, He
๏Ge, Si, He
๏C3F8, CF3I
๏Ge, Si, CaWO4, NaI
๏NaI, CsI
๏CS2, CF4, CHF3

Technologies K. Ni PDF 2019

electronic/

https://indico.cern.ch/event/782953/contributions/3414267/


DAMA/LIBRA
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Figure 2: Experimental residual rate of the single-hit scintillation events measured
by DAMA/LIBRA–phase2 in the (1–3), (1–6) keV energy intervals as a function of
the time. The time scale is maintained the same of the previous DAMA papers for
consistency. The data points present the experimental errors as vertical bars and
the associated time bin width as horizontal bars. The superimposed curves are the
cosinusoidal functional forms A cosω(t − t0) with a period T = 2π

ω = 1 yr, a phase
t0 = 152.5 day (June 2nd) and modulation amplitudes, A, equal to the central values
obtained by best fit on the data points of the entire DAMA/LIBRA–phase2. The
dashed vertical lines correspond to the maximum expected for the DM signal (June
2nd), while the dotted vertical lines correspond to the minimum.

in the fitting procedure. As reported in the table, the period and the phase are well
compatible with expectations for a DM annual modulation signal. In particular, the
phase is consistent with about June 2nd and is fully consistent with the value indepen-
dently determined by Maximum Likelihood analysis (see later). For completeness, we
recall that a slight energy dependence of the phase could be expected (see e.g. Refs.
[55, 56, 35, 58, 59, 60]), providing intriguing information on the nature of Dark Matter
candidate and related aspects.
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Annual modulation (9.5 σ) 
of total low-energy signal 

rate in array of NaI 
scintillating crystals.

“Smoking gun” evidence 
for dark matter

Phase 2 results 2011-2017 
confirmed and extended 

modulation to 1 keV

6 The modulation amplitudes by the maximum like-
lihood approach

The annual modulation present at low energy can also be pointed out by depicting
the energy dependence of the modulation amplitude, Sm(E), obtained by maximum
likelihood method considering fixed period and phase: T =1 yr and t0 = 152.5 day.
For such purpose the likelihood function of the single-hit experimental data in the

k−th energy bin is defined as: Lk = Πije−µijk
µ
Nijk
ijk

Nijk!
, where Nijk is the number of

events collected in the i-th time interval (hereafter 1 day), by the j-th detector and
in the k-th energy bin. Nijk follows a Poisson’s distribution with expectation value
µijk = [bjk + Si(Ek)]Mj∆ti∆Eϵjk. The bjk are the background contributions, Mj is
the mass of the j−th detector, ∆ti is the detector running time during the i-th time
interval, ∆E is the chosen energy bin, ϵjk is the overall efficiency. The signal can be
written as:

Si(E) = S0(E) + Sm(E) · cosω(ti − t0),

where S0(E) is the constant part of the signal and Sm(E) is the modulation amplitude.
The usual procedure is to minimize the function yk = −2ln(Lk)−const for each energy
bin; the free parameters of the fit are the (bjk+S0) contributions and the Sm parameter.
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Figure 10: Modulation amplitudes, Sm, for DAMA/LIBRA–phase2 (exposure 1.13
ton×yr) from the energy threshold of 1 keV up to 20 keV (full triangles, blue data
points on-line) – and for DAMA/NaI and DAMA/LIBRA–phase1 (exposure 1.33
ton×yr) [4] (open squares, red data points on-line). The energy bin ∆E is 0.5 keV.
The modulation amplitudes obtained in the two data sets are consistent in the (2–20)
keV: the χ2 is 32.7 for 36 d.o.f., and the corresponding P-value is 63%. In the (2–6)
keV energy region, where the signal is present, the χ2/d.o.f. is 10.7/8 (P-value = 22%).

In Fig. 10 the modulation amplitudes obtained considering the DAMA/LIBRA–
phase2 data are reported as full triangles (blue points on-line) from the energy thresh-
old of 1 keV up to 20 keV. Superimposed to the picture as open squared (red

16

M
od

ul
at

io
n 

am
pl

itu
de

No proposed DM explanation is consistent 
with DAMA and other experiments: 

Note: Modulation 
amplitude is larger than 

total recoil rates in iodine 
and electron targets.

https://arxiv.org/abs/1805.10486


Direct tests of DAMA
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COSINE-100 ANAIS-112

4

ulation of signal events.
The event rates as functions of time are modeled as:

Rate = C + p0 exp (�
ln2t

p1
) +A cos

2⇡(t� t0)

T
, (1)

where C is a constant o↵set constrained by background
modeling as described in Ref. [39], and p0 and p1 are
the amplitude and half-life for an exponentially decay-
ing background, which models cosmogenically activated
backgrounds. The modulation is described by A, T =
365.25 d, and t0, its amplitude, period, and phase, re-
spectively.

