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Outline

A theorists perspective on…

• Limitations of standard searches

• Light DM searches:

- Scattering with electrons

- Absorption by electrons

- Polarised atom emission
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The standard search
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The standard search
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• The measurable signals are termed S1 and S2

The standard search: S1+S2
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S1:  proportional to # VUV photons
S2:  proportional to # electrons 
S1+S2: 3D position reconstruction + background identification

�
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finding photon hits in each PMT channel, then cluster-
ing and classifying groups of hits as S1 or S2 using the
Pax software. For S1s, we require that hits from three or
more PMTs occur within 50 ns. To tune the signal recon-
struction algorithms and compute their e�ciency for de-
tecting NRs – shown in blue in Fig. 1 – we used a Monte
Carlo code that reproduces the shapes of S1s and S2s
as determined by the interaction physics, light propaga-
tion, and detector-electronics chain. This was validated
against LED, 83mKr and 220Rn calibration data.

The interaction position is reconstructed from the top-
array PMT hit pattern of the S2 (for the transverse po-
sition) and the time di↵erence between S1 and S2 (for
depth). The S2 transverse position is given by maximiz-
ing a likelihood based on an optical simulation of the
photons produced in the S2 amplification region. The
simulation-derived transverse resolution is ⇠2 cm at our
S2 analysis threshold of 200 PE. The interaction position
is corrected for drift field nonuniformities derived from a
finite element simulation, which is validated using 83mKr
calibration data. We correct S2s for electron losses dur-
ing drift, and both S1s and S2s for spatial variations of
up to 30% and 15%, respectively, inferred from 83mKr
calibration data. These spatial variations are mostly due
to geometric light collection e↵ects. The resulting cor-
rected quantities are called cS1 and cS2. As the bottom
PMT array has a more homogeneous response to S2 light
than the top, this analysis uses cS2b, a quantity similar
to cS2 based on the S2 signal seen by the bottom PMTs.

To calibrate XENON1T, we acquired 3.0 days of data
with 220Rn injected into the LXe (for low-energy ERs),
3.3 days with 83mKr injected into the LXe (for the spatial
response) and 16.3 days with an external 241AmBe source
(for low-energy NRs). The data from the 220Rn [19]
and 241AmBe calibrations is shown in Fig. 2 (a) and
(b), respectively. Following the method described in [20]
with a W -value of 13.7 eV, we extracted the photon gain
g1 = (0.144 ± 0.007) PE per photon and electron gain
g2 = (11.5 ± 0.8) PE (in the bottom array) per elec-
tron in the fiducial mass by fitting the anti-correlation
of cS2b and cS1 for signals with known energy from
83mKr (41.5 keV), 60Co from detector materials (1.173
and 1.332 MeV), and from decays of metastable 131mXe
(164 keV) and 129mXe (236 keV) produced during the
241AmBe calibration. The cS1 and cS2b yields are stable
in time within 0.77% and 1.2% respectively, as deter-
mined by 83mKr calibrations.

WIMPs are expected to induce low-energy single-
scatter NRs. Events that are not single scatters in the
LXe are removed by several event-selection cuts: (i) a
single S2 above 200 PE must be present and any other
S2s must be compatible with single electrons from pho-
toionization of impurities or delayed extraction; (ii) an
event must not closely follow a high-energy event (e.g.,
within 8 ms after a 3 ⇥ 105 PE S2), which can cause
long tails of single electrons; (iii) the S2 signal’s duration
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(c) Dark matter search
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FIG. 2: Observed data in cS2b vs. cS1 for (a) 220Rn ER
calibration, (b) 241AmBe NR calibration, and (c) the 34.2-
day dark matter search. Lines indicate the median (solid)
and ±2� (dotted) quantiles of simulated event distributions
(with the simulation fitted to calibration data). Red lines
show NR (fitted to 241AmBe) and blue ER (fitted to 220Rn).
In (c), the purple distribution indicates the signal model of
a 50GeV/c2 WIMP. Thin gray lines and labels indicate con-
tours of constant combined energy scale in keV for ER (a) and
NR (b, c). Data below cS1 = 3 PE (grey region) is not in our
analysis region of interest and shown only for completeness.

must be consistent with the depth of the interaction as
inferred from the drift time; (iv) the S1 and S2 hit pat-
terns must be consistent with the reconstructed position
at which these signals were produced; (v) no more than
300 PE of uncorrelated single electrons and PMT dark
counts must appear in the region before the S2. Single
scatter NR events pass these selections with >82% prob-
ability, as determined using simulated events and control
samples derived from calibration, and shown in green in
Fig. 1.

The dark matter search uses a cylindrical (1042±12) kg

XENON1T
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Standard S1+S2: limited by S1 efficiency

6

6

101 102 103
10−1

100

101

102

103

104

105

8B

SuperCDMS 2014

CDMSlite 2015

PandaX 2015

DarkSide−50 2015

XENON100 2012

LUX 2014

This Result

mWIMP ( GeV/c2 )
W

IM
P−

nu
cl

eo
n 

cr
os

s s
ec

tio
n 

( z
b 

)

10−45

10−44

10−43

10−42

10−41

10−40

W
IM

P−
nu

cl
eo

n 
cr

os
s s

ec
tio

n 
( c

m
 2  )

FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% C.L. Observed limit in black,
with the 1- and 2-� ranges of background-only trials shaded
green and yellow. Also shown are limits from the first LUX
analysis [6] (gray), SuperCDMS [40] (green), CDMSlite [41]
(light blue), XENON100 [42] (red), DarkSide-50 [43] (orange),
and PandaX [44] (purple). The expected spectrum of coherent
neutrino-nucleus scattering by 8B solar neutrinos can be fit
by a WIMP model as in [45], plotted here as a black dot.

the ongoing 300-day LUX search and the future LUX-
ZEPLIN [46] experiment.
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FIG. 1. WS2014–16 data passing all selection criteria. Fidu-
cial events within 1 cm of the radial fiducial volume boundary
are indicated as unfilled circles to convey their low WIMP-
signal probability relative to background models (in particu-
lar the 206Pb wall background). Exposure-weighted average
ER and NR bands are indicated in blue and red, respectively
(mean, 10%, and 90% contours indicated). Of the 16 models
used, the scale of model variation is indicated by showing the
extrema boundaries (the upper edge of the highest-S2 model
and the lower edge of the lowest-S2 model) as fainter dashed
lines for both ER and NR. Gray curves indicate a data selec-
tion boundary applied before application of the profile likeli-
hood ratio method. Green curves indicate mean (exposure-
weighted) energy contours in the ER interpretation (top la-
bels) and NR interpretation (lower labels), with extrema mod-
els dashed.

ground populations are simulated: Compton scatter-
ing of � rays (originating in trace radioactivity in de-
tector components), and � decays (originating in the
bulk LXe from trace amounts of 85Kr and 222Rn daugh-
ters). Simulated true recoil positions are converted
to S2 observed coordinates {xS2, yS2, zS2} using electric
field maps specific to each date bin. Distributions in
{S1, log10(S2)} result from the NEST model specific to
the simulated exposure segment. The contributions of
these ER backgrounds are additionally constrained by
the WIMP-search data, selecting a region of the ER
band [log10(S2) >medianER] that avoids overlap with
the NR signal region. There are two NR background
event populations: neutrons (from detector components
and cosmic muons), and coherent elastic nuclear scat-
ters of 8B solar neutrinos. Single-scatter neutron inter-
action rates have been estimated through radioactivity
screening data, simulations, and tests for multiple scat-
ter neutron events. Simulations show that the multiple
scatter event rates are significantly higher than the single
scatter rates, and so the former can be used to establish
upper limits on the latter event rates. These analyses
show that single scatter neutron events can be left out
of the background model due to their negligible event
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FIG. 2. E�ciencies for NR event detection, estimated us-
ing simulation with parameters tuned to calibration data. In
descending order of e�ciency—red: detection of an S2 (and
classification as such by analysis); green: detection of an S1
(�2 PMTs detecting photons); blue: detection of both an
S1 and an S2; black: detection passing analysis selection cri-
teria. Solid curves indicate exposure-weighted means of the
16 calibrated models. The scale of model variation is illus-
trated by including the e�ciencies of the date and z bins with
highest and lowest total e�ciency (black dashed curves). Be-
low 1.1 keV nuclear recoil energy, the lowest energy for which
light yield was measured in [11], e�ciency is conservatively
assumed to be zero.

contribution in the WS2014–16 exposure. The 8B solar
neutrino background is included as a low-rate NR back-
ground contribution in the PLR model.
Events from radon progeny on the PTFE surface can

exhibit suppressed charge yield, due to charge loss to the
PTFE (some radon progeny exhibit further charge sup-
pression due to nuclear recoil type, as in 210Po decay,
emitting 206Pb nuclei). The true recoil positions of these
events are ⌧1 mm from the wall surface, and as a result
inward leakage from the wall surface in the {rS2,�S2, zS2}
observation space is determined by S2 position recon-
struction uncertainty alone. This uncertainty scales as
S2�1/2. A small fraction of these events can leak into the
fiducial volume near the S2 threshold. This population
at high radius and low log10S2 can be seen in Fig. 1. An
empirical model is constructed similar to [9], using two
samples of the WIMP-search data outside the region of
interest. The PDF in {S1, log10(S2),�S2, zS2} is inferred
from a high-radius sample (greater than 1 cm beyond the
fiducial boundary). A high-S1 sample (S1 > 55 phd) of
events below the NR median is used to characterize the
radial distribution of these events as a function of S2.
Isolated S1 pulses appear in the event record, as do iso-

lated S2 pulses. Though these pulses are rare, they may
accidentally occur close enough in time (and in the cor-
rect order) to resemble a single-scatter energy deposition
in the LXe. The {S1, log10(S2)} distribution of these
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LUX 2016: 1608.07648

LUX: 1512.03506
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• Advantage: lower threshold (in principle)
• Disadvantage: background ~104 higher

S2-only (from XENON100)

7

mDM & 3 GeV (conservative value)
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FIG. 5. Charge yield (Qy) as a function of energy for nu-
clear recoils (keV). This analysis employs the conservative
nuclear recoil charge yield model of Bezrukov et al. (elec-
tric field independent) [15], given by the green line. It agrees
with the measurement of XENON100 (E = 0.53 kV/cm) [14]
(red triangles). The NEST model (E = 0.73 kV/cm) [16]
(dashed black) and the recent measurement of LUX (E =
0.18 kV/cm) [17] (blue points) predict slightly higher yields.
To account for the mild discrepancies below 3 keV, we use the
model from Bezrukov et al. and conservatively assume Qy=0
below 0.7 keV.

dependent and gives the number of proportional scintil-
lation photoelectrons per electron extracted into the gas
phase. In this science run of XENON100, Y is described
by a normal distribution with µ = (19.7 ± 0.3)PE/e�

and � = (6.9± 0.3)PE/e� [12]. Charge extraction from
the liquid is almost unity at the XENON100 extraction
field [9].

