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Strong DM interactions?

n Main focus of direct DM searches so far: DM-nucleon 
cross-sections below 10-31 cm2: 
• Shielding from Earth + atmosphere can be neglected.

• Deep underground sites, to reduce cosmic-ray induced backgrounds

n But strong interactions of ~GeV DM particles are relevant 
• O(10-24) cm2 DM-DM cross-section of ~GeV DM particles [cf: <0.57 

cm2/g, JI Read, ALPS2019] could actually help CDM problems at small-
scale (DM halo, satellites...)  [Spergel+Steinhardt PRL 84 3760 (2000)]

• Natural extension to test for O(10-24) cm2 DM-nucleon interactions                
[e.g. Chen et al, PRD 65 123515 (2002)]

April 24th, 2019 ALPS2019: Above-ground Direct Searches for WIMPs
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Strongly Interacting Massive Particles

n No exclusive definition of SIMPs (yet):

• Strong self-interactions limited to Hidden sector (e.g. Models with 
3→2 processes during freeze-out [Hochberg, PRL 115 021301 (2015)]

• ... or extended to interactions with nucleons/e-/g (... millicharge )    
[e.g. Davidson et al, JHEP05,03 (2000); Chang et al, JHEP09 051 (2018)]

• Or (in the context of direct DM searches): strong force interaction 
with nucleons

April 24th, 2019 ALPS2019: Above-ground Direct Searches for WIMPs

This talk...
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SIMP interactions with Earth + atmosphere

Many recent papers, see e.g. 
• Hooper+McDermott,  PRD 97 115006 (2018)

• Emken+Kouvaris, PRD 97 115047 (2018)

• Kavanagh, PRD 97 123013 (2018)

• Kavanagh+Catena+Kouvaris, JCAP 01(2017)012

n Depth-dependent reduction of velocity + attenuation of flux

April 24th, 2019 ALPS2019: Above-ground Direct Searches for WIMPs

https://github.com/bradkav/verne
https://github.com/temken/damascus

We integrate f̃ðvfÞ in the range vf ∈ ½1 km=s; vmax$ and
add to this the fraction of the initial particles which have a
speed lower than 1 km=s when they reach the detector.5 We
find that the distribution is always normalized to unity,
typically to better than 1 part in 103.
Figure 3 shows the final DM speed distribution at a

detector at SUF for a range of values of γ, the direction of
the average DM flux. The attenuation effect becomes more
pronounced as we go from γ ¼ 180° to γ ¼ 0°. In the
former case, DM particles have a shorter path on average to
reach the detector, while in the latter, the typical DM
particle must cross the entire Earth to reach the detector. We
note, however, that γ denotes only the average incoming
DM direction; the DM particles have a distribution of
incoming directions. This is why the γ ¼ 0° case does not
lead to complete attenuation: some particles still arrive at
the detector from roughly overhead (though these typically
have smaller speeds in the first place).
In Fig. 4, we show the final speed distribution as a

function of the interaction cross section for detectors at both
MPI (left) and SUF (right), fixing the mean incoming DM
direction to γ ¼ 126° (a typical value for both detector
sites). As expected, increasing the DM-nucleon cross
section reduces the maximum speed of particles which
arrive at the detector and increasingly populates the low-
speed tail of the distribution. For a detector near the surface
(left), the final speed distribution typically resembles a
“compressed” version of the initial distribution. This is

because the final speed scales roughly linearly with the
initial speed as demonstrated in the left panel of Fig. 2. The
result is a roughly exponential cutoff in the final speed
distribution, with the maximum DM speed decreasing with
increasing cross section.
In the case of SUF (right panel of Fig. 4), the final speed

distribution is not simply a rescaled Maxwell-Boltzmann.
Instead, slower particles tend to be stopped almost com-
pletely (populating the low-speed tail) while faster particles
experience comparatively less stopping [due to the coher-
ence factor Cðmχ ; vÞ], leading to a bump at higher speeds.
Because the speed distribution does not drop as rapidly as
for a detector at MPI, we expect that a large rate should be
observable by a detector at SUF, so long as the maximum
final speed lies above the threshold speed of the experiment
(shown as a grey band).

V. CONSTRAINTS

In order to determine the maximum cross section which
can be probed by the CRESST 2017 surface run and the
CDMS-I run at SUF, we must compare the observed
number of recoil events with the predicted signal, given
by Eq. (5), evaluated by performing a grid scan overmχ and
σSIp . Assuming (conservatively) that all observed events
could be signal, we set a single-bin Poisson limit at the
90% confidence level on the minimum value of the cross
section. Given the density of the grid scan, we expect these
lower limits to be accurate at the level of 2%–3%.
For CDMS-I, we consider an analysis window for

nuclear recoil energies of ER ∈ ½10; 100$ keV and use
an estimated Gaussian energy resolution of 2.4 keV [46].
The germanium detector modules at CDMS-I observed

FIG. 4. Final speed distribution at different detector locations for a range of DM-nucleon cross sections. Final speed distribution for
DM particles of mass 105 GeV at a detector at the MPI (left) and SUF (right) after propagation through the atmosphere, Earth, and
shielding. The dashed black lines show the unperturbed Maxwell-Boltzmann speed distribution. Speeds in the grey shaded region are
(on average) too small to excite a nuclear recoil above threshold in the corresponding detector. Note the different cross section values in
the two panels.

5The initial velocity which gives a final speed vf less than
1 km=s is obtained by backpropagating particles of vf ¼ 1 km=s
for a range of incoming directions.

EARTH SCATTERING OF SUPERHEAVY DARK MATTER: … PHYS. REV. D 97, 123013 (2018)

123013-7

Threshold is 
important

Kavanagh
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SIMP interactions with Earth + atmosphere

Many recent papers, see e.g. 
• Hooper+McDermott,  PRD 97 115006 (2018)

• Emken+Kouvaris, PRD 97 115047 (2018)

• Kavanagh, PRD 97 123013 (2018)

• Kavanagh+Catena+Kouvaris, JCAP 01(2017)012

n Depth-dependent reduction of velocity + attenuation of flux

n Anisotropy due to Earth shielding + sun velocity vector
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Operator Ô1 - m� = 0.5 GeV

0.80
0.84
0.88
0.92
0.96
1.00
1.04
1.08
1.12
1.16
1.20

Figure 8. Earth-scattering e↵ects over the surface of the Earth. Relative enhancement in the event
rate in a CRESST-II-like detector [6] due to the e↵ects of Earth scattering. We assume a DM mass of
m� = 0.5 GeV, interacting through the standard SI operator Ô1 (with normalisation fixed such that
pscat = 10%). The black cross shows the point on the Earth at which the average DM particle would
appear to be coming from directly overhead. There is a 12 hour time di↵erence between the left and
right panels. Animations available online at github.com/bradkav/EarthShadow.