The data from all crystals were fit simultaneously with
the same amplitude and phase amongst all crystals but
allowing for di↵erent exponential decaying and constant
background components to account for the varying back-
ground levels across di↵erent crystals. Figure 3 shows
the COSINE-100 event rates over time for the 2–6 keV
ROT in the crystals used in this analysis, where recorded
670 events/day on average, i.e. 2.7 cpd/kg/keV. We per-
formed �-squared minimization fits for the modulation
amplitude with the period fixed at 365.25 d with the
phase as a free parameter and, also, with it fixed at
the halo-model expectation value of 152.5 d and the
DAMA/LIBRA-observed value of 145 d. Initially, we
performed a blinded analysis by only analyzing ⇠9%
of the data, evenly distributed in time. However, dur-
ing unblinding, we observed a large number of anoma-
lous noise events within the signal region. This led us
to develop BDT2 in order to remove these anomolous
events and to reanalyze the data unblinded. The best
fit to the 2–6 keV range has a modulation amplitude of
0.0092±0.0067 cpd/kg/keV with a phase of 127.2±45.9 d.
A log-likelihood parameter estimation of the annual mod-
ulation with amplitude and phase as free parameters
shows that the current data from COSINE-100 is con-
sistent with both the DAMA/LIBRA annual modula-
tion result and the null hypothesis of no modulation at
the 68.3% C.L. as shown in Fig 4. A Feldman-Cousins
method [40] was also used to crosscheck the result, and
returned a consistent C.L.

Table I summarizes the result of the various fitting sce-
narios used for the 2–6 keV energy interval. The period
is fixed at 365.25 d (one year) for all scenarios, whereas
the phase is either floated freely or fixed at 152.5 d as
expected from the standard halo model. COSINE-100 is
the only NaI(Tl) experiment with a LS veto surrounding
the crystals providing additional capabilities for rejection
of external background. As a crosscheck, we show the an-
nual modulation fit results both with and without the LS
veto. The LS veto removes backgrounds and improves
the uncertainties on the annual modulation amplitudes
by 4%.

The best fit modulation amplitudes as a function of
energy with 1 keV energy bins are shown in Fig. 5. These
fits were performed with a fixed period of one year and

FIG. 4. The COSINE-100 best fit and 68.3%, 95.5%, and
99.7% C.L. contours as functions of modulation amplitude
and phase relative to January 1, for a fixed period of 365.25
d. A Feldman-Cousins technique is used as a crosscheck and
resultant 68.3% C.L. is shown. The amplitude and phase re-
ported by DAMA/LIBRA in the 2–6 keV energy interval with
statistical uncertainties (blue cross) and the phase expected
from the standard halo model (June 2) are overlaid for com-
parison. Top and side panels show the dependence of ��2

on phase and amplitude, respectively, along with two-sided
significance levels.

FIG. 5. Modulation amplitude as a function of energy in 1 keV
bins for the 1.7 year COSINE-100 single-hit (red closed circle)
and multiple-hit (orange open circle) events. DAMA/LIBRA
phase 1 (blue) and phase 2 (green) from Ref. [12] are also
shown for reference. The period and phase are fixed at 365.25
d and 152.5 d. Horizontal error bars represent the width of
the energy bins used for the analysis. Vertical error bars are
±1� errors on the binned modulation fit amplitudes.

the phase fixed at 152.5 d.
In summary, we report the results from the search

for a dark matter–induced annual modulation signal in
NaI(Tl) based on 1.7 years of COSINE-100 data. A
fit to the 2–6 keV energy range returns a modulation
amplitude of 0.0092±0.0067 cpd/kg/keV with a phase of
127.2±45.9 d. At 68.3% C.L., this result is consistent

5

culated per 1 keV energy bins, from 1 to 20 keV (bottom
panel, black dots), together with the DAMA-phase-2 modu-
lation amplitudes extracted from Ref. [8] (blue triangles). The
top panel shows the p-values for the null (open squares) and
modulation hypothesis (closed circles) for every energy bin.
All the modulation amplitudes in the ROI are compatible with
0 and, in general, p-values for the null hypothesis are slightly
larger than those of the modulation hypothesis. The 1s and
2s bands shown in the figure are obtained following Ref. [28]
for the present ANAIS-112 exposure.