As shown in Fig. 5, there is some remaining uncertainty
in Qy, especially at very low recoil energies, even though
the LUX data demonstrate clearly that Qy is nonzero
above 0.7 keV [17]. In order to not base our WIMP
result on optimistic assumptions, we use the analytical
model of Bezrukov et al. [15], which agrees with the
XENON100 measurement [14], and the NEST model [16]
above ⇠6 keV and is more conservative at lower ener-
gies. We additionally introduce a cuto↵ at 0.7 keV, be-
low which Qy is set to zero, to penalize the result for
the limited knowledge on the charge yield at the lowest
energies. This energy also corresponds to the threshold
at which signals will be above our 80PE threshold.

However, we note that a Monte Carlo model based on
the Bezrukov et al. function without any cuto↵ leads to a
good description of the measured charge spectrum from
241AmBe calibration data (see Fig. 6). The data were
selected based on the same criteria as used in the WIMP
analysis, with the exception of the S2 asymmetry cut,
which is not required due to the significantly higher rate
of the 241AmBe source compared to the gas event rate.
Besides the statistical uncertainty, the spectrum also in-

FIG. 6. S2 spectrum of 241AmBe calibration data compared
to simulations using the Qy from Bezrukov et al. [15] with no
energy cuto↵.

XENON10
CDMS-II

DAMA/LIBRA

CRESST-II

SuperCDMSXENON100LUX

CDMSlite

PICO-2L
XENON100: S2-only

FIG. 7. WIMP exclusion limit on the spin-independent
WIMP-nucleon scattering cross section at 90% confidence
level. Limits from the LUX [21], XENON100 [10], Super-
CDMS [22], CDMSlite [23], XENON10 [8], CRESST-II [24]
and PICO-2L [25] experiments are shown. The claims from
DAMA/LIBRA experimental data [26] and CDMS-II (Si de-
tectors) [7] are also shown. The limit from this analy-
sis is shown with the thick blue line and it improves the
XENON100 result [10] (dashed blue line) for WIMP masses
below ⇠7.4GeV/c2.

cludes a systematic uncertainty of 8%, which is mainly
due to the uncertainties in the S2 amplification [12] and
the cut acceptance. The simulation follows the strategy
described in [14] but ignores the S1 light information.
The same Monte Carlo method is used to model the

expected WIMP energy spectra. The number of elec-
trons released after a nuclear recoil of energy E is given
by a Poisson distribution with mean N = EQy. The
charge loss due to the electron lifetime (⌧e) is modeled

S2-limit

4

TABLE I. Acceptances of the di↵erent data selections and
number of DM candidate events passing the selections. The
cuts are applied sequentially. The number of events is in the
S2 energy range [80, 1000] PE.

Description of cut
Acceptance at
S2=100PE

Events

Radial cut (starting events) 100% 254901
Depth and electronic recoil 92% 103914
Detector noise 97% 57516
Single S2 and 10ms cut 95% 49041
Interaction in the gas 61% 13560

FIG. 3. The analysis acceptance (red triangles) and the
trigger e�ciency (blue circles). The purple dashed line is the
analysis threshold (80PE).

shortly before the S2. Therefore, we define an asymme-
try parameter (S2

top

� S2
bottom

) / (S2
top

+ S2
bottom

),
corresponding to the fraction of observed light in the top
PMTs compared to the bottom PMTs.

In Fig. 2, the asymmetry parameter is shown for
241AmBe events that occurred in the liquid xenon and a
sample of events from interactions in the gas phase. The
gas events are taken from 60Co and DM search data, re-
quiring an S1 signal and selecting events where the S2
width at 10% peak height is inconsistent with di↵usion
broadening given the drift time of the event. Both distri-
butions are normalized to the rate expected in the DM
search data. The events in the liquid should be primar-
ily due to ERs from background �s, so we estimate the
rate by comparing the rate of 60Co events and DM search
data events at energies far beyond the region of interest,
as done in [13]. The gas event rate was estimated from
DM search data events with an S2 asymmetry larger than
0.45 (again, well beyond the region of interest), as seen
in Fig. 2.

We remove events with an S2 asymmetry parameter
larger than 0.17 and smaller than an S2 size-dependent
threshold derived from 241AmBe (�0.32 at 100PE). The
0.17 threshold is chosen by optimizing the ratio of the

liquid events over the square root of gas events. Only 61%
of liquid events with an S2 signal of 100PE will pass the
asymmetry cut (as determined from the 241AmBe data).
The low acceptance is necessary because of the gas event
background in this analysis. We also apply a loose S2
10%-width selection of [0.8, 2.7]µs with an acceptance of
99.8% at S2=100PE.
Figure 3 shows the analysis acceptance and the trigger

e�ciency [13] as a function of the S2 signal size. The
trigger e�ciency in our region of interest is more than
80%. The product of the trigger e�ciency and analysis
acceptance is our final signal detection e�ciency. Table I
shows the acceptance of the analysis selections discussed
above, as well as the number of events remaining at each
stage. After applying the data selection cuts summa-
rized in Table I to the the entire data set of 30 kg⇥ yr,
13560 valid candidate events remain in the S2 range [80,
1000] PE (see Fig. 4).

FIG. 4. Energy distribution of the events remaining in
the data set after all data selection cuts. As an exam-
ple, the expected spectrum for a WIMP of 6GeV/c2 and a
spin-independent WIMP-nucleon scattering cross section of
1.5⇥ 10�41 cm2 is also shown. The corresponding nuclear re-
coil energy scale is indicated on the top axis. The charge yield
model assumed here has a cuto↵ at 0.7 keV, which truncates
the WIMP spectrum. The optimum interval (thick red line) is
found in the S2 range [98, 119] PE and contains 1173 events.

IV. RESULTS

The interpretation of the outcome of the data selection
requires the reconstruction of a nuclear recoil equivalent
energy scale from the measured S2 signals. It is based on
two quantities: the first one is the charge yield Qy, shown
in Fig. 5, which gives the number of ionization electrons
per keV liberated by a NR event. The second one is
the secondary scintillation gain Y , which is detector-

13560 events! 
~1 event/kg/day

XE100: 1605.06262
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The standard search(es): summary
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Light DM 1: electron scattering
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•  Z

• ZEPLIN, XE10 & XE100 all 
demonstrated single electron 
extraction (S2 only)

Light DM 1: electron scattering
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Electron scattering: limits from S2-only
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to > 0.99 between 1.4 keV and 10 keV. Valid single scat-
ter event records were required to have only a single S2
pulse of size > 4 electrons. Events in which an S1 signal
was found were required to have log10(S2/S1) within the
±3� band for elastic single scatter nuclear recoils. This
band was determined from the neutron calibration data,
and has been reported in a previous article [15]. Events
in which no S1 signal was found were assumed to be dark
matter candidate events and were retained.

TABLE I. Summary of cuts applied to 15 kg-days of dark
matter search data, corresponding acceptance for nuclear re-
coils "c and number of events remaining in the range 1.4 <
Enr  10 keV.

Cut description "c Nevts

1. event localization r < 3 cm 1.00a 125

2. signal-to-noise > 0.94 58

3. single scatter (single S2) > 0.99 38

4. ±3� nuclear recoil band > 0.99 23
a limits e↵ective target mass to 1.2 kg

The remaining events in the lowest-energy region are
shown in Fig. 2 (left) versus their S2 pulse width �

e

. The
equivalent number of electrons is indicated by the inset
scale. Events in which an S1 signal was observed are indi-
cated by a circle. Figure 2 (right) shows the width profile
of the S2 signal in the top, middle and bottom third of
the detector, based on single scatter nuclear recoils with
known �t and 5 < S2 < 100 electrons. Gaussian fits are
shown to guide the eye.

The top panel of Fig. 2 shows the distribution of re-
maining candidate events (+) with S2  4 electrons. The
distribution of background single electron events, sam-
pled from a time window at least 20 µs after higher-
energy events, is also shown (4). The single electron
background events are a subject of ongoing study, and ap-
pear to originate from multiple physical phenomena. One
possibility involves photoionization of impurities in the
liquid xenon [37]. Another possible origin is from excess
free electrons trapped at the liquid surface. This could
occur because the emission of electrons from the liquid
to the gas is nearly � but likely not exactly � unity [38].
As a result, every S2 signal could be a potential source of
a small number of trapped electrons. Delayed emission
of the trapped electrons may result from the requirement
that both the electron kinetic energy and the z compo-
nent of the electron momentum be su�cient to overcome
the surface potential barrier [39].

The signal-to-noise cut was motivated by a distinct but
closely related class of background event, which consists
of a train of approximately ten to several tens of single
electrons over a period of O(100 µs). The origin of these
events is also not yet clear. Often several single electrons
in an electron train overlap in time, to the degree that
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FIG. 2. (left) All candidate dark matter events remaining
(⇥ and #) after the cuts listed in Table I. Events in which an
S1 was found are shown as #. The number of electrons in the
S2 signal is indicated by the inset scale. (top) Distribution
of candidate events with  4 electrons (+), and distribution
of background single electrons (4) as described in the text.
(right) S2 pulse width distributions for single scatter nuclear
recoils in the top, middle and bottom third of the detector.

they appear as a single S2 pulse containing ⇠ 2 � 6 elec-
trons. These spurious pulses often have �

e

> 0.30 (the
3� width for a single electron) and so could be removed
based on pulse width. However, the signal-to-noise cut
more precisely targets the presence of multiple additional
single electrons in the event record.

The energy resolution for S2 signals depends primarily
on Poisson fluctuation in the number of detected elec-
trons, with an additional component due to instrumen-
tal fluctuations. This is discussed in detail in [35], and
for higher energy signals in [19]. So as not to over-
state the energy resolution, we adopt a parameteriza-
tion which follows the Poisson component only, given by
R(E

nr

) = (2E
nr

)�1/2. We assume a sharp cuto↵ in Q
y

at
E

nr

= 1.4 keV, and then convolve the resolution with the
predicted di↵erential dark matter scattering rate. This
ensures that �

n

exclusion limits are not influenced by
lower-energy extrapolation of the detector response. The
scattering rate as a function of nuclear recoil energy was
calculated in the usual manner [13] (cf. [15]). We take
the rotational speed of the local standard of rest and
the velocity dispersion of the dark matter halo to be
v0 = 230 km s�1, and the galactic escape velocity to be
v

esc

= 600 km s�1 [41]. We use the p

max

method [42] to
calculate 90% C.L. exclusion limits on the cross section
�

n

for elastic spin-independent dark matter � nucleon
scattering as a function of m

�

. All remaining events in
the the range E

nr

> 1.4 keV are treated as potential dark
matter signal. The results are shown in Fig. 3. If Q

y

were 40% higher (lower) below 4 keV, the exclusion limits

4

TABLE I. Acceptances of the di↵erent data selections and
number of DM candidate events passing the selections. The
cuts are applied sequentially. The number of events is in the
S2 energy range [80, 1000] PE.

Description of cut
Acceptance at
S2=100PE

Events

Radial cut (starting events) 100% 254901
Depth and electronic recoil 92% 103914
Detector noise 97% 57516
Single S2 and 10ms cut 95% 49041
Interaction in the gas 61% 13560

FIG. 3. The analysis acceptance (red triangles) and the
trigger e�ciency (blue circles). The purple dashed line is the
analysis threshold (80PE).

shortly before the S2. Therefore, we define an asymme-
try parameter (S2

top

� S2
bottom

) / (S2
top

+ S2
bottom

),
corresponding to the fraction of observed light in the top
PMTs compared to the bottom PMTs.