In figure 9, we show the ratio of the rate with and without Earth-scattering for detectors
in 4 locations on the Earth. For the LNGS lab in Italy (top left, ✓l = 42.5�N) Earth-scattering
always leads to a net increase in the DM signal. For Ô1, however, there is no appreciable
modulation, only a few percent increase in the total rate, regardless of the time. As is
clear from figure 8, the enhancement due to Earth-scattering is roughly constant at high
latitudes. At LNGS, we have ✓l ⇡ ↵, meaning that � is always relatively large. In other
words, the DM wind appears to be coming from directly above for most of the day, leading to
minimal attenuation. The main contribution then is a constant enhancement due to isotropic
deflection of the DM particles over the Earth’s surface.

Instead, a modulation of a few percent is observed for Ô8. At t ⇠ 0 hr, the DM wind
comes from directly overhead (� = ⇡) and the enhancement is at a minimum due to the
limited deflection of DM particles back towards the detector. For Ô12, the phase of the
modulation is reversed; the predominantly backwards deflection enhances the rate when DM
particles come from directly overhead.

As we move towards the Equator, the incoming direction of the DM wind varies more
rapidly over the course of a day. In addition, the size of the attenuation e↵ect becomes larger,
as the underground distance travelled by DM particles at t = 12 hr becomes larger. For the
CJPL lab [65] in China (top right, ✓l = 28.2�N) we see a more pronounced modulation than
at the more northerly LNGS lab. At the India-based Neutrino Observatory [66], under con-
struction in India (bottom left, ✓l = 9.7�N) this modulation is more pronounced still. Most
notable in this case is that for Ô8, the diurnal modulation is no longer purely sinusoidal. For
this operator, DM particles predominantly scatter forwards, so we would expect a maximum
enhancement due to deflection when the Earth-crossing distance is maximal (t = 12 hr).
However, at this time, the attenuation e↵ect is also maximal and dominates the deflection
e↵ect. We therefore observe a minimum in the rate at t = 12 hr as well as at t = 0 hr.

In the Southern hemisphere, the SUPL lab [67] in Australia (bottom right, ✓l = 37.1� S)
is located such that at certain times of day DM particles must cross most of the Earth before
reaching the detector (✓l ⇡ �↵). It therefore probes the low � regime, with the dominant
e↵ect being attenuation of the DM flux. The daily modulation observed here has the largest
amplitude, in the range 10� 30% depending on the interaction. Attenuation dominates only
over a small area of the Earth (blue regions in figure 8), but if the detector falls within

– 23 –

... some days may be better than others for SIMP searches
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Monte Carlo vs analytical calculations

n Depth-dependent energy 
spectrum + abrupt cut-off: 
determining smax requires a 
scan with a fine granularity, 
especially at low mass

n Monte Carlo vs analytical 
calculation comparisons

April 24th, 2019 ALPS2019: Above-ground Direct Searches for WIMPs

criterion. In this case it gives a reasonable and conservative
estimate, which is more restrictive than the limit of method
b as expected. However, without the MC results a quality
assessment would not have been possible, as discussed
in Sec. II.
We show the main results of this study in Fig. 4, the

constraints on DM with masses between 100 MeV and
20 GeV from CRESST-II, XENON1T, DAMIC(2011), and
the CRESST 2017 surface run, together with constraints
from the XQC experiment and the CMB. For each mass and
detector,4we obtain an excluded band of cross sections,
from a lower limit to the upper critical cross section due to
shielding of strongly interacting DM.
The DAMIC(2011) constraints are fully covered by the

two experiments of the CRESST collaboration. The pur-
pose of including these result is to compare them to limits
obtained with the DMATIS code [29] as an independent and
valuable cross check of our simulation. For the masses
between 1 and 100 GeV we find an average relative
deviation between the two limits of about 15%with slightly
higher deviations for masses of order Oð1 GeVÞ. But
overall the two limits seem to agree to a reasonable
precision. Further cross checks and comparisons might
be desirable, though the DMATIS code has not been released
at the time of submission of this paper.

Both CRESST-II and XENON1T are located deep
underground at LNGS. Hence it comes to no surprise that
they turn out to be rather insensitive to strongly interacting
DM. In the low-mass regime they constrain cross sections
up to ∼10−30 cm2 and ∼10−31 cm2 respectively.
Most interesting is last year’s CRESST 2017 surface run

of a prototype detector developed for the ν-cleus experi-
ment. As opposed to the vast majority of DM detectors it
was not placed underground and is therefore ideal to
constrain strongly interacting DM. It probes and constraints
cross section around three orders of magnitude higher than
XENON1T and CRESST-II despite its small exposure. The
resulting constraint close all allowed windows between
other terrestrial detectors and the XQC experiments.
However, a window between the new constraints and the
CMB limits remains, which might get narrowed by taking
constraints from cosmic rays into account [14].
In Fig. 5 we compare our CRESST 2017 surface run MC

constraints with analytic results from recent works.
Depending on the DM mass the constraints reported in
[30,31], whose analytic methods are based on method b of
this paper, underestimate the critical cross section by up to a
factor of 2. It should be mentioned again that this method
assumes that a DM particle simply moves along a straight
path through the Earth while continuously losing energy, an
approximation that breaks down for light DM, as discussed
in Sec. II. Most recently, the authors of [16] presented a
new, and simple analytic method to establish very
conservative limits, which circumvents this assumption.
It is based on rescaling the number of events while filtering
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FIG. 4. Our results for the 90% CL constraints on light DM for
CRESST-II [41], the CRESST 2017 surface run [7], DAMIC
(2011) [48], and XENON1T [5]. Also included are constraints
from XQC [22], and the CMB [13]. At the bottom of the plot we
included the neutrino background [49], and in black dashed lines
we indicate the new constraints from CRESST-III [6].
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FIG. 5. Comparison of the CRESST 2017 surface run con-
straints on strongly interacting DM between analytically obtained
constraints by Davis (2017) [30], Kavanagh (2017) [31], and
Hooper et al. (2018) [16], and MC results of this paper.

4For details on the considered detectors we refer to
Appendix B.

HOW BLIND ARE UNDERGROUND AND SURFACE … PHYS. REV. D 97, 115047 (2018)

115047-7

Analytical: 
Davis, PRL 119, 211302 (2017)
Hooper+McDermott, PRD97 115006 (2018) 
Kavanagh, PRD 97 123013 (2018)

Monte Carlo:
Emken+Kouvaris, PRD 97 115047 (2018)

Emken+Kouvaris
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Constraints at high mass

n Large cross sections excluded by CMB + large scale structures + BBN

n Gap between CMB and deep underground searches [e.g. Albuquerque + Baudis, 

PRL91 229903 (2003)] filled by balloon experiments + space experiments + 
IceCube + Earth heat flux

April 24th, 2019 ALPS2019: Above-ground Direct Searches for WIMPs

spectra depicted in Fig. 6. The background in this energy
range is very high, so the XQC constraints are not as strict
at these energies.