In summary, to test the DAMA/LIBRA annual modulation
result in a model independent way, an analysis of the first year
and half of data from ANAIS-112 experiment has been pre-
sented. It is compatible with the sensitivity estimates done
in Ref. [28], and confirms our goal of reaching sensitivity at
3s level in five years (see Figure 3) to DAMA/LIBRA re-
sult. We derive best fits for the modulation amplitude Sm =
�0.0044± 0.0058 and �0.0015± 0.0063 cpd/kg/keV, in the
[2-6] and [1-6] keV energy regions, respectively, compatible
with the absence of modulation.
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ropean Regional Development Fund (MINECO-FEDER) un-
der grants No. FPA2014-55986-P and FPA2017-83133-P,
the Consolider-Ingenio 2010 Programme under grants Mul-

energy (keV)
0 5 10 15 20

Sm
 (c

pd
/k

g/
ke

V)

-0.04

-0.02

0

0.02

0.04
σ1

σ2

this result

DAMA/LIBRA phase2

0 5 10 15 20

p-
va

lu
e

0.5

1 null hyp
modulation hyp

FIG. 4: Modulation amplitude per 1 keV energy bins combining
data from all the modules. We show for reference the correspond-
ing DAMA/LIBRA result [8], and the 1s and 2s ANAIS-112 bands
following the analysis done in Ref. [28]. Top panel compares the p-
values of the fits to Equation 2 with those corresponding to the null
hypothesis for every energy bin.
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100-kg NaI arrays in Korea and Spain released 
first annual modulation results in 2019: 

Observed modulation amplitudes consistent 
with both DAMA and no modulation.

Wait 3-5 years for 
3-σ sensitivity to 

test DAMA!

https://arxiv.org/abs/1903.10098
https://arxiv.org/abs/1903.03973


Noble liquids
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‣ Xenon or argon. 

‣ 3D position reconstruction: 
fiducialization. 

‣ Discrimination between 
electronic and nuclear recoils. 

‣ Large target mass (tonne scale). 

‣ Easy to purify. 

‣ Sensitivity to single-photon (S1) 
and single-electron (S2) signals.

Two-phase time-
projection chamber (TPC)

https://arxiv.org/abs/1907.06272


Noble liquids
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FIG. 5: 90% confidence level upper limit on σSI from this
work (thick black line) with the 1σ (green) and 2σ (yel-
low) sensitivity bands. Previous results from LUX [6]and
PandaX-II [7]are shown for comparison. The inset shows
these limits and corresponding ±1σ bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

model to correctly describe events with enlarged S1s due
to additional scatters in the charge-insensitive region be-
low the cathode. These events comprise 13% of the to-
tal neutron rate in Table I. Third, we implemented the
core mass segmentation to better reflect our knowledge
of the neutron background’s Z distribution, motivated
again by the neutron-like event. This shifts the prob-
ability of a neutron (50 GeV/c2 WIMP) interpretation
for this event in the best-fit model from 35% (49%) to
75% (7%) and improves the limit (median sensitivity)
by 13% (4%). Fourth, the estimated signal efficiency
decreased relative to the pre-unblinding model due to
further matching of the simulated S1 waveform shape
to 220Rn data, smaller uncertainties from improved un-
derstanding and treatment of detector systematics, and
correction of an error in the S1 detection efficiency nui-
sance parameter. This latter set of improvements was
not influenced by unblinded DM search data.

In addition to blinding, the data were also “salted” by
injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile like-
lihood analysis indicates no significant excesses in the
1.3 t fiducial mass at any WIMP mass. A p-value calcu-
lation based on the likelihood ratio of the best-fit includ-

ing signal to that of background-only gives p = 0.28, 0.41,
and 0.22 at 6 , 50, and 200 GeV/c2 WIMP masses, respec-
tively. Figure 5 shows the resulting 90% confidence level
upper limit on σSI , which falls within the predicted sen-
sitivity range across all masses. The 2σ sensitivity band
spans an order of magnitude, indicating the large random
variation in upper limits due to statistical fluctuations of
the background (common to all rare-event searches). The
sensitivity itself is unaffected by such fluctuations, and is
thus the appropriate measure of the capabilities of an ex-
periment [44]. The inset in Fig. 5 shows that the median
sensitivity of this search is ∼7.0 times better than previ-
ous experiments [6 , 7] at WIMP masses > 50 GeV/c2.

Table I shows an excess in the data compared to the to-
tal background expectation in the reference region of the
1.3 t fiducial mass. The background-only local p-value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration
of alternate signal models. This choice is conservative as
it results in a weaker limit.

In summary, we performed a DM search using an ex-
posure of 278.8 days × 1.3 t = 1.0 t×yr, with an ER
background rate of (82+5

−3 (sys) ± 3 (stat)) events/(t ×
yr × keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section σSI at
4.1×10−47 cm2 for a mass of 30 GeV/c2, the most strin-
gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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FIG. 4. Upper limits on the SI (upper panel), SD proton-
only (middle panel), and SD neutron-only (lower panel) DM-
nucleon interaction cross-sections at 90% C.L. using signal
models from the Migdal e↵ect and BREM in the XENON1T
experiment with the S1-S2 data (blue solid lines) and S2-
only data (black solid lines). Green and yellow shaded re-
gions give the 1 and 2� sensitivity contours for the S1-S2
data, respectively. The upper limits on the SI DM-nucleon
interaction cross sections from LUX [26], EDELWEISS [27],
CDEX [28], CRESST-III [29], NEWS-G [30], CDMSLite-
II [31], and DarkSide-50 [32], and upper limits on the SD
DM-nucleon interaction cross sections from CRESST [29, 33]
and CDMSLite [34] are also shown. Note that the upper limits
derived using the S1-S2 and S2-only data are inferred using
unbinned profile likelihood method [16] and simple Poisson
statistics with the optimized event selection [20], respectively.
As in [20], the jumps in the S2-only limits are due to changes
in the observed event count due to the mass-dependent ROIs.
The sensitivity contours for the S2-only data is not given since
the background models used in the S2-only data are conser-
vative [20].

due to the long-range nature of the interaction. There-
fore, the results are interpreted for DM mass up to 5
GeV/c2 for SI-LM DM-nucleon elastic scattering.