In Fig. 2, the asymmetry parameter is shown for
241AmBe events that occurred in the liquid xenon and a
sample of events from interactions in the gas phase. The
gas events are taken from 60Co and DM search data, re-
quiring an S1 signal and selecting events where the S2
width at 10% peak height is inconsistent with di↵usion
broadening given the drift time of the event. Both distri-
butions are normalized to the rate expected in the DM
search data. The events in the liquid should be primar-
ily due to ERs from background �s, so we estimate the
rate by comparing the rate of 60Co events and DM search
data events at energies far beyond the region of interest,
as done in [13]. The gas event rate was estimated from
DM search data events with an S2 asymmetry larger than
0.45 (again, well beyond the region of interest), as seen
in Fig. 2.

We remove events with an S2 asymmetry parameter
larger than 0.17 and smaller than an S2 size-dependent
threshold derived from 241AmBe (�0.32 at 100PE). The
0.17 threshold is chosen by optimizing the ratio of the

liquid events over the square root of gas events. Only 61%
of liquid events with an S2 signal of 100PE will pass the
asymmetry cut (as determined from the 241AmBe data).
The low acceptance is necessary because of the gas event
background in this analysis. We also apply a loose S2
10%-width selection of [0.8, 2.7]µs with an acceptance of
99.8% at S2=100PE.
Figure 3 shows the analysis acceptance and the trigger

e�ciency [13] as a function of the S2 signal size. The
trigger e�ciency in our region of interest is more than
80%. The product of the trigger e�ciency and analysis
acceptance is our final signal detection e�ciency. Table I
shows the acceptance of the analysis selections discussed
above, as well as the number of events remaining at each
stage. After applying the data selection cuts summa-
rized in Table I to the the entire data set of 30 kg⇥ yr,
13560 valid candidate events remain in the S2 range [80,
1000] PE (see Fig. 4).

FIG. 4. Energy distribution of the events remaining in
the data set after all data selection cuts. As an exam-
ple, the expected spectrum for a WIMP of 6GeV/c2 and a
spin-independent WIMP-nucleon scattering cross section of
1.5⇥ 10�41 cm2 is also shown. The corresponding nuclear re-
coil energy scale is indicated on the top axis. The charge yield
model assumed here has a cuto↵ at 0.7 keV, which truncates
the WIMP spectrum. The optimum interval (thick red line) is
found in the S2 range [98, 119] PE and contains 1173 events.

IV. RESULTS

The interpretation of the outcome of the data selection
requires the reconstruction of a nuclear recoil equivalent
energy scale from the measured S2 signals. It is based on
two quantities: the first one is the charge yield Qy, shown
in Fig. 5, which gives the number of ionization electrons
per keV liberated by a NR event. The second one is
the secondary scintillation gain Y , which is detector-

~1 event/kg/day 
1e- ~ 20 PE
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XE100: 1605.06262
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FIG. 2. Observed number of events versus photoelectrons
(PE) in XENON10 (top) [22] and XENON100 (bottom) [23].
DM spectra are shown form� = 10 MeV (blue) & 1 GeV (red)
with a cross section fixed at our derived 90% C.L. limit (we
assume fiducial values for the secondary ionization model).
Insets show spectra in bins of 27PE (20PE), the mean number
of PE created by one electron in XENON10 (XENON100).

coil events at current and upcoming xenon experiments,
we have fixed �

e

to specific values that are allowed by
simple and predictive benchmark models [1, 5, 34–40] and
further below. We consider the DM (a Dirac fermion or
complex scalar �) to be charged under a broken U(1)

D

gauge force, mediated by a kinetically-mixed dark pho-
ton, A

0, with mass m

A

0 . The A

0 mediates DM-electron
scattering, and F

DM

(q) = 1 (↵2

m

2

e

/q

2) for a heavy (ul-
tralight) dark photon. The left axis for top (bottom) plot
of Fig. 1 shows the event rate for �

e

fixed to the maxi-
mum value allowed by current constraints for m

A

0 = 3m
�

(m
A

0 ⌧ keV), while the right axis of the top (bottom)
plot fixes �

e

so that scalar (fermion) DM obtains the cor-
rect relic abundance from thermal freeze-out (freeze-in).
Clearly, a large number of DM events could be seen in
upcoming detectors. These results are easily rescaled to
other DM models that predict DM-electron scattering.

New XENON10 and XENON100 bounds. We now
recalculate the bounds from XENON10 data [2] (15 kg-

FIG. 3. 90% C.L. limit on the DM-electron scattering cross
section from XENON10 data (blue) and XENON100 data
(red) for FDM = 1 (top) & FDM = ↵2m2

e/q
2 (bottom). Dot-

ted black lines show XENON10 bounds from [2].

days), including for the first time events with n

e

& 4, as
well as from XENON100 data [23] (30 kg-years). Since
the experimental observable is the number of photoelec-
trons (PE) produced by an event, we convert n

e

to PE.
An event with n

e

electrons produces a gaussian dis-
tributed number of PE with mean n

e

µ and width
p

n

e

�,
where µ = 27 (19.7) and � = 6.7 (6.2) for XENON10
(XENON100). We multiply the signal with the trigger
and acceptance e�ciencies from [2, 23] and then bin both
the signal and data in steps of 27PE (20PE), starting
from 14PE (80PE) for XENON10 (XENON100). The
first bin for the XENON100 analysis is 80-90PE, corre-
sponding to roughly half an electron. We require that
the resulting signal is less than the data at 90% C.L. in
each bin. For XENON10, the 90% C.L. upper bounds
on the rates (after unfolding the e�ciencies) are r

1

<

15.18, r

2

< 3.37, r

3

< 0.95, r

4

< 0.35, r

5

< 0.35, r

6

<

0.15, r

7

< 0.35 counts kg�1 day�1, corresponding to
bins b

1

= [14, 41], b

2

= [41, 68] . . . , b
7

= [176 � 203] PE;
for XENON100, we find r

4

< 0.17, r

5

< 0.24, r

6

<

0.17 counts kg�1 day�1 corresponding to bins b

4

=
[80, 90], b

5

= [90, 110], b

6

= [110, 130] PE.

Fig. 2 shows the two data sets in PE and two sam-
ple DM spectra. Fig. 3 shows the strongest XENON10
and XENON100 limit combined across all bins, and a

Essig et al: 1703.00910
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FIG. 2. Observed number of events versus photoelectrons
(PE) in XENON10 (top) [22] and XENON100 (bottom) [23].
DM spectra are shown form� = 10 MeV (blue) & 1 GeV (red)
with a cross section fixed at our derived 90% C.L. limit (we
assume fiducial values for the secondary ionization model).
Insets show spectra in bins of 27PE (20PE), the mean number
of PE created by one electron in XENON10 (XENON100).

coil events at current and upcoming xenon experiments,
we have fixed �

e

to specific values that are allowed by
simple and predictive benchmark models [1, 5, 34–40] and
further below. We consider the DM (a Dirac fermion or
complex scalar �) to be charged under a broken U(1)

D

gauge force, mediated by a kinetically-mixed dark pho-
ton, A

0, with mass m

A

0 . The A

0 mediates DM-electron
scattering, and F

DM

(q) = 1 (↵2

m

2

e

/q

2) for a heavy (ul-
tralight) dark photon. The left axis for top (bottom) plot
of Fig. 1 shows the event rate for �

e

fixed to the maxi-
mum value allowed by current constraints for m

A

0 = 3m
�

(m
A

0 ⌧ keV), while the right axis of the top (bottom)
plot fixes �

e

so that scalar (fermion) DM obtains the cor-
rect relic abundance from thermal freeze-out (freeze-in).
Clearly, a large number of DM events could be seen in
upcoming detectors. These results are easily rescaled to
other DM models that predict DM-electron scattering.

New XENON10 and XENON100 bounds. We now
recalculate the bounds from XENON10 data [2] (15 kg-
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FIG. 3. 90% C.L. limit on the DM-electron scattering cross
section from XENON10 data (blue) and XENON100 data
(red) for FDM = 1 (top) & FDM = ↵2m2

e/q
2 (bottom). Dot-

ted black lines show XENON10 bounds from [2].

days), including for the first time events with n

e

& 4, as
well as from XENON100 data [23] (30 kg-years). Since
the experimental observable is the number of photoelec-
trons (PE) produced by an event, we convert n

e

to PE.
An event with n

e

electrons produces a gaussian dis-
tributed number of PE with mean n

e

µ and width
p

n

e

�,
where µ = 27 (19.7) and � = 6.7 (6.2) for XENON10
(XENON100). We multiply the signal with the trigger
and acceptance e�ciencies from [2, 23] and then bin both
the signal and data in steps of 27PE (20PE), starting
from 14PE (80PE) for XENON10 (XENON100). The
first bin for the XENON100 analysis is 80-90PE, corre-
sponding to roughly half an electron. We require that
the resulting signal is less than the data at 90% C.L. in
each bin. For XENON10, the 90% C.L. upper bounds
on the rates (after unfolding the e�ciencies) are r

1

<

15.18, r

2

< 3.37, r

3

< 0.95, r

4

< 0.35, r

5

< 0.35, r

6

<

0.15, r

7

< 0.35 counts kg�1 day�1, corresponding to
bins b

1

= [14, 41], b

2

= [41, 68] . . . , b
7

= [176 � 203] PE;
for XENON100, we find r

4

< 0.17, r

5

< 0.24, r

6

<

0.17 counts kg�1 day�1 corresponding to bins b

4

=
[80, 90], b

5

= [90, 110], b

6

= [110, 130] PE.

Fig. 2 shows the two data sets in PE and two sam-
ple DM spectra. Fig. 3 shows the strongest XENON10
and XENON100 limit combined across all bins, and a
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FIG. 1. A summary of constraints on the dark photon kinetic mixing parameter κ as a function of vector mass mV (see Secs. 2 and 3
for the details). The thick lines exclude the region above for dark photons with dark matter relic density. The solid (dashed) line is from
XENON10 (XENON100); the limit from XMASS is taken from [25]. The dash-dotted lines show our newly derived constraints on the
diffuse γ-ray flux from V → 3γ decays, assuming that decays contribute 100% (thick line) or 10% (thin line) to the observed flux. The
thick dotted line is the corresponding constraint from CMB energy injection. Shaded regions depict (previously considered) astrophysical
constraints that are independent of the dark photon relic density. The limits from anomalous energy loss in the sun (sun), horizontal
branch stars (HB), and red giant stars (RG) are labeled. The shaded region that is mostly inside the solar constraint is the XENON10
limit derived from the solar flux [31].