Altering the local density of dark matter that strongly
interacts with baryons changes the exclusion region.
Figure 8 shows the 90%-confidence exclusion regions for
four values of the local density of dark matter particles
with strong baryon interactions: 0:3 GeV cm!3 (solid line),
0:15 GeV cm!3 (long dashed line), 0:075 GeV cm!3

(short dashed line), and 0:03 GeV cm!3 (dotted line).
These different local densities could arise due to variations
in the local dark matter density due to mini halos or
streams. They also describe models where the dark matter
does not consist of a single particle species and the dark
matter that strongly interacts with baryons is a fraction fd
of the local dark matter. In that case, the four exclusion
regions in Fig. 8 correspond to fd " 1, 0.5, 0.25, and 0.1.

Figure 8 indicates that the top and left boundaries of the
XQC exclusion region are not highly sensitive to the dark
matter density. In particular, the upper left corner of the
exclusion region (0:01 # mdm # 0:1 GeV) is nearly unaf-
fected by lowering the dark matter density. This consis-
tency indicates our Monte Carlo-generated exclusion
region is smaller than the true exclusion region in this
corner. If the dark matter is light (mdm & 0:1 GeV), then
the number of dark matter particles encountered by the
XQC detector is very large (Ndm * 7$ 1010). As previ-
ously mentioned, the upper left corner of the XQC exclu-
sion region results from multiple scattering events, so the
simpler version of our Monte Carlo code described in
Sec. IVA is not applicable. Consequently, it is not possible
to run more than 109 trials in a week, so each scattering
event in the simulation corresponds to more than one
scattering event in the detector for all the densities shown

FIG. 8. The region of dark matter parameter space excluded to
90% confidence by the XQC experiment for several values of the
local density of dark matter with a total nucleon-scattering cross
section !Dn and mass mdm. The four densities shown are
0:3 GeV cm!3 (solid line), 0:15 GeV cm!3 (long dashed line),
0:075 GeV cm!3 (short dashed line), and 0:03 GeV cm!3 (dot-
ted line).

XQC

FIG. 9 (color online). Plot of the scattering cross section for dark matter particles and nucleons (!Dn) versus dark matter particle
mass (mdm) showing the new XQC limits along with other current experimental limits. The light shaded (red) XQC exclusion region is
the same as shown in Fig. 7, and the other experiments are discussed in the text. The dark gray region shows the maximal range of dark
matter self-interaction cross section consistent with the strongly self-interacting dark matter model of structure formation [37,38]. The
square marks the value of the scattering cross section for neutron-nucleon interactions.

CONSTRAINTS ON THE INTERACTIONS BETWEEN DARK . . . PHYSICAL REVIEW D 76, 042007 (2007)

042007-11

These updated constraints close a number of windows
in the parameter space in the mass range 106 GeV to
1013 GeV, between airborne and high-altitude experi-
ments on the one hand and ground-based and under-
ground experiments on the other. For superheavy DM
produced gravitationally at the end of inflation [38,39],
the DM mass is typically around the inflaton mass scale,
which lies precisely in this range [70]. These constraints,
which come solely from direct searches for DM-nucleus
scattering, are complemented by independent indirect
constraints from DM-cosmic ray interactions [71], from
IceCube searches for the annihilation products of SIMPs
captured in the Sun [42], and from limits on the heat flux
from the Earth (which would be affected by SIMP capture
and annihilation) [41,67]. We emphasize, however,
that several of these indirect constraints rely on further
assumptions about the dark matter particle beyond its
DM-nucleon scattering properties (such as its self-anni-
hilation into Standard Model particles).
The current constraints are summarized in Fig. 6. With

the updated constraints presented here, SIMP dark matter
is now ruled out in the approximate range σSIp =mχ ∈
½10−37; 10−25" cm2=GeV, in many cases using multiple
independent probes, relying on different sets of assumptions.
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APPENDIX: COORDINATE SYSTEM

Here, we give explicit expressions for the DM path
length and velocity distribution in terms of the angular
coordinates specifying the DM trajectory and the detector
position (with respect to the mean DM flux direction). This
coordinate system is illustrated in Fig. 7. We denote the
detector position as rdet (as measured from the center of
the Earth), and we assume that the detector is at a vertical
depth d from the surface of the Earth. We denote the Earth
radius as RE ≈ 6371 km and the vertical height of the
atmosphere as hA ≈ 80 km. With these definitions, we
have jrdetj ¼ rdet ¼ RE − d.
We assume that a specific DM particle arrives at the

detector in direction v̂, which makes an angle θ with the
vertical.7 The straight-line path length l from the top of
the atmosphere to the detector for such a particle is given by

l ¼ rdet cos θ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRE þ hAÞ2 − ðrdet sin θÞ2

q
: ðA1Þ

In order to correctly compute the scattering rate for
DM particles, we must account for the radial dependence of
the nuclear density in the Earth and atmosphere. For a DM
particle which has traveled a distanceD along its trajectory,
as measured from the top of the atmosphere, the radial
distance from the Earth’s center is

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRE þ hAÞ2 þ D2 þ 2Dðrdet cos θ − lÞ

q
: ðA2Þ

With this, we can calculate the final speed vf from the
initial speed vi (at the top of the atmosphere), along a given
trajectory, using

vf ¼ vi þ
Z

l

0

dv
dD

ðv; rÞdD: ðA3Þ

FIG. 6. Summary of constraints on strongly interacting dark
matter. The solid grey region shows constraints from surface and
underground direct detection experiments, including the updated
limits derived in this work. The orange region (dashed line) is
excluded by high-altitude experiments, as in Fig. 5. Comple-
mentary constraints from IceCube (red, dotted line) [42], Earth’s
heat flux (cyan, dot-dashed line) [41,67], and DM-cosmic ray
interactions (green, solid line) [71] are also shown. Note that
these complementary constraints are model dependent and
typically require further assumptions about dark matter, beyond
its nucleon scattering cross section (e.g. self-annihilation into
Standard Model states). Large areas of the SIMP dark matter
parameter space are ruled out by at least two constraints, both
direct searches for DM-nuclear scattering and indirect con-
straints.

7Note that θ ¼ 0 corresponds to an upward-goingDM particle.

BRADLEY J. KAVANAGH PHYS. REV. D 97, 123013 (2018)

123013-10

Kavanagh 2018Erickeck et al, PRD 76 042007 (2007)
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Limits at lower mass

RRS balloon 
[J. Rich et al, PLB194 173 (1987)]

n 0.5 g Si ionization detector

n 50 km above ground

n 0.4 keVee threshold                                          
(~2 keV recoil)

XQC rocket
[Erickeck et al, PRD 76 042007 (2007)]

n Si calorimeter @ 60 mK:                                   
~30 eV threshold

n 200 km above ground

n 100 s of data (3x10-6 kgd!)

April 24th, 2019 ALPS2019: Above-ground Direct Searches for WIMPs

spectra depicted in Fig. 6. The background in this energy
range is very high, so the XQC constraints are not as strict
at these energies.