No significant excess is observed above the background
expectation in the search using the S1-S2 data. Fig. 4
shows the 90% confidence-level (C.L.) upper limits on
the SI and SD (proton-only and neutron-only cases)

FIG. 5. Upper limits on the SI-LM DM-nucleon interac-
tion cross-sections at 90% C.L. using signal models from the
Migdal e↵ect and BREM in the XENON1T experiment with
the S1-S2 data (blue solid lines) and S2-only data (black solid
lines). Green and yellow shaded regions give the 1 and 2� sen-
sitivity contours for the S1-S2 data, respectively. The upper
limits on the SI DM-nucleon interaction cross sections from
LUX [26] and XENON1T S2-only (elastic NR results) [20] are
also shown.

DM-nucleon interaction cross-section using signal mod-
els from the Migdal e↵ect and BREM with masses from
60MeV/c2 to 2GeV/c2, and Fig. 5 shows the 90% C.L.
upper limits on the SI-LM DM-nucleon interaction cross-
section with masses from 60MeV/c2 to 5GeV/c2. The
upper limits derived using the S1-S2 data deviate from
the median sensitivity by about 1-2� due to the under-
fluctuation of the ER background in the low energy re-
gion. The results, by searching for ER signals induced
by the Migdal e↵ect, give the best constraint on SI, SD
proton-only, SD neutron-only, and SI-LM DM-nucleon
interaction cross-section for mass below about 1.8, 2.0,
2.0, and 4.0GeV/c2, respectively as compared to previ-
ous experiments [26–34]. The upper limits derived from
the S1-S2 data become comparable with those from the
S2-only data at ⇠GeV/c2 since the e�ciency of the S1-
S2 data to DM signals with mass of ⇠GeV/c2 becomes
su�ciently high. However, the upper limits derived from
the S1-S2 data do not provide significantly better con-
straints than those from the S2-only data for DM masses
larger than 1GeV/c2, because both data are dominated
by the ER background, which is very similar to the ex-
pected DM signal.
In summary, we performed a search for LDM by

probing ER signals induced by the Migdal e↵ect and
BREM, using data from the XENON1T experiment.
These new detection channels significantly enhance the
sensitivity of LXe experiments to masses unreachable
in the standard NR searches. We set the most strin-
gent upper limits on the SI and SD DM-nucleon inter-
action cross-sections for masses below 1.8GeV/c2 and
2GeV/c2, respectively. Together with the standard NR
search [8], XENON1T results have reached unprece-
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FIG. 4. Upper limits on the SI (upper panel), SD proton-
only (middle panel), and SD neutron-only (lower panel) DM-
nucleon interaction cross-sections at 90% C.L. using signal
models from the Migdal e↵ect and BREM in the XENON1T
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only data (black solid lines). Green and yellow shaded re-
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FIG. 5. The 90% confidence level upper limits (black lines with gray shading above) on DM-matter scattering for the models
discussed in the text, with the dark matter mass m� on the horizontal axes. We show other results from XENON1T in blue [5, 6],
LUX in orange [39–42], PandaX-II in magenta [31, 43, 44], DarkSide-50 in green [36, 45, 46], XENON100 in turquoise [14, 47],
EDELWEISS-III [48] in maroon, and other constraints [35, 49–51] in purple. In panel D, the dashed line shows the limit without
considering signals with < 12 produced electrons; the solid line can be compared to the constraints from [35, 36] shown in the
same panel, the dashed line to our results on other DM models, which use the Qy cuto↵s described in the text. The limits jump
at 17.5GeV/c2 in panel A (and similarly elsewhere) because the observed count changes from 10 to 3 events in the ROIs left
and right of the jump, respectively.

Third, bosonic DM candidates, such as dark photons
and axion-like particles (ALPs), can be absorbed by xenon
atoms, analogous to photons in the photoelectric e↵ect.
The result is a monoenergetic ER signal at E� = m�c2,
with rates of


4 ⇥ 1023 keV · 2/E�

1.3 ⇥ 1019 keV�1 · gae
2E�

�
�pe

A
kg�1day�1,

where the top row corresponds to dark photons [37] and
the bottom to ALPs [38]. Here �pe is xenon’s photoelectric
cross-section at E� in barn, A xenon’s atomic mass in

u,  the dark photon-photon kinetic mixing parameter,
and gae the axioelectric coupling constant. This process
allows us to constrain keV-scale DM candidates.