In this paper, we consider ‘dark photon dark matter’
generated through inflationary perturbations, or possibly
other non-thermal mechanisms. While existing proposals
to detect dark photons address the range of masses be-
lowO(meV), we will investigate the sensitivity of existing
WIMP-search experiments to dark photon dark matter
with mass in the 10 eV - 100 keV window. As we will
show, the coupling constant of the dark photon to elec-
trons, eκ, can be probed to exquisitely low values, down
to mixing angles as low as κ ∼ O(10−15). Furthermore,
sensitivity to this mixing could be improved with careful
analysis of the ‘ionization-only’ signal available to a va-
riety of DM experiments. The sensitivity of liquid xenon
experiments to vector particles has already been explored
in [17] and many experiments have already reported rel-
evant analyses [18–25]. While we concentrate on the
Stuckelberg-type mass for the vector field, our treatment
of direct detection of V will equally apply to the Higgsed
version of the model. Moreover, the existence of a Higgs
field charged under U(1)′ opens up additional possibil-
ities for achieving the required cosmological abundance
of V .

The rest of this work is organized as follows. In Sec. 2
we introduce the dark photon model in some more detail,
describe existing constraints, and reconsider indirect lim-
its. In Sec. 3 we compile the relevant formulæ for direct

detection, confront the model with existing direct detec-
tion results and derive constraints on the mixing angle
κ. The results are summarized in Fig. 1, which shows
the new direct detection limits in comparison to various
astrophysical constraints. In Sec. 4, we provide a gen-
eral discussion of super-weakly coupled DM, and possi-
ble improvements in sensitivity to (sub-)keV-scale DM
particles.

2. DARK PHOTON DARK MATTER

It has been well-known since 1980s that the SM allows
for a natural UV-complete extension by a new massive or
massless U(1)′ field, coupled to the SM hypercharge U(1)
via the kinetic mixing term [26]. Below the electroweak
scale, the effective kinetic mixing of strength κ between
the dark photon (V ) and photon (A) with respective field
strengths Vµν and Fµν is the most relevant,

L = −
1

4
F 2
µν −

1

4
V 2
µν −

κ

2
FµνV

µν +
m2

V

2
VµV

µ + eJµ
emAµ,

(1)

where Jµ
em is the electromagnetic current and mV is the

dark photon mass. This model has been under signif-
icant scrutiny over the last few years, as the minimal

dark matter 
particle is 
absorbed
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New constraints and discovery potential of sub-GeV dark matter with xenon detectors

Christopher McCabe1, ⇤

1GRAPPA Centre of Excellence, Institute for Theoretical Physics Amsterdam and Delta Institute for
Theoretical Physics, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands

Existing xenon dark matter (DM) direct detection experiments can probe the DM-nucleon inter-
action of DM with a sub-GeV mass through a search for bremsstrahlung from the recoiling xenon
atom. We show that LUX’s constraints on sub-GeV DM, which utilise the scintillation (S1) and
ionisation (S2) signals, are approximately three orders of magnitude more stringent than previous
xenon constraints in this mass range, derived from the XENON10 and XENON100 S2-only searches.
The new LUX constraints provide the most stringent direct detection constraints for DM particles
with a mass below 0.5 GeV. In addition, the bremsstrahlung signal in LUX and its successor LZ
maintain the discrimination between background and signal events so that an unambiguous discov-
ery of sub-GeV DM is possible. We show that LZ has the potential to reconstruct the DM mass
with ' 20% accuracy for particles lighter than 0.5 GeV.

I. INTRODUCTION

Identifying the nature of particle dark matter (DM) re-
mains one of the most compelling problems in astroparti-
cle physics. Motivated by the weakly interacting massive
particle (WIMP) paradigm, DM direct detection experi-
ments have traditionally concentrated on the 10 GeV to
10 TeV mass range. The non-detection of DM in this
mass range has led to significant theoretical and experi-
mental e↵orts focussing on lower mass particles.

The di�culty faced by low mass searches is that the
energy deposited in a detector by low mass DM is
small. For instance, the maximum recoil energy im-
parted by DM (of mass m

DM

) to a nucleus (with mass
number A) in two-to-two elastic scattering is Emax

R

⇡
0.1 keV · (131/A) (m

DM

/1 GeV)2. The nuclear recoil
energy threshold of dual-phase xenon detectors (A

Xe

'
131) is approximately 1 keV, which implies that they
are limited to m

DM

& 3 GeV. The lighter nuclei and
lower energy thresholds employed in the CRESST [1, 2],
DAMIC [3], EDELWEISS [4] and SuperCDMS [5, 6] de-
tectors allow them to probe lower masses, with current
exclusion limits reaching down to m

DM

' 0.5 GeV. Un-
fortunately, the push to a lower energy threshold comes
with the loss of good discrimination between background
and DM events, limiting their ability to make an unam-
biguous discovery of sub-GeV DM. Beyond this, there
are new proposals and first limits on sub-GeV DM from
DM-electron scattering [7–13]; proposals and first lim-
its from DM absorption [14–19]; and proposals for new
technologies to search for DM-nucleon interactions from
MeV-scale DM [20–23].

In Ref. [24], it was pointed out that existing xenon de-
tectors can probe sub-GeV DM through the irreducible
photon emission in the form of bremsstrahlung from the
recoiling xenon atom. In this two-to-three scattering pro-
cess with a photon in the final state, the maximum pho-
ton energy is !max ⇡ 3 keV·(m

DM

/1 GeV). We will show

⇤ c.mccabe@uva.nl

later that the LUX dual-phase experiment is sensitive to
photon energies ! & 0.3 keV, implying that sub-GeV DM
can be easily probed through this two-to-three process.
In this note, we calculate the parameter space excluded

by LUX’s two WIMP-seaches [25, 26] and show that
the current generation of dual-phase xenon detectors are
much more sensitive than previously thought (by up to
three orders of magnitude). This is because the photon’s
energy is large enough to produce detectable scintilla-
tion and ionisation charge signals, with the result that
events from the fiducial volume, where the background is
lower [27], can be selected. Moreover, events from keV-
energy photons retain the good discrimination between
background and signal events based on the scintillation
and ionisation signals. This further reduces the back-
ground rate and importantly, allows for an unambiguous
detection of DM to be made. We demonstrate this ex-
plicitly for LZ [28], where we calculate its sensitivity and
show for the first time that an experiment under con-
struction has the potential to accurately reconstruct the
parameters of sub-GeV DM.

II. PHOTON EMISSION SCATTERING RATE

The di↵erential rate for a DM particle to undergo two-
to-three scattering with a nucleus of mass m

T

is

dR

d!
=

⇢
DM

m
T

m
DM

Z

vmin

d3vvf(v+v
E

)

Z E+
R

E�
R

dE
R

d2�

d!dE
R

, (1)

where ⇢
DM

= 0.3 GeV/cm3 is the local DM density and
f(v) is the DM velocity distribution in the galactic frame,
which we assume is a Maxwell-Boltzmann (MB) distribu-
tion with a cut-o↵ at v

esc

= 544 km/s and most probable
speed of v

0

= 220 km/s. We boost from the galactic
to the Earth reference frame with v

E

[29, 30]. Small
deviations from a MB distribution are likely, as seen
in numerical simulations, e.g. [31–33], and predicted by
Earth-scattering e↵ects, e.g. [34–36], but we don’t con-
sider them in this work. For sub-GeV DM, E

R

is far be-
low a xenon detector’s threshold so we integrate over it.

ar
X

iv
:1

70
2.

04
73

0v
1 

 [h
ep

-p
h]

  1
5 

Fe
b 

20
17

LUX



Christopher McCabe,  King’s College London

Signal vs. LUX data
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Polarised atom emission: limits
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Polarised atom emission: LUX
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Polarised atom emission: LUX

26

XENON100 (S2)

LUX WS2013(CC)
LUX WS2014-16(CC)

CRESST-II

LUX WS2013+
WS2014-16(PLR)

0.1 0.2 0.5 1.0
10-37
10-36
10-35
10-34
10-33
10-32
10-31
10-30

mDM [GeV]

σ S
I0
[c
m
2 ]

Includes 
background 

model



Christopher McCabe,  King’s College London

Polarised atom emission: LZ
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Polarised atom emission: LZ
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Light Dark Matter in Superfluid Helium:

Detection with Multi-excitation Production

Simon Knapen,1, 2 Tongyan Lin,1, 2 and Kathryn M. Zurek1, 2

1
Theory Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94709 USA

2
Berkeley Center for Theoretical Physics,

University of California, Berkeley, CA 94709 USA

(Dated: November 23, 2016)

Abstract
We examine in depth a recent proposal to utilize superfluid helium for direct detection of sub-MeV

mass dark matter. For sub-keV recoil energies, nuclear scattering events in liquid helium primarily

deposit energy into long-lived phonon and roton quasiparticle excitations. If the energy thresholds of

the detector can be reduced to the meV scale, then dark matter as light as ⇠ MeV can be reached

with ordinary nuclear recoils. If, on the other hand, two or more quasiparticle excitations are directly

produced in the dark matter interaction, the kinematics of the scattering allows sensitivity to dark

matter as light as ⇠ keV at the same energy resolution. We present in detail the theoretical framework

for describing excitations in superfluid helium, using it to calculate the rate for the leading dark matter

scattering interaction, where an off-shell phonon splits into two or more higher-momentum excitations.

We validate our analytic results against the measured and simulated dynamic response of superfluid

helium. Finally, we apply this formalism to the case of a kinetically mixed hidden photon in the

superfluid, both with and without an external electric field to catalyze the processes.

1
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Absorption of light dark matter in semiconductors

Yonit Hochberg,⇤ Tongyan Lin,† and Kathryn M. Zurek‡

Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720
Berkeley Center for Theoretical Physics, University of California, Berkeley, CA 94720

(Dated: August 9, 2016)

Semiconductors are by now well-established targets for direct detection of MeV to GeV dark
matter via scattering o↵ electrons. We show that semiconductor targets can also detect significantly
lighter dark matter via an absorption process. When the dark matter mass is above the band gap
of the semiconductor (around an eV), absorption proceeds by excitation of an electron into the
conduction band. Below the band gap, multi-phonon excitations enable absorption of dark matter
in the 0.01 eV to eV mass range. Energetic dark matter particles emitted from the sun can also be
probed for masses below an eV. We show that the reach for absorption of a relic kinetically mixed
dark photon or pseudoscalar in semiconductors such as germanium or silicon can exceed current
astrophysical and terrestrial constraints, with only a moderate exposure.

I. INTRODUCTION

One of the biggest mysteries in modern physics is the
identity of dark matter (DM). For over three decades, the
dominant candidate for DM has been the Weakly Inter-
acting Massive Particle (WIMP), which has served as a
guide to theory and experiment. Indeed, existing direct
detection experiments have been extremely successful in
constraining DM in the GeV to TeV mass range [1–4],
and ton-scale future detectors [5, 6] will further improve
reach into this parameter space.

The exploration of DM beyond the WIMP has gained
traction in recent years, both theoretically and experi-
mentally. For sub-GeV DM, various targets have been
proposed for detection of DM via scattering processes.
These include electronic ionization in an atom [7, 8], ex-
citation to a conduction band in a semiconductor [7, 9–
11], production of scintillation photons [12], and ejection
of valence electrons in graphene [13], all sensitive in prin-
ciple to DM of ⇠ MeV � GeV mass. The breaking of
Cooper pairs in a superconductor [14, 15], as well as a
two-excitation process in superfluid helium [16], are both
sensitive in principle to even lighter DM with mass down
to the warm DM limit of ⇠ keV.