Altering the local density of dark matter that strongly
interacts with baryons changes the exclusion region.
Figure 8 shows the 90%-confidence exclusion regions for
four values of the local density of dark matter particles
with strong baryon interactions: 0:3 GeV cm!3 (solid line),
0:15 GeV cm!3 (long dashed line), 0:075 GeV cm!3

(short dashed line), and 0:03 GeV cm!3 (dotted line).
These different local densities could arise due to variations
in the local dark matter density due to mini halos or
streams. They also describe models where the dark matter
does not consist of a single particle species and the dark
matter that strongly interacts with baryons is a fraction fd
of the local dark matter. In that case, the four exclusion
regions in Fig. 8 correspond to fd " 1, 0.5, 0.25, and 0.1.

Figure 8 indicates that the top and left boundaries of the
XQC exclusion region are not highly sensitive to the dark
matter density. In particular, the upper left corner of the
exclusion region (0:01 # mdm # 0:1 GeV) is nearly unaf-
fected by lowering the dark matter density. This consis-
tency indicates our Monte Carlo-generated exclusion
region is smaller than the true exclusion region in this
corner. If the dark matter is light (mdm & 0:1 GeV), then
the number of dark matter particles encountered by the
XQC detector is very large (Ndm * 7$ 1010). As previ-
ously mentioned, the upper left corner of the XQC exclu-
sion region results from multiple scattering events, so the
simpler version of our Monte Carlo code described in
Sec. IVA is not applicable. Consequently, it is not possible
to run more than 109 trials in a week, so each scattering
event in the simulation corresponds to more than one
scattering event in the detector for all the densities shown

FIG. 8. The region of dark matter parameter space excluded to
90% confidence by the XQC experiment for several values of the
local density of dark matter with a total nucleon-scattering cross
section !Dn and mass mdm. The four densities shown are
0:3 GeV cm!3 (solid line), 0:15 GeV cm!3 (long dashed line),
0:075 GeV cm!3 (short dashed line), and 0:03 GeV cm!3 (dot-
ted line).

XQC

FIG. 9 (color online). Plot of the scattering cross section for dark matter particles and nucleons (!Dn) versus dark matter particle
mass (mdm) showing the new XQC limits along with other current experimental limits. The light shaded (red) XQC exclusion region is
the same as shown in Fig. 7, and the other experiments are discussed in the text. The dark gray region shows the maximal range of dark
matter self-interaction cross section consistent with the strongly self-interacting dark matter model of structure formation [37,38]. The
square marks the value of the scattering cross section for neutron-nucleon interactions.

CONSTRAINTS ON THE INTERACTIONS BETWEEN DARK . . . PHYSICAL REVIEW D 76, 042007 (2007)

042007-11

Remaining 
domain:

Gap below 
1 GeV



9

<1 GeV SIMP search experiments

n Above-ground Liquid Scintillator [Collar, PRD98 023005 (2018)]

• 10-31 cm2 limits obtained with aggressive subtraction of single-e- PM noise 

n Reanalysis of DM search data from shallow sites? (...>1 GeV/c2)
• DAMIC 2011 (100 m rock) [Hooper+McDermott, PRD97 115006 (2018)] 

• CDMS-I SUF (10.3 m rock) [Kavanagh, PRD 97 123013 (2018)]

n Above-ground: CRESST - n-cleus
• 0.49 g Al2O3, phonon signal

• 20 eV (phonon) threshold

• ~105 evt/g/day at 100 eV

n Above-ground: EDELWEISS-surf
• 33 g Ge, phonon signal

• 60 eV (phonon) threshold

• ~200 evt/g/day at 100 eV

April 24th, 2019 ALPS2019: Above-ground Direct Searches for WIMPs

<1 m overburden

No problem with 
quenching effects 
(+resolution: minimal 
distortion of signal shape)

No background 
assumptions

Detector developments for both DM & 
coherent elastic neutrino-nucleon scattering
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G. Angloher et al.: Results on MeV-scale dark matter. . . 3

attached to a flexible bronze clamp. The sensor is placed
on the top surface where it is electrically and thermally
contacted to copper bond pads on the clamp via Al and Au
wire bonds, respectively. At a distance of about 2 cm from
the crystal, a 55Fe calibration source (activity ⇠0.2Bq) is
installed.

2.3 Experimental setup

The prototype is operated in a cryostat of the Max-Planck-
Institute for Physics in Munich in a surface building. A
commercial dilution refrigerator from Oxford Instruments
(Kelvinox400) is used with a standard helium dewar. The
experimental volume is surrounded by a 1mm copper ther-
mal screen, but no special care on radiopurity is taken in
this setup. No dedicated shielding against ambient radia-
tion is installed within or outside the cryostat. The ceiling
of the room is made of ⇠ 30 cm concrete, therefore a mod-
erate reduction of the hadronic component of cosmogenic
radiation is expected. In the present setup, no muon veto
or other anti-coincidence detectors are installed.

The TES is biased with a constant current (1.0µA)
and read out with DC-SQUIDs (Jessy from Supracon).
The output of the SQUID electronics is fed to a low-noise
voltage amplifier (SR560 from Stanford Research Elec-
tronics). For data-taking, two systems have been used in
parallel: 1) the standard CRESST data acquisition
(DAQ), see e.g. [18], with a hardware trigger unit and
16 bit transient digitizer, and 2) a continuous data-taking
system based on a 16 bit digitizer from National Instru-
ments (NI USB-6218 BNC). The latter was used to record
a continuous stream of the entire measurement with a
sampling frequency of 20 kHz. O✏ine, a software trigger
is applied to the data.

3 Measurement

The first measurement of the prototype gram-scale calori-
meter in the MPI cryostat was primarily intended to de-
monstrate an energy threshold in the 10 eV regime for the
⌫-cleus experiment [17]. Since a threshold of ⇠ 20 eV was
reached (see [14] and below), one order of magnitude lower
than previous CRESST results [16], this first data can be
used to search for new physics: a previously un-explored
region of parameter space for DM-particle nucleus scat-
tering can be explored (see section 4). In this section we
review the energy calibration and threshold analysis which
is presented in detail in [14], and focus on dedicated as-
pects of the DM analysis.

3.1 Energy calibration

The measurement with the 0.49 g Al2O3 prototype calori-
meter had a total run-time of 5.31 h corresponding to an
exposure of 0.11 g-days. The 55Fe calibration source was
placed in the cryogenic setup during the entire run. The
dominant K↵ line (Elit = 5.895 keV) of 55Mn is used to
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Fig. 2. Total energy spectrum of the 5.3 h measurement in
presence of the 55Fe x-ray source with peaks at 5.90 and
6.49 keV. The inset shows the events in the region-of-interest
for DM search from the energy threshold of 19.7 eV to 600 eV
(binning 5 eV). No data quality cuts are applied.

calibrate the energy spectrum. The linearisation of the
pulse response is established by a truncated template fit
which uses the pulse shape infomation only in the linear
region of the detector response [14]. The method is well es-
tablished and successfully used in previous CRESST ana-
lyses [19,16]. The fit reproduces the K� line of 55Mn at an
energy of Eobs = (6.485 ± 0.017) keV), well in agreement
with the literature value of 6.490 keV [14]. The robustness
of the linearisation at lower energies is studied and a mod-
erate systematic error of 1.1% on the energy calibration
is derived [14].