Inference and Results.—We constrain these DM models
based on the number of events in pre-determined S2 ROIs,
which vary for each model and mass. The ROIs are opti-
mized to give stringent limits on the training data, while
requiring that the lower (upper) bound is between the
5th and 60th (40th and 95th) percentile of the signal dis-
tribution in S2 2 [90, 3000] PE after selections, and never
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tribution in S2 2 [90, 3000] PE after selections, and never
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FIG. 5: 90% confidence level upper limit on σSI from this
work (thick black line) with the 1σ (green) and 2σ (yel-
low) sensitivity bands. Previous results from LUX [6]and
PandaX-II [7]are shown for comparison. The inset shows
these limits and corresponding ±1σ bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

model to correctly describe events with enlarged S1s due
to additional scatters in the charge-insensitive region be-
low the cathode. These events comprise 13% of the to-
tal neutron rate in Table I. Third, we implemented the
core mass segmentation to better reflect our knowledge
of the neutron background’s Z distribution, motivated
again by the neutron-like event. This shifts the prob-
ability of a neutron (50 GeV/c2 WIMP) interpretation
for this event in the best-fit model from 35% (49%) to
75% (7%) and improves the limit (median sensitivity)
by 13% (4%). Fourth, the estimated signal efficiency
decreased relative to the pre-unblinding model due to
further matching of the simulated S1 waveform shape
to 220Rn data, smaller uncertainties from improved un-
derstanding and treatment of detector systematics, and
correction of an error in the S1 detection efficiency nui-
sance parameter. This latter set of improvements was
not influenced by unblinded DM search data.

In addition to blinding, the data were also “salted” by
injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile like-
lihood analysis indicates no significant excesses in the
1.3 t fiducial mass at any WIMP mass. A p-value calcu-
lation based on the likelihood ratio of the best-fit includ-

ing signal to that of background-only gives p = 0.28, 0.41,
and 0.22 at 6 , 50, and 200 GeV/c2 WIMP masses, respec-
tively. Figure 5 shows the resulting 90% confidence level
upper limit on σSI , which falls within the predicted sen-
sitivity range across all masses. The 2σ sensitivity band
spans an order of magnitude, indicating the large random
variation in upper limits due to statistical fluctuations of
the background (common to all rare-event searches). The
sensitivity itself is unaffected by such fluctuations, and is
thus the appropriate measure of the capabilities of an ex-
periment [44]. The inset in Fig. 5 shows that the median
sensitivity of this search is ∼7.0 times better than previ-
ous experiments [6 , 7] at WIMP masses > 50 GeV/c2.

Table I shows an excess in the data compared to the to-
tal background expectation in the reference region of the
1.3 t fiducial mass. The background-only local p-value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration
of alternate signal models. This choice is conservative as
it results in a weaker limit.

In summary, we performed a DM search using an ex-
posure of 278.8 days × 1.3 t = 1.0 t×yr, with an ER
background rate of (82+5

−3 (sys) ± 3 (stat)) events/(t ×
yr × keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section σSI at
4.1×10−47 cm2 for a mass of 30 GeV/c2, the most strin-
gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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T (�C) P (psia) Seitz threshold, ET (keV) Livetime (d) Exposure (kg-d)
19.9 25.5 1.20± 0.1(exp)± 0.1(th) 0.21 8.2
19.9 34.3 1.58± 0.1(exp)± 0.1(th) 1.29 50.3
15.9 21.7 1.81± 0.1(exp)± 0.2(th) 7.04 311

15.9 30.5 2.45± 0.1(exp)± 0.2(th) 29.95 1404
13.9 30.2 3.29± 0.1(exp)± 0.2(th) 29.96 1167 [14]

TABLE I. Details of the four new operating conditions and their associated exposures, as well as the original set of condi-
tions used in [14]. The two blind exposures are grouped in the lower rows. The experimental uncertainty on the threshold
comes from uncertainties on the temperature (0.1 �C) and pressure (0.3 psi), while the theoretical uncertainty comes from the
thermodynamic properties of C3F8 including the surface tension, and dominated by uncertainty in the Tolman length [35].

FIG. 1. The PICO-60 detector as configured for its operation
with C3F8. The full volume of target fluid is stereoscopically
imaged by two columns of two cameras each.

nate between alphas and nuclear recoils, though more ad-
vanced versions of this machine learning approach are be-
ing developed for future PICO detectors [15]. After this
analysis was frozen, acoustic information for the physics
dataset was processed and the acceptance region was ex-
amined.

For the three lowest thresholds (1.20, 1.58, 1.81 keV),
acoustic information was never blinded, and a full anal-
ysis not performed, as these datasets were always ex-
pected to contain many gamma-induced recoils indistin-
guishable from nuclear recoils by their acoustic signals.