Substantially lighter DM can be probed in the same
systems via an absorption process, where all of the energy
of the incoming DM particle is absorbed. Various mech-
anisms have been studied in the literature. Refs. [17, 18]
considered absorption of solar axions in atomic and semi-
conductor targets, while Refs. [19, 20] derived direct de-
tection constraints on relic vector DM via an atomic tran-
sition in Xenon, which is sensitive to DM masses above
12 eV. Emission of an athermal phonon also allows DM
absorption on a conduction electron in a superconduc-
tor [21], probing DM with meV to 10 eV mass.

⇤
yonit.hochberg@berkeley.edu

†
tongyan@berkeley.edu

‡
kzurek@berkeley.edu

The purpose of this note is to show that for masses in
the (m)eV to keV range, absorption of relic bosonic DM
in semiconductor targets such as germanium and silicon
is highly competitive and complementary to atomic and
superconductor targets. A number of low-threshold di-
rect direction experiments employ semiconductor targets,
with current sensitivity to electronic energy depositions
as low as ⇠ 50 eV in CDMSlite [22] and DAMIC [23].
In the near future, such experiments may have thresh-
olds as low as a few eV, with total exposures up to
⇠ kg-year [11, 24].

When the DM energy is above the (⇠ eV) band gap
for electron excitations, DM absorption proceeds in semi-
conductors both through inelastic processes (through a
direct band transition) and athermal phonon emission
(as in superconductors). This is possible for halo DM
with mass above the band gap as well as for for light DM
that is emitted from the sun, which has typical energies
of 10 � 1000 eV. The electron excitations can then be
observed either directly in the form of multiple electron-
hole pairs, or in the form of phonons via an amplification
process.

Importantly, there is another process that potentially
allows access to DM with mass below the semiconductor
band gap. Although electron excitations are not allowed,
there is no gap for phonon excitations. If two phonon
excitations are created, the kinematics of the process
change: the excitations are back-to-back, which allows
for momentum conservation while all the energy of the
DM is absorbed. No electron is excited across the gap,
and thus detection of low-energy athermal phonons is
crucial. This is the concept proposed in the context of
superfluid helium [16], and which can also be applied to
the case of semiconductors below the band gap.

For both electron and multi-phonon excitations, the
DM absorption rate can be related to the measured op-
tical properties of the material, providing an excellent
description of all relevant processes. In what follows, we
will use data to determine the absorption rate in a given
target, finding excellent sensitivity to sub-keV DM.
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Directional Detection of Dark Matter with 2D Targets

Yonit Hochberg1,2,⇤ Yonatan Kahn3,† Mariangela Lisanti3,‡ Christopher G. Tully3,§ and Kathryn M. Zurek1,2¶

1Ernest Orlando Lawrence Berkeley National Laboratory, University of California, Berkeley, CA 94720
2Department of Physics, University of California, Berkeley, CA 94720 and

3Department of Physics, Princeton University, Princeton, NJ 08544

We propose two-dimensional materials as targets for direct detection of dark matter. Using
graphene as an example, we focus on the case where dark matter scattering deposits su�cient energy
on a valence-band electron to eject it from the target. We show that the sensitivity of graphene to
dark matter of MeV to GeV mass can be comparable, for similar exposure and background levels,
to that of semiconductor targets such as silicon and germanium. Moreover, a two-dimensional
target is an excellent directional detector, as the ejected electron retains information about the
angular dependence of the incident dark matter particle. This proposal can be implemented by
the PTOLEMY experiment, presenting for the first time an opportunity for directional detection of
sub-GeV dark matter.

Introduction. The Weakly Interacting Massive Par-
ticle (WIMP) is currently the dominant theoretical
paradigm for dark matter (DM), and has guided exper-
imental search e↵orts in recent decades. Direct detec-
tion experiments, which search for DM-nucleus collisions,
are currently targeting the WIMP parameter space [1–7].
However, null results from these searches motivate re-
newed consideration for a broader range of DM models.
One possibility involves DM particles below the ⇠GeV
scale, which arise in a variety of theory scenarios [8–21].
Current direct detection experiments lose sensitivity to
sub-GeV DM because the nuclear recoil energy is too
small to be detected. However, DM with mass below a
target nucleus deposits a greater fraction of its kinetic
energy on an electron than a nucleus, making electrons a
favorable target for light DM detection.

Consider the case of MeV-scale DM, which carries
about an eV of kinetic energy, enough to excite atomic
electrons after scattering [22]. The first limits on such
processes have been set using data from the Xenon10
experiment [23]. The energy gap for electronic excita-
tions in noble gases is ⇠10 eV, which places a lower
bound on the DM mass that can be probed with these
methods. However, a smaller energy deposit can up-
scatter valence electrons in semiconductors with band
gaps ⇠1 eV [22, 24]. As a result, semiconductor tar-
gets are more sensitive to DM in the 1–10 MeV mass
range [25, 26]. Superconducting targets with ⇠meV en-
ergy gaps are capable of reaching ⇠keV masses [27, 28].

This Letter proposes an alternative approach using
two-dimensional (2D) materials as targets. In this setup,
an incident DM particle can deposit su�cient energy on
a valence electron to eject it from the target. The energy
and direction of the recoiling electron is then directly
measured with a high-resolution calorimeter. This is in
contrast to scattering in bulk targets, where the scattered
particle (nucleus or electron) produces secondary excita-
tions before measurement [2, 25, 26, 29], erasing the ini-
tial directional information in the scattering. Using 2D
targets, DM masses down to the MeV scale can be probed

if the energy required to eject the electron is a few eV.
As we will show, the PTOLEMY experiment [30], based
at the Princeton Plasma Physics Laboratory, can realize
this proposal with up to 0.5 kg of monolayer graphene,
yielding competitive sensitivity to semiconductor targets.

Most importantly, 2D targets allow one to measure
the direction of the incoming DM because the di↵erential
cross section for the outgoing electron is peaked in the
forward direction. The lattice structure of the target
can even yield di↵raction patterns in the electron angular
distribution for certain kinematics. Directional detection
has long been recognized as a powerful tool in the study of
DM, both as a discriminator against background sources
and also because it leads to a daily modulation of the
signal rate [31]. There are currently no feasible proposals
for directional detection of sub-GeV DM [32], making the
use of 2D targets a powerful tool in pushing sensitivities
to lower DM masses.

Dark matter scattering in graphene. As a con-
crete example, we focus on monolayer graphene as a tar-
get. If the electron is ejected from the material, then its
final-state wavefunction is well-modeled by a plane wave.
The initial-state wavefunction corresponds to an electron
in any of graphene’s four valence bands.1 Analytic so-
lutions for these wavefunctions in the tight-binding ap-
proximation are tractable due to the symmetries of the
lattice [33], making this a convenient system in which to
study DM scattering.

Monolayer graphene consists of carbon atoms arranged
in a two-dimensional honeycomb lattice (Fig. 1). The
distance between neighboring carbon atoms is a =
0.142 nm. The lattice is built from two distinct triangu-
lar sub-lattices. Four out of the six electrons of a carbon
atom are valence electrons, occupying (2s)(2p)3 orbitals.
The 2s orbital becomes ‘hybridized’ with the in-plane p

x

1
The core 1s electrons have binding energies of several hundred eV

and contribute negligibly to the scattering rate.
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Magnetic Bubble Chambers and Sub-GeV Dark Matter Direct

Detection

Philip C. Bunting,1, ⇤ Giorgio Gratta,2, † Tom Melia,3, 4, 5, ‡ and Surjeet Rajendran3, §
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5Kavli Institute for the Physics and Mathematics of the Universe (WPI),

University of Tokyo, Kashiwa 277-8583, Japan

Abstract

We propose a new application of single molecule magnet crystals: their use as “magnetic bubble

chambers” for the direct detection of sub-GeV dark matter. The spins in these macroscopic crystals

e↵ectively act as independent nano-scale magnets. When anti-aligned with an external magnetic

field they form meta-stable states with a relaxation time that can be very long at su�ciently low

temperatures. The Zeeman energy stored in this system can be released through localized heating,

caused for example by the scattering or absorption of dark matter, resulting in a spin avalanche (or

“magnetic deflagration”) that amplifies the e↵ects of the initial heat deposit, enabling detection.

Much like the temperature and pressure in a conventional bubble chamber, the temperature and

external magnetic field set the detection threshold for a single molecule magnet crystal. We discuss

this detector concept for dark matter detection and propose ways to ameliorate backgrounds. If

successfully developed, this detector concept can search for hidden photon dark matter in the meV

- eV mass range with sensitivities exceeding current bounds by several orders of magnitude.

1
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Dark Matter Direct Detection with Accelerometers

Peter W. Graham,1 David E. Kaplan,1, 2, 3, 4 Jeremy Mardon,1 Surjeet Rajendran,3 and William A. Terrano5, 6

1Stanford Institute for Theoretical Physics, Department of Physics, Stanford University, Stanford, CA 94305
2Department of Physics & Astronomy, The Johns Hopkins University, Baltimore, MD 21218

3Berkeley Center for Theoretical Physics, Department of Physics, University of California, Berkeley, CA 94720
4Kavli Institute for the Physics and Mathematics of the Universe (WPI),

Todai Institutes for Advanced Study, University of Tokyo, Kashiwa 277-8583, Japan
5Center for Experimental Nuclear Physics and Astrophysics,

University of Washington, Seattle, WA 98195-4290
6Physikdepartment, Technische Universität München, D-85748 Garching, Germany

The mass of the dark matter particle is unknown, and may be as low as ⇠10�22 eV. The lighter
part of this range, below ⇠ eV, is relatively unexplored both theoretically and experimentally but
contains an array of natural dark matter candidates. An example is the relaxion, a light boson
predicted by cosmological solutions to the hierarchy problem. One of the few generic signals such
light dark matter can produce is a time-oscillating, EP-violating force. We propose searches for this
using accelerometers, and consider in detail the examples of torsion balances, atom interferometry,
and pulsar timing. These approaches have the potential to probe large parts of unexplored parameter
space in the next several years. Thus such accelerometers provide radically new avenues for the direct
detection of dark matter.
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Abstract: We explore a new low-threshold direct-detection concept for dark matter,
based on the breaking of chemical bonds between atoms. This includes the dissociation of
molecules and the creation of defects in a lattice. With thresholds of a few to 10’s of eV, such
an experiment could probe the nuclear couplings of dark matter particles as light as a few
MeV. We calculate the expected rates for dark matter to break apart diatomic molecules,
which we take as a case study for more general systems. We briefly mention ideas for how
chemical-bond breaking might be detected in practice. We also discuss the possibility of
detecting solar neutrinos, including pp neutrinos, with this experimental concept. With an
event rate of O(0.1/kg-year), large exposures are required, but measuring low-energy solar
neutrinos would provide a crucial test of the solar model.
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We consider the absorption by bound electrons of dark matter in the form of dark photons and
axion-like particles, as well as of dark photons from the Sun, in current and next-generation direct
detection experiments. Experiments sensitive to electron recoils can detect such particles with
masses between a few eV to more than 10 keV. For dark photon dark matter, we update a previous
bound based on XENON10 data and derive new bounds based on data from XENON100 and
CDMSlite. We find these experiments to disfavor previously allowed parameter space. Moreover,
we derive sensitivity projections for SuperCDMS at SNOLAB for silicon and germanium targets,
as well as for various possible experiments with scintillating targets (cesium iodide, sodium iodide,
and gallium arsenide). The projected sensitivity can probe large new regions of parameter space.
For axion-like particles, the same current direction detection data improves on previously known
direct-detection constraints but does not bound new parameter space beyond known stellar cooling
bounds. However, projected sensitivities of the upcoming SuperCDMS SNOLAB using germanium
can go beyond these and even probe parameter space consistent with possible hints from the white
dwarf luminosity function. We find similar results for dark photons from the sun. For all cases,
direct-detection experiments can have unprecedented sensitivity to dark-sector particles.