Fig. 2 (main frame) shows the final energy spectrum
with the dominant x-ray lines of 55Mn. Above 7 keV, a
constant background rate of ⇠ 1.2 · 105 counts/[kg keV
day] is observed, while from ⇠ 1 keV towards lower ener-
gies the spectrum is significantly rising to a rate of about
108 counts/[kg keV day] (see discussion below).

3.2 Software trigger

For the evaluation of the pulse amplitudes in the linear
region of the detector response (up to 600 eV), the op-
timum filter is used [20,21]. This method improves the
reconstruction of a known signal in the presence of noise
with a measured power spectrum and typically gives sig-
nificantly better results than the template fit. The filter
transfer function is calculated by the ratio of the power
spectra of the template pulse and the noise. This func-
tion is used to weight the spectral components of the data
sample (in the frequency domain) according to the re-
spective signal-to-noise-ratio. Fig. 3 shows the measured
power spectra (left axis) and the resulting transfer func-
tion (right axis) of the optimum filter used for the anal-
ysis of the prototype calorimeter. After being applied in
the frequency space, the filter output is transformed back
to time domain and normalized to match the maximum
of the original pulse. In case of this measurement, a base-
line noise of �b = (3.74± 0.21) eV [14] is reached with the

2 G. Angloher et al.: Results on MeV-scale dark matter. . .

section h�vi /
m2

�

m4
Z
(mZ : mass of the Z-boson) which would

lead to a too large relic abundance of DM and, thus, an
overclosure of the Universe. Therefore, most experimen-
tal DM searches in the past decades focused on GeV-scale
particles.

Despite enormous experimental e↵ort, no clear and un-
ambiguous signature for DM has been found by direct,
indirect or accelerator searches so far.

Due to this lack of evidence, models which provide al-
ternatives to WIMPs should be probed experimentally. In
the past years, rising interest is drawn to light DM (lDM)
which extends the allowed mass range of DM particles to
O(keV). Asymmetric DM [5,6,7], scalar DM particles [8,9]
and hidden sector DM [10] are examples for promising and
naturally motivated lDM models. These theories are com-
patible with the observed relic density (Lee-Weinberg ar-
gumentation), the constraints from existing DM searches,
in particular indirect searches which are sensitive to lDM,
and limits from particle physics experiments.

While searches for axions probe particle masses of keV-
scale and below, the mass range between 1MeV and 1000
MeV is only weakly constrained by lDM-electron scatter-
ing [11] or via Bremsstrahlung emission in nuclear recoils
[12,13].

We report here results from the ⌫-cleus 0.5 g prototype
detector [14] which enables for the first time to directly
probe nuclear recoils induced by DM particles with masses
below 500MeV/c2.

2 A gram-scale cryogenic calorimeter

2.1 Detector technology

Cryogenic detectors are sensitive to the temperature rise
induced by a particle interaction. CRESST-type detectors
use single crystals (e.g. CaWO4 or Al2O3) equipped with
transition-edge-sensors (TES) made of thin tungsten films.
The TES is usually directly coupled to the heat sink by a
gold bond wire. Due to the operation at very low tempera-
tures of⇠ 10mK and the resulting electron-phonon decou-
pling in the thermometer film, such a cryogenic calorime-
ter is mainly sensitive to non-thermal phonons [15]. Very
low energy thresholds, a high dynamic range (of up to 105)
and a particle-type independent detector response are the
main advantages of these devices. State-of-the-art CaWO4

detectors of 300 g operated in CRESST-II reach thresholds
of ⇠ 300 eV [16].

The energy threshold of cryogenic detectors depends
strongly on the massM of the crystal which can be quanti-
fied by a scaling law discussed in [14]. This describes nicely
the performance of existing CaWO4 and Al2O3 detectors
and can be used to predict the sensitivity for detectors
of various sizes, materials and geometries [17]. In case of
cubic crystals the energy threshold scales as Eth / M2/3

suggesting that thresholds of 10 eV and below are in reach
for detectors with masses of O(1 g) [14].

a

b

c

d

a

e

Fig. 1. Left: Schematic drawing of the detector crystal (a)
and the copper holder (c). The crystal is placed on Al2O3 balls
and is pressed from top by a flexible bronze clamp (b). Bond
wires (d) provide electrical and thermal connection. Right: Pic-
ture of the prototype Al2O3 crystal (a) with the specially de-
signed TES (e). For details see text.

2.2 The prototype calorimeter

The first prototype calorimeter made of Al2O3 has a size of
5⇥5⇥5mm3 and a mass of 0.49 g. One side of the optically
polished crystal is equipped with a specifically developed
TES. The design is similar to the one used for CRESST
light detectors, but adjusted to the size of the crystal [17].
The sensor consists of a 200 nm thick tungsten film with
an area of 0.0061mm2 and an aluminium phonon collector
of thickness 1µm and an area of 0.15mm2. It is weakly
coupled to the heat bath via a gold stripe and a bond
wire (heat conductance: ⇠ 10 pW/K at 10mK). The di-
mension of the TES and the strength of the heat link are
chosen such that the life time of non-thermal phonons in
the detector ⌧n is much shorter than the decay time of the
pulses. The former depends on size, geometry and mate-
rial of the crystal and the TES, the latter is determined
by the strength of the heat link to the thermal bath. A
detector designed in this way operates in the calorimet-
ric mode [15], i.e. the phonons impinging on the film are
integrated over the duration of the non-thermal phonon
signal1. A separate gold film sputtered on the crystal acts
as an ohmic heater. A current applied to it heats the detec-
tor to the desired position in the superconducting phase
transition. Artificial pulses of high energy (called control
pulses [18]) which saturate the detector response are in-
jected into the heater (here: every 10 s). Those allow to
control and stabilize the operating point. In addition, ar-
tificial pulses of discrete, lower energies (called test pulses)
are injected periodically to continuously monitor the de-
tector response (here: every 60 s).

A fit of the pulse model [15] to the pulses of the pro-
totype gram-scale detector confirms its calorimetric op-
eration. The non-thermal phonon life-time in the crystal
is ⌧n = (0.30 ± 0.01)ms and the dominant decay time is
found to be ⌧dec = (3.64 ± 0.01)ms (for the non-thermal
pulse component).