Furthermore, these lowest thresholds are not supported
by comprehensive nuclear recoil calibrations in C3F8 as
introduced for the thresholds of the blind exposures in
Sec. III. These datasets thus act primarily as a confirma-
tion of the ability to operate a bubble chamber stably at
very low thresholds, maintaining the superheated state
for periods on the order of minutes, and are not included
in the WIMP-search analysis.

III. BUBBLE NUCLEATION THRESHOLD

The e�ciency with which nuclear recoils nucleate bub-
bles is measured with a suite of neutron calibration ex-
periments, to which fluorine and carbon e�ciency curves
at each threshold are fit to monotonically increasing,
piecewise linear functions. Well-defined resonances in
the 51V(p,n)51Cr reaction are used to produce monoen-
ergetic 50, 61, and 97 keV neutrons directed at a ⇠30-ml
C3F8 bubble chamber at the Tandem Van de Graa↵ fa-
cility at the Université de Montréal. An SbBe neutron
source is also deployed adjacent to the ⇠30-ml bubble
chamber, and an AmBe neutron source adjacent to the
PICO-2L chamber [9]. The initial C3F8 calibration pre-
sented in Ref. [9] and used for the first PICO-60 C3F8 re-
sult [14] is refined in this analysis with additional calibra-
tion data. Datasets have been extended for 61 and 97 keV
neutron beams and the 50 keV neutron beam dataset is
entirely new, as is the SbBe source, a gamma-induced
neutron source that primarily produces monoenergetic
24 keV neutrons. Calibrations were performed at a va-
riety of thermodynamic thresholds, with selected results
shown in Figure 2, along with the prediction for the best-
fit e�ciency model.
Each of the neutron calibration experiments is simu-

lated in MCNP [25] or Geant4 [26], using di↵erential cross
sections for elastic scattering on fluorine from Ref. [27].
The calibration data is fit using the emcee [28] Markov
Chain Monte Carlo (MCMC) python code package. The
output of the fitting is a distribution of sets of four e�-
ciency curves (fluorine and carbon curves at each of the
2.45 and 3.29 keV thresholds) with associated likelihoods
(Fig. 3). The addition of the new lower-energy neutron
datasets supports tighter constraints on the low-energy
part of the e�ciency curves than previously reported, re-
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Dataset E�ciency (%) Fiducial Mass (kg) Exposure (kg-days) Number of events

Singles 95.9 +1.9
�3.4 48.9 ± 0.8 1404 +48

�75 3

Multiples 99.9 +0.0
�0.1 52.0 ± 0.1 1556 +3

�5 2

TABLE III. Summary of the final number of events and exposure determination for singles and multiples in the 29.95 live-day
WIMP-search dataset of PICO-60 C3F8 at 2.45 keV thermodynamic threshold. The singles selection e�ciency is substantially
higher than that of [14] due to a slightly wider AP acceptance region and the omission of the supplemental neural network-based
acoustic cut used in the prior analysis.

FIG. 6. Contour plot of integrated e�ciency � at 2.45 keV
and 3.29 keV with red dot representing best-fit result. Con-
tour layers have been color-coded to represent the di↵erence
in �2 with respect to the minimum. Details in the outer
boundary of the plot are subject to statistical fluctuations.
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‣ Bubble chamber 52 kg of C3F8. 

‣ No energy measurement; threshold 
detector. 

‣ Insensitive to electronic recoils. 

‣ Acoustic rejection of αs. 

‣ No unexpected backgrounds in latest run. 

‣ New upside-down chamber design 
PICO-40L under installation at SNOLAB.

Best limits 
for SD 

interaction 
with protons!
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in the first run of CRESST-III.

II. CRESST-III SETUP AND DETECTOR DESIGN

1. Experimental Setup

CRESST is located in the Laboratori Nazionali del Gran
Sasso (LNGS) underground laboratory in central Italy which
provides an overburden against cosmic radiation with a water-
equivalent of 3600 m [2]. Remaining muons are tagged by
an active muon veto with 98.7% geometrical coverage [3].
In addition, the experimental volume is protected by concen-
tric layers of shielding material comprising - from outside
to inside - polyethylene, lead and copper. The polyethylene
shields from environmental neutrons, while lead and copper
suppress g-rays. A second layer of polyethylene inside the
copper shielding guards against neutrons produced in the lead
or the copper shields.

A commercial 3He/4He-dilution refrigerator provides the
base temperature of about 5 mK. Cryogenic liquids (LN2 and
LHe) are refilled three times a week causing a down-time of
about 3 h per refill.