INTRODUCTION

Significant experimental evidence and theoretical consid-
erations suggest that the Standard Model (SM) of particle
physics is incomplete. In particular, there is compelling ev-
idence for the existence of dark matter (DM). Determining
the identity of the DM particle is one of the most important
problems in particle physics today.

Many DM candidates exist, with Weakly Interacting
Massive Particles (WIMPs) being the most studied. Nu-
merous direct-detection experiments probe for the elastic
scattering of WIMPs (and other DM candidates) o↵ ordi-
nary matter [1]. However, it is entirely plausible that DM
is composed of a (pseudo)scalar or a vector boson that can
be absorbed in a material, thereby depositing its full kinetic
and rest-mass energy. DM in the form of axions, axion-like
particles (ALPs), and dark photons can have this property,
see e.g. [2]. This paper focuses on the search of such DM
candidates with existing and upcoming direct-detection ex-
periments. For other types of searches see e.g. [3–12].

The axion was originally introduced as a solution to the
strong CP problem [13, 14]. This pseudoscalar may cou-
ple in a model-dependent manner to the SM axial current,
@µaJA

µ

/f
a

, where f
a

is the axion decay constant and indi-
cates the scale at which the Peccei-Quinn [15] symmetry is
broken. More generally, the spontaneous breaking of any
global symmetry combined with a small explicit breaking
can lead to low-mass ALPs with a similar interaction. This
interaction allows the axion or ALP to be absorbed in a
target material, rather than scattering o↵ it. The case of
absorption in bound electrons, known as the axioelectric
e↵ect, has been originally suggested in [16, 17]. Numer-
ous direct-detection experiments have conducted searches
assuming that the ALP constitutes the galactic DM or is
produced in the Sun, including CoGeNT [18], CDMS [19],
EDELWEISS [20], XENON100 [21], and KIMS [22]. Here
we show that other existing data can improve on these
bounds and provide projections for future experiments. We
find that future experiments could go beyond the strong

stellar constraints.

Another simple DM candidate, present in many exten-
sions of the SM, is the dark photon, which we denote as A0.
The A0 is a massive vector boson that can couple weakly
to ordinary matter through kinetic mixing [23–27]. Signif-
icant ongoing experimental e↵ort searches for an A0, see
e.g. [28–30]. An intriguing possibility, however, is that the
A0 itself is su�ciently stable to play the role of the DM
particle [31–33]. In this case, relic A0s may be absorbed by
ordinary matter in direct-detection experiments, just like
an ALP. Initial studies of this possibility were presented
in [34]. We derive new direct-detection bounds that are
more constraining than existing limits, and provide pro-
jected sensitivities.

We focus on the sensitivity gain achieved when lower-
ing the threshold of direct-detection experiments. Tradi-
tionally, these experiments have been optimized to probe
WIMPs with masses above O(GeV), requiring sensitivity
to nuclear recoil energies above O(keV). However, many
viable DM candidates have masses well below the GeV-
scale, which can only be probed with new techniques [35].
DM scattering o↵ electrons is one such technique suggested
in [35] Not only does this probe sub-GeV DM scattering,
but a lower ionization threshold translates directly into a
lower mass threshold for absorbing (nonrelativistic) DM.

XENON10’s sensitivity to single electrons [36] allows
them to probe the lowest electron recoil energies, but with-
out distinguishing signal from background events. This
data was used to place a constraint on DM as light as a few
MeV scattering o↵ electrons [37] and on A0 DM as light as
the xenon ionization energy of 12.1 eV [34]. We revisit the
latter limit below. More recently, the XENON100 experi-
ment published a search for events with four or more elec-
trons [38]. We show that this data improves constraints on
sub-keV ALPs and A0 DM. We also show that a CDMSlite
dataset sensitive to O(20) electrons [39] sets the strongest
constraints for some A0 DM masses.

Future experiments are expected to achieve improved
sensitivity to even lower DMmasses by lowering the thresh-
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ABSTRACT: Dark matter in the sub-GeV mass range is a theoretically motivated but largely unex-
plored paradigm. Such light masses are out of reach for conventional nuclear recoil direct detection
experiments, but may be detected through the small ionization signals caused by dark matter-electron
scattering. Semiconductors are well-studied and are particularly promising target materials because
their O(1 eV) band gaps allow for ionization signals from dark matter particles as light as a few hun-
dred keV. Current direct detection technologies are being adapted for dark matter-electron scattering.
In this paper, we provide the theoretical calculations for dark matter-electron scattering rate in semi-
conductors, overcoming several complications that stem from the many-body nature of the problem.
We use density functional theory to numerically calculate the rates for dark matter-electron scattering
in silicon and germanium, and estimate the sensitivity for upcoming experiments such as DAMIC and
SuperCDMS. We find that the reach for these upcoming experiments has the potential to be orders
of magnitude beyond current direct detection constraints and that sub-GeV dark matter has a sizable
modulation signal. We also give the first direct detection limits on sub-GeV dark matter from its scat-
tering off electrons in a semiconductor target (silicon) based on published results from DAMIC. We
make available publicly our code, QEdark, with which we calculate our results. Our results can be
used by experimental collaborations to calculate their own sensitivities based on their specific setup.
The searches we propose will probe vast new regions of unexplored dark matter model and parameter
space.
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We propose a new low-threshold direct-detection concept for dark matter and for coherent nuclear
scattering of solar neutrinos, based on the dissociation of atoms and subsequent creation of color
center type defects within a lattice. The novelty in our approach lies in its ability to detect single
defects in a macroscopic bulk of material. This class of experiments features ultra-low energy
thresholds which allows for the probing of dark matter as light as O(10) MeV through nuclear
scattering. Another feature of defect creation in crystals is directional information, which presents
as a spectacular signal and a handle on background reduction in the form of daily modulation of the
interaction rate. We discuss the envisioned setup and detection technique, as well as background
reduction. We further calculate the expected rates for dark matter and solar neutrinos in two
example crystals for which available data exists, demonstrating the prospective sensitivity of such
experiments.

INTRODUCTION

More than 80% of the matter in our universe is yet to
be discovered. This astonishing fact has been established
with overwhelming evidence by measurements ranging
from sub-galactic to cosmological scale. Yet so far, this so
called Dark Matter (DM) has been manifested via gravi-
tational interactions only, and its particle nature remains
unknown.

For over three decades there has been an extensive ef-
fort to search for DM directly with underground detec-
tors, indirectly with the use of satellites and earth-based
telescopes, and at colliders such as the Large Hadron
Collider (LHC). To date there is no unambiguous, non-
gravitational, experimental evidence for DM. Most of the
theoretical and experimental e↵ort, however, has been fo-
cused on a specific DM paradigm, the Weakly Interacting
Massive Particle (for a review, see e.g. [1]). While ap-
pealing, the failure to discover the WIMP suggests that
an alternative DM scenario may be at play. The last
half a decade has seen significant theoretical progress in
this direction, with a particularly motivated candidate
being Light Dark Matter (LDM) in the MeV to GeV
mass range [2–19]. Despite a number of proposals for
experimental setups for LDM direct detection over the
last years [20–35], currently almost no experimental op-
portunities exist to search for such LDM. In this study,
we propose a novel experimental technique to directly
search for LDM with masses below that of the proton.
Our suggested setup will allow to significantly expand
the experimental e↵ort beyond current capabilities.

DM direct detection experiments typically search for
the small recoiling energy imprinted on a target, such as

an atom, as a result of DM scattering. In the absence
of an observable signal, an exclusion region in the mass-
cross-section parameter space is derived. To date, the
strongest constraint comes from the LUX xenon-based
experiment [36], constraining dark matter in the sev-
eral GeV to 10 TeV mass range, with the DM-nucleon
cross-section bounded to be below ⇠ 10�46 cm2 at ⇠ 50
GeV. An ongoing experimental program will allow to
push down this cross-section limit by two more orders of
magnitude in the next decade [37, 38]. However, none of
the current ongoing experiments can probe significantly
below the GeV mass scale.

The main shortcoming of current experiments arises
from the search for the elastic recoils of DM o↵ nuclei.
With an O(keV) sensitivity to nuclear recoil energies,
the suppression due to the target mass does not allow
to search for DM much below the GeV scale. Recently,
it has been pointed out that searching for inelastic pro-
cesses may allow to significantly lower the experimen-
tal threshold [39]. The specific realization of searching
for bond-breaking phenomena has been studied in detail
in [40]. In crystals, similar interactions can induce de-
tectable defects which may be searched for. Here we ex-
plore the prospects of detecting the formation of defects
known as color centers (CCs) following the dislocation of
a nucleus within the crystal. These O(10) eV-threshold
processes give rise to detectable signals, that should al-
low an experiment to explore an uncharted region in the
parameter space of LDM as well as the low energy region
of the solar neutrino spectrum.

An exciting feature of near-threshold excitations in tar-
gets with intrinsic anisotropy, is the directional depen-
dence of the interaction rate. Consequently, directional
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We propose a new low-threshold direct-detection concept for dark matter and for coherent nuclear
scattering of solar neutrinos, based on the dissociation of atoms and subsequent creation of color
center type defects within a lattice. The novelty in our approach lies in its ability to detect single
defects in a macroscopic bulk of material. This class of experiments features ultra-low energy
thresholds which allows for the probing of dark matter as light as O(10) MeV through nuclear
scattering. Another feature of defect creation in crystals is directional information, which presents
as a spectacular signal and a handle on background reduction in the form of daily modulation of the
interaction rate. We discuss the envisioned setup and detection technique, as well as background
reduction. We further calculate the expected rates for dark matter and solar neutrinos in two
example crystals for which available data exists, demonstrating the prospective sensitivity of such
experiments.
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More than 80% of the matter in our universe is yet to
be discovered. This astonishing fact has been established
with overwhelming evidence by measurements ranging
from sub-galactic to cosmological scale. Yet so far, this so
called Dark Matter (DM) has been manifested via gravi-
tational interactions only, and its particle nature remains
unknown.