Fig. 1 (left) shows how the prototype detector is ar-
ranged in the experimental setup. The cubic crystal is in-
stalled on a copper plate and placed on three sapphire
spheres (�1mm), pressed from the top with another sphere

1 Detectors operating in the bolometric mode, in contrast,
measure the flux of phonons through the TES [15].
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Data
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Excluded WIMP model: 2.0 GeV/c2, 4.5⇥ 10�37 cm2

Excluded WIMP model: 10.0 GeV/c2, 1.1⇥ 10�37 cm2

2

• RED20 is a 32 g Ge detector 
• New Ge crystal from MIRION 
• Only one NTD, thermal leak on the NTD 
• NTD is a 2 x 2 x 0.45 mm3 glued by Xavier-Francois in 

Saclay and mounted by Stefanos 
• 10 cm thick lead shield (~70% coverage)

Experimental setup

20 eV 
threshold

60 eV 
threshold

Angloher et al, EPJC77 637 (2017)
+ Davis, PRL119, 211302 (2017)

Armengaud et al, 
PRD99 082003 

(2019)
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Migdal effect

n Consider ionization effects of e-

cloud (n=3 shell) due to sudden 
boost of nucleus in DM collision

Calculated in Ibe et al, JHEP 03 (2018) 194

n Injection of electronic energy in 
the sub-keV to keV range

• <1% probability

• Negligible for >10 GeV/c2 WIMPs

• Major contribution for light DM 
particles, especially if nuclear 
recoil contribution is quenched

• Robust signal >100 eV even 
for DM masses <0.1 GeV/c2

n Must keep EM backgrounds        
as low as possible

April 24th, 2019 ALPS2019: Above-ground Direct Searches for WIMPs
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FIG. 1. Illustration of electron emission from nuclear re-
coils. If a DM particle scatters o↵ a nucleus (panel 1), we
can assume that immediately after the collision the nucleus
moves relative to the surrounding electron cloud (panel 2).
The electrons eventually catch up with the nucleus, but indi-
vidual electrons may be left behind and are emitted, leading
to ionisation of the recoiling atom (panel 3).

given by

d2Rnr

dER dv
=

⇢ �N

2µ2
N mDM

f(v)

v
, (1)

where ⇢ denotes the local DM density, �N the DM-
nucleus scattering cross section1, mDM the DM mass,
µN = mN mDM/(mN + mDM) the DM-nucleus reduced
mass and f(v) =

R
v2 f(v) d⌦v the DM speed distribu-

tion in the laboratory frame [51]. We neglect nuclear
form factors since we are only interested in small momen-
tum transfers. The di↵erential event rate for a nuclear
recoil of energy ER to be accompanied by an ionisation
electron with energy Ee is

d3Rion

dER dEe dv
=

d2Rnr

dER dv
⇥ |Zion(ER, Ee)|

2 , (2)

where the transition rate is given by

|Zion(ER, Ee)|
2 =

X

nl

1

2⇡

dpcqe(nl ! Ee)

dEe
. (3)

In this expression n and l denote the initial quan-
tum numbers of the electron being emitted, qe =
me

p
2ER/mN is the momentum of each electron in the

rest frame of the nucleus immediately after the scatter-
ing process, and pcqe(nl ! Ee) quantifies the probability
to emit an electron with final kinetic energy Ee. We can
make the dependence of pcqe(nl ! Ee) on qe explicit by
writing

pcqe(nl ! Ee) =

✓
qe

vref me

◆
pcvref

(nl ! Ee) , (4)

where vref is a fixed reference velocity. The functions
pcvref

(nl ! Ee) depend on the target material under con-
sideration. We use the functions from ref. [44], which
have been calculated taking vref = 10�3.

1 We have absorbed the coherent enhancement factor into our def-
inition of �N .

If the emitted electron comes from an inner orbital,
the remaining ion will be in an excited state. To return
to the ground state, further electronic energy will be re-
leased in the form of photons or additional electrons.2

The total electronic energy deposited in the detector is
hence approximately given by EEM = Ee + Enl, where
Enl is the (positive) binding energy of the electron before
emission.
We integrate eq. (2) over the nuclear recoil energy and

the DM velocity to calculate the energy spectrum, in-
cluding only those combinations of ER, EEM and v that
satisfy energy and momentum conservation. The result-
ing calculation is identical to the case of inelastic DM [54],
with the DM mass splitting �m being replaced by the
total electronic energy EEM.3 We find

vmin =

s
mNER

2µ2
+

EEM
p
2mNER

. (5)

The maximum electronic and nuclear recoil energy for
a given DM mass are given by

ER,max =
2µ2

N v2max

mN
, EEM,max =

µN v2max

2
. (6)

For vmax ⇡ 800 km/s, mDM ⌧ mN (and hence µN ⇡

mDM), we generically find EEM,max � ER,max. For
concreteness, for mDM = 0.5GeV and mN = 120GeV
(the approximate xenon atom mass), we find ER,max ⇡

0.03 keV while EEM,max ⇡ 1.8 keV. The electronic en-
ergy is therefore much easier to detect than the nuclear
recoil energy.

Sensitivity of liquid xenon detectors.— Having ob-
tained the relevant formulae for the distribution of elec-
tronic and nuclear recoil energy at the interaction point
where the DM-nucleus scattering occurs, we now convert
these energies into observables accessible for direct detec-
tion experiments. The focus of this discussion will be on
liquid xenon detectors, but we note that the dominance
of the electronic energy EEM resulting from the Migdal
e↵ect is not limited to xenon. These detectors convert
the atomic excitations and ionisations at the interaction
point into a primary (S1) and a secondary (S2) scintil-
lation signal [55]. A specific detector can be character-
ized by two functions: pdf(S1,S2|ER, EEM) quantifies the
probability to obtain specific S1 and S2 values for given
ER and EEM; and ✏(S1,S2) quantifies the probability that
a signal with given S1 and S2 will be detected and will
satisfy all selection cuts. Using these two functions, we
can write

d2R

dS1 dS2
= ✏(S1,S2)

Z
dER dEEM

d2R

dER dEEM

⇥ pdf(S1,S2|ER, EEM) , (7)

2 In contrast, the probability to obtain double ionisation from the
Migdal e↵ect itself is exceedingly small [52, 53].

3 We neglect the di↵erence in mass between the original atom and
the recoiling excited state.

Dolan et al, PRL 121, 101801 (2018) 
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Starting to fill the SubGeV gap...

n Shaded regions: full Earth-Shielding (ES) calculation

n Lines: underground limits  (w/o ES calculation, ok for <10-31 cm2) 
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Spin-dependent cases

n Unfortunately, 14N has both p and n spin: shielding from atmosphere

n Large cross-section → dramatic ES effects (especially on Migdal limits)

n Blue dot-dashed: CRESST surface Li2MoO4 [arXiv:1902.07587] and 
underground CaWO4 [arXiv:1904.00498] – SIMP contour calcs. underway
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Conclusions

n Recent above-ground direct searches for <GeV/c2 DM particles 
interacting with nucleons help cover a relevant domain of the 
(MDM,s) parameter space

n Thresholds and backgrounds are key factors
• Technological developments for both surface DM & coherent elastic 

neutrino-nucleon scattering experiments (RICOCHET & n-cleus)

• Small cryogenic detectors have low and well-defined thresholds    
(eg: resolution, quenching effects) 

• Challenge 1: further background reductions without increasing the 
external shielding

• Challenge 2: further improvements in thresholds

• Migdal effect helps reduce thresholds → this stresses the importance 
to get a direct measurement of this effect (with cryogenic Ge?)