2. CRESST-III Detector Design

block-shaped target crystal
(with TES) 

reflective and 
scintillating housing

CaWO4 iSticks
(with holding clamps & TES)

light detector (with TES)

CaWO4 light detector holding 
sticks (with clamps) 

FIG. 1. Schematic of a CRESST-III detector module (not to scale).
Parts in blue are made from CaWO4, the TESs are sketched in red.
The block-shaped target (absorber) crystal has a mass of ⇠24 g, its
dimensions are (20x20x10) mm3. It is held by three instrumented
CaWO4 holding sticks (iSticks), two at the bottom and one on top.
Three non-instrumented CaWO4 holding sticks keep the square-
shaped silicon-on-sapphire light detector in place. Its dimensions
are (20x20x0.4) mm3.

The CaWO4 crystal of a CRESST-III detector module has
a size of (20x20x10) mm3 and a mass of ⇠24 g (23.6 g for de-
tector A). A schematic drawing is shown in figure 1. The tar-
get crystal is held by three CaWO4-sticks, each with a length
of 12 mm, a diameter of 2.5 mm and a rounded tip of approx-
imately 2-3 mm in radius. The sticks are themselves instru-

mented with a TES, thus denoted iSticks. This novel, instru-
mented detector holder allows an identification and veto of
interactions taking place in the sticks which might potentially
cause a signal in the target crystal due to phonons propagat-
ing from the stick to the main absorber through their contact
area. Since we veto interactions in any of the sticks, the three
iSticks are connected in parallel to one SQUID, thus substan-
tially reducing the number of necessary readout channels [4].

Each target crystal is paired with a cryogenic light detec-
tor, matched to the size of the target crystal, consisting of a
0.4 mm thick square silicon-on-sapphire wafer of 20 mm edge
length, also held by CaWO4 sticks and equipped with a TES.
However, an instrumentation of these sticks is not needed as
events within them would cause quasi light-only events which
are outside the acceptance region for the dark matter search
(see subsection IV 4).1

The remaining ingredient to achieve a fully-active sur-
rounding of the target crystal is the reflective and scintillat-
ing VikuitiTM foil encapsulating the ensemble of target crys-
tal and light detector. Such a fully-active design ensures that
surface-related backgrounds, in particular surface a-decays,
are identified and subsequently excluded from the dark matter
analysis. A detailed study of the event classes arising from
the iSticks and the light detector holding sticks is beyond the
scope of this work; performance studies on the parallel TES
readout may be found in [5].

III. DEAD-TIME FREE RECORDING AND OFFLINE

TRIGGERING

In CRESST-III, the existing hardware-triggered data acqui-
sition (DAQ) is extended by transient digitizers allowing for
a dead-time free, continuous recording of the signals with a
sampling rate of 25 kS/s. Recording the full signal stream al-
lows the use of an offline software trigger adapted to each
detector. Our software trigger is based on the optimum filter
or Gatti-Manfredi filter successfully used e.g. by the CUORE
experiment [6, 7]. The optimum filter maximizes the signal-
to-noise ratio by comparing the frequency power spectrum of
noise samples to that of an averaged pulse (a standard event).
More weight is then given to pulse-like frequencies compared
to those dominantly appearing in the noise samples. A full
description of the method can be found in [8].

The complete stream is filtered with the optimum filter and
a trigger is fired whenever the filter output for phonon or light
channel exceeds a certain threshold value. For each chan-
nel we select a record window 655.36 ms for further analysis.
More details may be found in [9]. The output of the optimum
filter is not only used for the software triggering, but is also the

1 A small fraction of the light emitted by the stick might be absorbed by the
target crystal creating a small phonon signal therein, thus these events are
denoted quasi light-only.

CRESST-III SuperCDMS at SNOLAB

‣ ~25 g CaWO4 crystals. 
‣ Phonon + scintillation readout. 
‣ ~30 eV phonon threshold. 
‣ First results with a single crystal 

in 2019.

‣ Demonstrated HV operation as 
ionization sensor. 
‣ 1.4 kg (0.6 kg) Ge (Si) detectors. 
‣ Previous results with <100 eVee 

threshold.  
‣ 24-detector tower under 

installation at SNOLAB.EDELWEISS

https://arxiv.org/abs/1904.00498
https://arxiv.org/abs/1808.09098
https://arxiv.org/abs/1901.03588


Ionization sensors
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DAMIC

‣ Pixelated charge readout. 
‣ 7-CCD 40-g detector operating 

at SNOLAB. 
‣ Low-threshold analysis sensitive 

to single charges in silicon. 
‣ ~1 eV band gap in silicon.
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FIG. 5. The 90% confidence level upper limits (black lines with gray shading above) on DM-matter scattering for the models
discussed in the text, with the dark matter mass m� on the horizontal axes. We show other results from XENON1T in blue [5, 6],
LUX in orange [39–42], PandaX-II in magenta [31, 43, 44], DarkSide-50 in green [36, 45, 46], XENON100 in turquoise [14, 47],
EDELWEISS-III [48] in maroon, and other constraints [35, 49–51] in purple. In panel D, the dashed line shows the limit without
considering signals with < 12 produced electrons; the solid line can be compared to the constraints from [35, 36] shown in the
same panel, the dashed line to our results on other DM models, which use the Qy cuto↵s described in the text. The limits jump
at 17.5GeV/c2 in panel A (and similarly elsewhere) because the observed count changes from 10 to 3 events in the ROIs left
and right of the jump, respectively.