For over three decades there has been an extensive ef-
fort to search for DM directly with underground detec-
tors, indirectly with the use of satellites and earth-based
telescopes, and at colliders such as the Large Hadron
Collider (LHC). To date there is no unambiguous, non-
gravitational, experimental evidence for DM. Most of the
theoretical and experimental e↵ort, however, has been fo-
cused on a specific DM paradigm, the Weakly Interacting
Massive Particle (for a review, see e.g. [1]). While ap-
pealing, the failure to discover the WIMP suggests that
an alternative DM scenario may be at play. The last
half a decade has seen significant theoretical progress in
this direction, with a particularly motivated candidate
being Light Dark Matter (LDM) in the MeV to GeV
mass range [2–19]. Despite a number of proposals for
experimental setups for LDM direct detection over the
last years [20–35], currently almost no experimental op-
portunities exist to search for such LDM. In this study,
we propose a novel experimental technique to directly
search for LDM with masses below that of the proton.
Our suggested setup will allow to significantly expand
the experimental e↵ort beyond current capabilities.

DM direct detection experiments typically search for
the small recoiling energy imprinted on a target, such as

an atom, as a result of DM scattering. In the absence
of an observable signal, an exclusion region in the mass-
cross-section parameter space is derived. To date, the
strongest constraint comes from the LUX xenon-based
experiment [36], constraining dark matter in the sev-
eral GeV to 10 TeV mass range, with the DM-nucleon
cross-section bounded to be below ⇠ 10�46 cm2 at ⇠ 50
GeV. An ongoing experimental program will allow to
push down this cross-section limit by two more orders of
magnitude in the next decade [37, 38]. However, none of
the current ongoing experiments can probe significantly
below the GeV mass scale.

The main shortcoming of current experiments arises
from the search for the elastic recoils of DM o↵ nuclei.
With an O(keV) sensitivity to nuclear recoil energies,
the suppression due to the target mass does not allow
to search for DM much below the GeV scale. Recently,
it has been pointed out that searching for inelastic pro-
cesses may allow to significantly lower the experimen-
tal threshold [39]. The specific realization of searching
for bond-breaking phenomena has been studied in detail
in [40]. In crystals, similar interactions can induce de-
tectable defects which may be searched for. Here we ex-
plore the prospects of detecting the formation of defects
known as color centers (CCs) following the dislocation of
a nucleus within the crystal. These O(10) eV-threshold
processes give rise to detectable signals, that should al-
low an experiment to explore an uncharted region in the
parameter space of LDM as well as the low energy region
of the solar neutrino spectrum.

An exciting feature of near-threshold excitations in tar-
gets with intrinsic anisotropy, is the directional depen-
dence of the interaction rate. Consequently, directional
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We propose a new low-threshold direct-detection concept for dark matter and for coherent nuclear
scattering of solar neutrinos, based on the dissociation of atoms and subsequent creation of color
center type defects within a lattice. The novelty in our approach lies in its ability to detect single
defects in a macroscopic bulk of material. This class of experiments features ultra-low energy
thresholds which allows for the probing of dark matter as light as O(10) MeV through nuclear
scattering. Another feature of defect creation in crystals is directional information, which presents
as a spectacular signal and a handle on background reduction in the form of daily modulation of the
interaction rate. We discuss the envisioned setup and detection technique, as well as background
reduction. We further calculate the expected rates for dark matter and solar neutrinos in two
example crystals for which available data exists, demonstrating the prospective sensitivity of such
experiments.

INTRODUCTION

More than 80% of the matter in our universe is yet to
be discovered. This astonishing fact has been established
with overwhelming evidence by measurements ranging
from sub-galactic to cosmological scale. Yet so far, this so
called Dark Matter (DM) has been manifested via gravi-
tational interactions only, and its particle nature remains
unknown.

For over three decades there has been an extensive ef-
fort to search for DM directly with underground detec-
tors, indirectly with the use of satellites and earth-based
telescopes, and at colliders such as the Large Hadron
Collider (LHC). To date there is no unambiguous, non-
gravitational, experimental evidence for DM. Most of the
theoretical and experimental e↵ort, however, has been fo-
cused on a specific DM paradigm, the Weakly Interacting
Massive Particle (for a review, see e.g. [1]). While ap-
pealing, the failure to discover the WIMP suggests that
an alternative DM scenario may be at play. The last
half a decade has seen significant theoretical progress in
this direction, with a particularly motivated candidate
being Light Dark Matter (LDM) in the MeV to GeV
mass range [2–19]. Despite a number of proposals for
experimental setups for LDM direct detection over the
last years [20–35], currently almost no experimental op-
portunities exist to search for such LDM. In this study,
we propose a novel experimental technique to directly
search for LDM with masses below that of the proton.
Our suggested setup will allow to significantly expand
the experimental e↵ort beyond current capabilities.

DM direct detection experiments typically search for
the small recoiling energy imprinted on a target, such as

an atom, as a result of DM scattering. In the absence
of an observable signal, an exclusion region in the mass-
cross-section parameter space is derived. To date, the
strongest constraint comes from the LUX xenon-based
experiment [36], constraining dark matter in the sev-
eral GeV to 10 TeV mass range, with the DM-nucleon
cross-section bounded to be below ⇠ 10�46 cm2 at ⇠ 50
GeV. An ongoing experimental program will allow to
push down this cross-section limit by two more orders of
magnitude in the next decade [37, 38]. However, none of
the current ongoing experiments can probe significantly
below the GeV mass scale.

The main shortcoming of current experiments arises
from the search for the elastic recoils of DM o↵ nuclei.
With an O(keV) sensitivity to nuclear recoil energies,
the suppression due to the target mass does not allow
to search for DM much below the GeV scale. Recently,
it has been pointed out that searching for inelastic pro-
cesses may allow to significantly lower the experimen-
tal threshold [39]. The specific realization of searching
for bond-breaking phenomena has been studied in detail
in [40]. In crystals, similar interactions can induce de-
tectable defects which may be searched for. Here we ex-
plore the prospects of detecting the formation of defects
known as color centers (CCs) following the dislocation of
a nucleus within the crystal. These O(10) eV-threshold
processes give rise to detectable signals, that should al-
low an experiment to explore an uncharted region in the
parameter space of LDM as well as the low energy region
of the solar neutrino spectrum.

An exciting feature of near-threshold excitations in tar-
gets with intrinsic anisotropy, is the directional depen-
dence of the interaction rate. Consequently, directional
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Collider (LHC). To date there is no unambiguous, non-
gravitational, experimental evidence for DM. Most of the
theoretical and experimental e↵ort, however, has been fo-
cused on a specific DM paradigm, the Weakly Interacting
Massive Particle (for a review, see e.g. [1]). While ap-
pealing, the failure to discover the WIMP suggests that
an alternative DM scenario may be at play. The last
half a decade has seen significant theoretical progress in
this direction, with a particularly motivated candidate
being Light Dark Matter (LDM) in the MeV to GeV
mass range [2–19]. Despite a number of proposals for
experimental setups for LDM direct detection over the
last years [20–35], currently almost no experimental op-
portunities exist to search for such LDM. In this study,
we propose a novel experimental technique to directly
search for LDM with masses below that of the proton.
Our suggested setup will allow to significantly expand
the experimental e↵ort beyond current capabilities.

DM direct detection experiments typically search for
the small recoiling energy imprinted on a target, such as

an atom, as a result of DM scattering. In the absence
of an observable signal, an exclusion region in the mass-
cross-section parameter space is derived. To date, the
strongest constraint comes from the LUX xenon-based
experiment [36], constraining dark matter in the sev-
eral GeV to 10 TeV mass range, with the DM-nucleon
cross-section bounded to be below ⇠ 10�46 cm2 at ⇠ 50
GeV. An ongoing experimental program will allow to
push down this cross-section limit by two more orders of
magnitude in the next decade [37, 38]. However, none of
the current ongoing experiments can probe significantly
below the GeV mass scale.

The main shortcoming of current experiments arises
from the search for the elastic recoils of DM o↵ nuclei.
With an O(keV) sensitivity to nuclear recoil energies,
the suppression due to the target mass does not allow
to search for DM much below the GeV scale. Recently,
it has been pointed out that searching for inelastic pro-
cesses may allow to significantly lower the experimen-
tal threshold [39]. The specific realization of searching
for bond-breaking phenomena has been studied in detail
in [40]. In crystals, similar interactions can induce de-
tectable defects which may be searched for. Here we ex-
plore the prospects of detecting the formation of defects
known as color centers (CCs) following the dislocation of
a nucleus within the crystal. These O(10) eV-threshold
processes give rise to detectable signals, that should al-
low an experiment to explore an uncharted region in the
parameter space of LDM as well as the low energy region
of the solar neutrino spectrum.

An exciting feature of near-threshold excitations in tar-
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Superconducting targets have recently been proposed for the direct detection of dark matter as
light as a keV, via elastic scattering o↵ conduction electrons in Cooper pairs. Detecting such light
dark matter requires sensitivity to energies as small as the superconducting gap of O(meV). Here
we show that these same superconducting devices can detect much lighter DM, of meV to eV mass,
via dark matter absorption on a conduction electron, followed by emission of an athermal phonon.
We demonstrate the power of this setup for relic kinetically mixed hidden photons, pseudoscalars,
and scalars, showing the reach can exceed current astrophysical and terrestrial constraints with only
a moderate exposure.

I. INTRODUCTION

Since the first hints of dark matter (DM) nearly a hun-
dred years ago, the search has been on to understand
its nature. In the last thirty years, theoretical attention
as well as experimental development has focused, to a
large degree, on the Weakly Interacting Massive Particle
(WIMP) paradigm. An essential part of the experimen-
tal WIMP-hunting program is the direct detection of relic
dark matter in the halo of the Milky Way. Existing ef-
forts, such as Refs. [1–3], have had immense success in
constraining dark matter in the GeV�TeV mass range,
and ton-scale detectors [4, 5] will improve substantially
on current reach in the near future.

These experiments are, however, limited in their reach
of light DM candidates due to their ⇠ keV energy thresh-
olds, corresponding to the kinetic energy of a ⇠ GeV
mass DM particle. Nonetheless, it is becoming increas-
ingly clear, both theoretically and experimentally, that
well-motivated and detectable DM candidates can be
found with mass below these thresholds. Examples in-
clude asymmetric DM from a hidden sector [6], mirror
DM [7, 8], MeV-GeV mass DM [9–14], and strongly in-
teracting massive particles [15, 16]. At even smaller DM
masses, candidates include very weakly-coupled particles
such as hidden photons, axions or axion-like particles,
and scalars (see Ref. [17] and references therein).

Detecting these lighter DM candidates in direct detec-
tion experiments is challenging due to the smaller DM
kinetic energy available in the scattering, and, as the DM
mass drops below the nucleus mass, by the kinematics of
recoiling from a heavy target. The maximum energy de-
position by DM in an elastic scattering event o↵ a target
of mass mT is q2/(2mT ) where the maximum momentum
transfer is q = 2µrvX , with µr the DM-target reduced
mass and vX ⇠ 10�3 the DM velocity. Thus 10 GeV
mass DM can deposit at most a few keV on a nucleus,
while MeV mass DM can deposit a mere meV of energy in
such a scattering, well beneath nuclear recoil thresholds.

Instead, once the DM mass drops below the nucleus
mass, electron targets are able to capture a larger frac-
tion of the DM’s kinetic energy. Electronic ionization in
an atom [18], and excitation to the conduction band in a

semiconductor [18–21], have both been proposed as con-
crete mechanisms to detect DM by electron recoils, and
an analysis utilizing Xenon10 data has already been per-
formed [22]. These approaches are, however, inherently
limited by the energy gap for exciting an electron in the
systems, typically in the 1 � 10 eV range, which forbids
access to DM lighter than 1 � 10 MeV.