April 24th, 2019 ALPS2019: Above-ground Direct Searches for WIMPs
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Weakly-Interacting Elephant

Strongly-Interacting Mouse

To keep with the Elephant-
theme of the Workshop...
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BACKUP
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SIMP interactions with Earth + atmosphere

See e.g. 
• Hooper+McDermott,  PRD 97 115006 (2018)

• Emken+Kouvaris, PRD 97 115047 (2018)

• Kavanagh, PRD 97 123013 (2018)

• Kavanagh+Catena+Kouvaris, JCAP 01(2017)012

n Depth-dependent reduction of velocity + attenuation of flux

April 24th, 2019 ALPS2019: Above-ground Direct Searches for WIMPs

https://github.com/bradkav/verne
https://github.com/temken/damascus

nuclear stopping by altering the speed distribution. For this
purpose we rewrite Eq. (4) in terms of speed,

vfinχ ðdÞ ¼ viniχ exp
!
−

ρσχn
mχμ2χn

"X

i

fiμ4χiA
2
i

m2
i

#
d
$
; ð9aÞ

≡ viniχ exp½−Δd% ð9bÞ

Next we need to find the DM speed distribution function
fdðvÞ at depth d based on our knowledge of the distribution
fðvÞ at the surface. Since we assume that all particle move
on a straight line from the surface to the detector while
getting decelerated, the particle flux is conserved,

fdðvfinχ Þvfinχ dvfinχ ¼ fðviniχ Þviniχ dviniχ

¼ exp½2Δd%fðexp½Δd%vfinχ Þvfinχ dvfinχ :

We can read off the underground distribution,

⇒ fdðvfinχ Þ ¼ exp½2Δd%fðexp½Δd%vfinχ Þ: ð10Þ

The speed distribution fdðvÞ can be seen in Fig. 1. This
expression can be substituted into (8). The resulting
spectrum can be written in terms of the surface distribution
fðvÞ,

dRi

dER
ðdÞ ¼ nT

ρχ
mχ

Z

v>eΔdvminðERÞ

dvvfðvÞ
dσχi
dER

ðER; e−ΔdvÞ:

ð11Þ

The result can then be used to compute recoil spectra and
event counts in the usual way, and the shielding effect of the

overburden is included automatically, i.e., the signal
weakens rapidly with increasing cross section above some
critical value. At this point we see that the critical cross
section obtained from method a is exactly the value, above
which we obtain zero using Eq. (11). Hence method a will
always slightly overestimate the upper bound of the
excluded band compared to method b.
This method was further refined and applied [30], taking

into account the geometry of the whole Earth, not just the
overburden above the laboratory as well the atmosphere.
However, close to the critical cross section the DM-matter
interactions are so strong that virtually all DM particles
reach the detector from above. For intermediate cross
sections additional attenuation occurs due to DM particles
passing through the bulk of the Earth before reaching the
detector from below, which is not included in Eq. (10).
Finally the nuclear form factor can also be included, as

done in the context of constraining super-heavy DM
[31,45], fixing problem 3 of our previous list. This leaves
us with point 4 and 5, both of which can be solved by MC
simulations of DM trajectories undergoing scatterings on
nuclei of the shielding layers above a detector.

III. MONTE CARLO SIMULATIONS

The general principles of our MC simulations are laid out
in detail in [39]. We simulate DM particles that travel
underground on straight lines until they scatter elastically
on a nucleus, where the particle gets decelerated and
deflected. As opposed to the DAMASCUS code we model
the overburden, i.e., the Earth crust, the atmosphere and
shielding layers as planar layers instead of a spherical Earth
model. Close to the critical cross section the DM-baryon
interaction is so strong that particles reach the detector
virtually exclusively from above. For the details of the crust
and atmosphere models we refer to Appendix C.
The number of shielding layers in our simulations is

variable, each layer is characterized by its density and
nuclear composition. The mean free path λ inside layer i is
given by

λ−1i ¼
X

k

λ−1ik ≡
X

k

nikσtotχk ¼
X

i

fik
ρi
mk

σtotχk: ð12Þ

Here ρi denotes the ith layer’s mass density, and nik, fik the
corresponding number density and elemental abundance of
the isotope k. Before a DM particle scatters inside a
shielding layer, it travels freely for a distance

−λi logð1 − ξÞ; with ξ ∈ ½0; 1%; ð13Þ

with ξ being a uniformly distributed random number.
Where a particle passes a boundary into another shielding
layer before the next scattering, the mean free path changes
along the way. To account for this discontinuity, we
implement a recursive algorithm to find the location of

0 100 200 300 400 500 600 700

0.000

0.002

0.004

0.006

0.008

0.010

FIG. 1. The DM speed distributions given by Eq. (10) for mχ ¼
1 GeV and σχn ¼ 10−30 cm2 at different underground depths d.
Note the assumption that all particles move directly from the
surface straight down to the given depth. Because the particle flux
is conserved, the density grows as the particles get slower. This is
reflected by the fact that the distribution function is no longer
normalized.

TIMON EMKEN and CHRIS KOUVARIS PHYS. REV. D 97, 115047 (2018)

115047-4

1 GeV/c2 DM 
velocity attenuation 
vs depth

Emken+Kouvaris
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Liquid Scintillator experiment
JI Collar, PRD 98, 023005 (2018)

n 2 liquid scintillators EJ-301

n PSD, veto timing (but not relevant 
for low energy)

n Aggressive subtraction of single-
electron dark current

n Earth/atmosphere shielding effects 
not taken into account

April 24th, 2019 ALPS2019: Above-ground Direct Searches for WIMPs

DAQ range and PMT current saturation. In these con-
ditions, an excellent separation between ER- and NR-
mediated interactions is available (Fig. 9). A preliminary
analysis indicates that a sensitivity to heavy SIMP-nucleus
interactions with rate< 0.1 d−1 is achievable. This targeted
search, motivated in [154], provides access to a presently
weakly constrained region of heavy SIMP phase space
(cross section vs mass). The generality of previous exper-
imental limits [155,156] can also be improved, by relaxing
the assumptions of NR-mediated interactions and muon-
veto anticoincidence made in those.
The delayed-coincidence technique described in pre-

vious sections is able to probe unexplored SIMP parameter
space for m χ < 1 GeV, but is limited in its cross-section
reach by the requirement that interactions take place in both
cells, the penalty imposed by the finite solid angle they
mutually subtend, and by the rapid increase in background
below a 3 PE threshold (Sec. V). An alternative approach
relies on differential measurements using a single LS cell,
cooled to ∼1 °C (Fig. 12) using an external circulating bath
connected to an oxygen-free high-conductivity copper
refrigeration line wrapped around the cell flange. The