Third, bosonic DM candidates, such as dark photons
and axion-like particles (ALPs), can be absorbed by xenon
atoms, analogous to photons in the photoelectric e↵ect.
The result is a monoenergetic ER signal at E� = m�c2,
with rates of


4 ⇥ 1023 keV · 2/E�

1.3 ⇥ 1019 keV�1 · gae
2E�

�
�pe

A
kg�1day�1,

where the top row corresponds to dark photons [37] and
the bottom to ALPs [38]. Here �pe is xenon’s photoelectric
cross-section at E� in barn, A xenon’s atomic mass in

u,  the dark photon-photon kinetic mixing parameter,
and gae the axioelectric coupling constant. This process
allows us to constrain keV-scale DM candidates.

Inference and Results.—We constrain these DM models
based on the number of events in pre-determined S2 ROIs,
which vary for each model and mass. The ROIs are opti-
mized to give stringent limits on the training data, while
requiring that the lower (upper) bound is between the
5th and 60th (40th and 95th) percentile of the signal dis-
tribution in S2 2 [90, 3000] PE after selections, and never

Scattering of 0.5-5 
MeV/c2 particles 

fundamentally out of 
reach for xenon TPC

‘WIMP’ kinetic 
energy below 

ionization threshold 

https://arxiv.org/abs/1907.12628


Technology will allow 2 
e- (few eV) threshold.

Skipper CCD
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SENSEI at Fermilab: Skipper CCDs (LBNL design) successfully tested 
with sub e- noise. X-ray spectroscopy demonstrated.

DAMIC-M will adopt LBNL skipper design tested by SENSEI
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DAMIC-M
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‣ Most massive CCDs ever built (6k x 6k x 
0.675 mm, mass 14 g).

‣ Skipper readout for ~eV threshold.
‣ Background reduction to a fraction of dru 

(improved design, materials, procedures).

‣ 50 CCDs (0.7 kg target mass) at LSM (France).

The University of Chicago, University of 
Washington, Pacific Northwest National 
Laboratory (PNNL), SNOLAB, Laboratoire de 
Physique Nucléaire et de Hautes Energies 
(LPNHE), Laboratoire de l'Accélérateur 
Linéaire (LAL), the Laboratoire Souterrain de 
Modane/Grenoble (LSM), University of 
Zurich, Niels Bohr Institute, University of 
Southern Denmark, University of Santander, 
Centro Atómico Bariloche

Institutions:

175 
mm

9 cm

6 cm

24 Mpix CCD at UW: 10 g!



Outlook
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(consider the following plots sketches)
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Prospect for heavy WIMP Searches
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✦Major on-going G2 experiments with Noble Liquids, with Liquid Xenon/Argon   
✦Start operational as early as 2020 and for ~5 years 

✦Next generation (G3) experiment DARWIN is under preparation to start ~2025 and run for 10 years. 
✦Expect another 15 years of “neutrino-background free” search for heavy WIMPs

XENON1T

Discovery Limits (Xe) due to CEvNS 

(Ruppin, Billard et al.)

K. Ni PDF 2019

https://indico.cern.ch/event/782953/contributions/3414267/
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Status of the Low-mass (GeV-scale) Dark Matter Searches

 27

Future improvement relies on suppression of known/unknown background with a 
reasonable large target mass.

Discovery Limits due to CEvNS 
(Ruppin, Billard et al.)

XENON1T 
S1+S2

XENON1T 
S2-Only

DarkSide-50 S2-Only

CRESST-III

K. Ni PDF 2019

Prospects for low-mass WIMP searches

DAMIC-M

DAMIC-SNOLAB 

Sensitivity

https://indico.cern.ch/event/782953/contributions/3414267/
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Prospects for DM-e scattering searches

Complementary to 
searches at 
accelerators for 
electron’s missing 
momentum (LDMX) 
or χ interacting 
directly (BDX):

E.g., MA > 2MX

DAMIC-M (1 kg y)

[MeV]
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m

  ]
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–
=
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Conclusions
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‣ Direct detection field still very vibrant! 

‣ Continued push toward lower masses: now we have ‘WIMP’ 
scattering lifts down to ~0.5 MeV/c2. 

‣ New approaches with noble liquid TPC make XENON rule. 

‣ But also development of new technologies where noble liquids 
are fundamentally limited. 

‣ Keep in mind experimental uncertainties! The difference 
between placing an exclusion limit over background and a 
discovery. 

‣ International program to increase sensitivity by orders of 
magnitude in the 0.5 MeV/c2 to TeV-scale in the next five years. 

‣ Note: I only reviewed DM scattering by contact interactions!
There are many other interaction mechanisms.