DAQ system is modified to trigger on signals from this
single cell, with a threshold at SPE level, as before. In this
mode of operation, rates of SPE production with the PMT
optically coupled to the LS cell, and decoupled by a thin
foil of light-blocking material (i.e., with SPEs originating in
PMT dark current only), are compared. Their difference is
identified with the largest rate of SIMP interactions in the
LS producing a SPE that is allowed by the data (Fig. 12).
This approach is feasible as long as the temperature of the
PMT photocathode is maintained as constant as possible
between measurements (inset of Fig. 12), to guarantee
nearly identical contributions from PMT dark current to
both data sets. Cooling of the PMT drastically reduces the
impact of temperature stability on the uncertainty in this
residual SPE rate (Fig. 12).
The ∼30 Hz single-cell trigger rate at 1 °C (Fig. 12) is

modest enough to permit vetoing of slow afterpulses [114–
117], while generating only a minimal impact on live time.
These highly delayed SPE afterpulses are observed in the
present system to follow very large energy depositions
(cosmic-ray traversal), appearing with a multiplicity of a
few per primary. A long gate of order 500 μs following a
trigger is required for their complete elimination. Minor
modifications to the electronics setup of Fig. 5, necessary to
remove this dominant background, will be described in
[146]. Present experimentation indicates that a limit on the
rate of SPE production by low-mass SIMPs of order 0.1 Hz
is within reach, following removal of slow afterpulses.
Further progress would require a photocathode temperature
stability much better than 0.1 °C and/or an additional
reduction in PMT dark current.
For an interesting range of SIMP interaction cross

sections, the fast scintillation properties of EJ-301 would
allow to look for indications of their multiple scattering
within a single large LS cell, separated by a characteristic
TOF between scatters. For the small signals expected from
low-mass SIMPs, this possibility is unfortunately encum-
bered by anomalous photoelectron trajectories within the
PMT [157,159,160], which are observed to generate occa-
sional SPE afterpulsing within tens of nanoseconds from a
primary SPE.
Figure 13 translates the achievable 0.1 Hz SPE residual

rate into nuclear scattering cross section vs SIMP mass
projected constraints. To arrive at the sensitivity shown in the
figure, the rate of detectable signals from SIMP-proton
scattering in a single LS cell is approximated as R≈
κ ·Φðm χÞ · σ · εðm χ ; EthÞ · V, where κ ¼ 4.82 × 1022 cm−3

is the number density of hydrogen nuclei in EJ-301, Φ ≃
ρ
m χ
hvi is the SIMP flux through the cell, ρ ≃ 0.3 GeV=cm3 is

the commonly accepted local Galactic dark matter (DM)
mass density, hvi ¼ 335 km=s is the average Galactic DM
speed at Earth, σ is the scattering cross section, εðm χ ; EthÞ
represents the efficiency in creating a signal above a
scintillation threshold Eth ≥ 1 PE, and V ¼ 1500 cm3 is
the active cell volume.

FIG. 12. (Top inset) Stability of photocathode temperature
achieved during preliminary single cooled detector runs (see
the text). An improved control of room temperature stability has
been recently achieved, further reducing the small fluctuations
visible. (Top panel) Dependence of SPE emission rate on
temperature, measured for ET9390QKA PMTs described in
Sec. V. The dependence of this dark current on operating temper-
ature is minimized below a few °C, a behavior characteristic of
bialkali photocathodes [157,158]. (Bottom panel) Residual SPE
rate during preliminary cooled-PMT runs, previous to removal of
slow afterpulses (see the text). A 0.11 Hz uncertainty arises from
the temperature stability achieved (top panel).
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The efficiency ε is found via Monte Carlo simulation as
follows: SIMP speed is sampled from its SHM distribution
in the frame of reference of Earth [94–97], defining its
kinetic energy T0. The proton recoil energy imparted is
selected in an isotropic scattering approximation, i.e.,
assigning equal probability up to a maximum recoil energy
of 4 M·m χ

ðMþ m χÞ2
T0, where M ¼ 0.938GeV is the proton mass.

This proton energy is translated into an expected mean
number of PE via the modified Lindhard model in Fig. 3,
and the measured EJ-301 light yield of 2.5PE=keVee (a
small favorable increase by ∼10% at 1 °C [163] is
neglected). The number of PEs detected is sampled
assuming Poisson fluctuations around this mean.
The fraction of simulated events generating ≥ 1 PE is
identified with ε. As a reference, ε ¼ 1.1 × 10−3 (0.17) for
m χ ¼ 0.1 (1) GeV. It should be noted that the adequacy of
Poisson statistics to describe the generation of scintillation
by sub-keV protons in organic scintillator has been
experimentally ascertained in [91,92] (Fig. 3).
Figure 13 clearly illustrates the advantages of hydro-

genated organic scintillators for SIMP searches. However,
their use is not limited to interactions mediated by nuclear
recoils. The subject of DM interactions via electron scatter-
ing is of relatively new interest, with recent limits derived
from XENON-10, SENSEI, and SuperCDMS data only
[164–166]. These extend down to a DM mass of few MeV,
due to the absence of a quenching factor, and the possibility
of a larger momentum transfer to electron targets. A similar
expansion in sensitivity down to m χ ∼ 1 MeV is expected

from the present search when considering this other inter-
action mechanism, as the minimum SIMP kinetic energy
necessary for the production of a scintillation photon in
organic scintillator is of just a few eV. The advantages of
scintillators for sub-GeV dark matter detection have been
recently emphasized [167].
To finalize, additional applications of the delayed-

coincidence method can be listed. For instance, a broad
class of models predicts the possibility of DM capable of
internal inelastic excitation. In these scenarios, highly char-
acteristic signals composed of a nuclear recoil in the first
detector, followed by deexcitation via low-energy gamma
emission in the second, would be expected [34]. As already
mentioned above, the delayed-coincidence method seems
particularly well adapted to explore such possibilities,
constraining the parameter space (coupling, lifetime of the
excitation) over which this mechanism might be responsible
for the long-standing DAMA/LIBRA anomaly [34].

VII. CONCLUSIONS

WIMP searches are rapidly exhausting the range of
possibilities left open for their original motivation, a
lightest supersymmetric partner of cosmological relevance.
Surprisingly, vast regions of SIMP parameter space have
survived without dedicated exploration during this long
period of concentration on WIMP searches, performed at
depth. Experimentation with hydrogenated scintillators
operated in a shallow underground site can probe some
of these still viable dark matter candidates. The ability to

FIG. 13. (Solid blue line) Present sensitivity to spin-dependent and -independent SIMP scattering off protons, derived from the
preliminary runs in Fig. 12. (Dashed blue line) Expected improved sensitivity following a two-week exposure of the single cooled LS
cell described in the text. Excluded regions from other searches are from [161]. The loss of sensitivity due to SIMP energy loss in the
overburden (top boundary of closed contours) is not calculated for this search, but should be close to that from a recent CRESST
microbolometer run (green contour, [162]), also performed in a surface lab. These contours assume preferential DM couplings to
protons, with very similar regions existing when comparable couplings to neutrons are considered [161]. A recently proposed process,
nuclear-recoil bremsstrahlung [36], may further expand the reach of all techniques shown. The advantages of hydrogenated scintillators
for low-mass SIMP searches, described in Sec. III, are made evident in this figure.
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