Thus new technology must be found to detect DM with
sub-MeV mass. Recently, a proposal was made to uti-
lize a superconducting target as a means to detect DM
X as light as the warm dark matter limit, with mass
mX ⇠ keV [23, 24]. Such light dark matter carries little
momentum, |~q| ⇠ (mX/keV) eV, and even less kinetic
energy, ! ⇠ (mX/keV) meV. For detection of very light
DM via scattering processes, the superconducting detec-
tors carry three major advantages. First, the gap in a su-
perconductor (of O(0.3 meV) in a metal like aluminum)
is much smaller than the (approximately eV or more)
gap in semiconductors such as germanium and silicon.
Second, the electrons in a metal at zero temperature are
Fermi-degenerate and have a velocity vF ⇠ 10�2 that
exceeds the DM velocity. Kinematically, this feature is
crucial for being able to extract all the kinetic energy of
the DM in the scattering process. (While important for
DM scattering, this second feature turns out to be unim-
portant for the DM absorption process which is the focus
of this paper.) Third, the small non-zero gap is essential
to decoupling the signature electron recoils from lattice
vibrations of the metal, essentially assisting in controlling
the thermal noise.

The purpose of this paper is to show that supercon-
ductors are powerful not only as a means of detecting
DM that scatters o↵ electrons, but also for absorbing ul-
tralight bosonic DM. Here, ultralight refers to DM with
mass in the meV to eV range.1 In this mass range, be-
neath an eV, the density of DM particles exceeds their
(wavelength)�3, and the DM forms a coherent field. As-
suming that this field couples to electrons, a supercon-
ductor is then an excellent absorber of the DM, in the

1
In a separate publication, we explore absorption of DM via semi-

conductor targets, in the complementary eV to keV DM mass

range [25].
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• Existing Xenon detectors can probe a wide range of masses:

- Standard searches

- Scattering with electrons

- Absorption by electrons

- Polarised atom emission

• Upcoming optimised searches can go much further

Summary
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LUX leads the way in sensitivity… and in calibrating their detector
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FIG. 5. The measured resolution, R, of the ionization
distributions in the seven highest-energy bins of the double-
scatter dataset is represented by the blue squares. The
estimated uncertainty in the resolution due to the extraction
e�ciency is a constant 4% for all energies. The error
bars are symmeterized for the fit following the procedure
in Ref. [36]. The simulated resolution of the ionization
distribution produced by a NEST v1.0 Monte Carlo with
modeled position reconstruction uncertainties is represented
by the red circles. The black dashed line represents the best-
fit to the blue squares given by R0 = 0.64/

p
Enr/keVnr. The

fit has a �

2/dof = 10.6/6, which corresponds to a p-value of
0.12. The one and two sigma contours on the parameter a are
shown in green and yellow, respectively.

TABLE I. Measured ionization yield for nuclear recoils
in liquid xenon at 180 V/cm and associated 1� statistical
uncertainties. The systematic uncertainty in energy due to
the correction for Eddington bias is denoted by �Enr/Enr.
This uncertainty in energy is represented in Fig. 6 by a slanted
error bar.

Enr Qy �Enr/Enr

(keVnr) (e�/keVnr) (%)

0.70± 0.13 8.2 +2.4
�2.1

+8
�2

1.10± 0.18 7.4 +1.9
�1.7

+5
�1.9

1.47± 0.12 10.1 +1.5
�1.6

+3
�1.3

2.00± 0.10 8.0 +0.9
�0.6

+2
�1.3

2.77± 0.10 7.5 +0.5
�0.5

+2
�0.7

3.86± 0.08 7.3 +0.3
�0.3

+1.3
�0.5

5.55± 0.09 7.2 +0.2
�0.2

+0.7
�0.2

8.02± 0.10 6.8 +0.15
�0.17

+0.16
�0.05

11.52± 0.12 5.88+0.12
�0.13

+0.13
�0.3

16.56± 0.16 5.28+0.11
�0.13

+0.2
�0.7

24.2 ± 0.2 4.62+0.13
�0.10

+0.4
�1.0

Sys. uncertainty due to position
reconstruction energy bias correction

Sys. uncertainty due to neutron source spectrum

Sys. uncertainty due to S2 corrections and g2
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FIG. 6. The LUX measured low-energy ionization yield
at 180 V/cm is represented by the blue crosses. The
red error bars at the bottom left of the plot represent
systematic uncertainties with a constant scaling across all
points, including the uncertainty in the mean neutron energy
from the D-D source, S2 position-based corrections, and
the LUX measured g2. The red error bars at the top
of the plot represent the systematic uncertainty associated
with the Eddington bias correction for the mean energy of
each bin. The red box represents the associated systematic
uncertainty on the measured endpoint yield at 74 keVnr. The
gray data points represent other angle-based measurements
with an absolute energy scale. The gray squares (⇤) and
circles (�) correspond to measurements at 1 kV/cm and 4
kV/cm, respectively [9]. The gray triangles were measured at
0.3 kV/cm (O) and 0.1 kV/cm (4) [10]. The hatched bands
represent simulated-spectrum-based measurements with a
best-fit energy scale. The purple single right-hatched (///)
band was measured at an average field of 3.6 kV/cm [12].
The teal single left-hatched (\\\) band corresponds to a
measurement at 730 V/cm [11]. The green cross-hatched band
was measured at 530 V/cm [13]. The dashed (dot-dashed)
black line corresponds to the Lindhard-based (Bezrukov-
based) LUX best-fit NEST model described in Sec. VII.

simulation used a model of the full calibration conduit
geometry with the neutron source external to the water
tank. Simulated per-channel waveforms were produced
for each Monte Carlo event. The simulated waveform
data were reduced using the standard experimental LUX
D-D data processing and analysis pipeline.

The event rate in each Qy analysis bin is shown in
Fig. 7 for both data and simulation. The data and
simulation results were normalized by the total number
of neutrons produced at the D-D source outside the water
shield. For consistency with the other yield results,
the simulation data points were updated to use the
more modern angular scattering cross-sections from the
JENDL-4 nuclear databases instead of G4NDL3.14. The
absolute value of the correction factor was 1% for
energy bins up to 5.55 keV

nr

and was a maximum of
5% at 24.2 keV

nr

. The best agreement was achieved

Nuclear recoil calibration to 0.7 keV
D-D generator: arXiv:1608.05381
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7 Calibration Systems LZ Technical Design Report

7.4.1.1 NR Qy / Ly calibration of the LZ detector

In the DD calibrations implemented in LUX, double-scatter events in LXe due to mono-energetic 2.45 MeV
neutrons are used to calibrate the NR charge yield (S2) response[4]. The absolute deposited energy in the
first scatter can be determined by measuring the neutron scattering angle between it and a second scatter.
Given the deposited energy, the Qy can be determined by estimating the number of electrons produced at the
first scatter. The light yield (S1) can then be inferred by using the calibrated S2 signal to assign an energy
deposited to single-scatter events[4]. This calibration technique using 2.45 MeV neutrons covers WIMP
search energy range (requirement R-170010) from threshold (6 keV) up to 30 keV (Figure 7.2.1) with an
additional endpoint at 74 keV.

7.4.1.2 Calibrating LZ detector using Reflected Neutrons from D2(O) Target

As discussed in Section 7.3, an understanding of the LZ response to recoil energies at the threshold (require-
ment R-170005) is critical to probe low mass WIMP and 8B solar neutrino signals. By placing a deuterium-
loaded reflector behind the DD generator and collecting the neutrons that are reflected at a near-180 degree
angle (Figure 7.4.1), the generator’s direct 2.45 MeV neutron flux can be converted into a quasi-mono-
energetic neutron beam with a minimum energy of 272 keV. These lower energy neutrons can be used to
calibrate in a new energy regime. Lower energy neutrons provide smaller uncertainty, because the angles
are more favorable. In addition, the recoil spectrum endpoint in Xe is reduced from 74 keVnr to 8.2 keVnr,
thus confining the neutron scatters to within this lower energy region of interest (1 to 8 keV). In addition,
the slower incident neutron speed would provide greater separation in S1 times for double scatters, which
would assist in the direct Ly calibrations planned for LZ (Section 7.4.1.4).

Figure 7.4.1: Approximate setup of the DD generator and neutron conduits. The y-shaped conjoined
tube allows for a choice between finer collimation with lower flux by using the smaller, 5.25 cm inner
diameter tube and broader collimation but greater flux by using the larger 15.4 cm inner diameter tube.
The smaller tube joins the larger one in a bonded joint just outside the outer detector, though the path
of the neutrons from the smaller tube continues up to the cryostat wall. (Left) The configuration for
2.45 MeV calibration. The neutrons go directly from the generator to the detector through the narrow
conduit. (Right) The configuration for 272 keV calibration. The generator head (red) is offset from the
neutron conduit to prevent direct neutron flux into the xenon via water attenuation by the water tank,
while neutrons reflected off the deuterium reflector (blue) may enter via the air-filled neutron conduit
(cyan).
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Nuclear recoil calibration to 0.7 keV… and plans to go lower (150 eV?)

LZ TDR 
arXiv:1703.09144
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7.4.1.1 NR Qy / Ly calibration of the LZ detector

In the DD calibrations implemented in LUX, double-scatter events in LXe due to mono-energetic 2.45 MeV
neutrons are used to calibrate the NR charge yield (S2) response[4]. The absolute deposited energy in the
first scatter can be determined by measuring the neutron scattering angle between it and a second scatter.
Given the deposited energy, the Qy can be determined by estimating the number of electrons produced at the
first scatter. The light yield (S1) can then be inferred by using the calibrated S2 signal to assign an energy
deposited to single-scatter events[4]. This calibration technique using 2.45 MeV neutrons covers WIMP
search energy range (requirement R-170010) from threshold (6 keV) up to 30 keV (Figure 7.2.1) with an
additional endpoint at 74 keV.

7.4.1.2 Calibrating LZ detector using Reflected Neutrons from D2(O) Target

As discussed in Section 7.3, an understanding of the LZ response to recoil energies at the threshold (require-
ment R-170005) is critical to probe low mass WIMP and 8B solar neutrino signals. By placing a deuterium-
loaded reflector behind the DD generator and collecting the neutrons that are reflected at a near-180 degree
angle (Figure 7.4.1), the generator’s direct 2.45 MeV neutron flux can be converted into a quasi-mono-
energetic neutron beam with a minimum energy of 272 keV. These lower energy neutrons can be used to
calibrate in a new energy regime. Lower energy neutrons provide smaller uncertainty, because the angles
are more favorable. In addition, the recoil spectrum endpoint in Xe is reduced from 74 keVnr to 8.2 keVnr,
thus confining the neutron scatters to within this lower energy region of interest (1 to 8 keV). In addition,
the slower incident neutron speed would provide greater separation in S1 times for double scatters, which
would assist in the direct Ly calibrations planned for LZ (Section 7.4.1.4).

Figure 7.4.1: Approximate setup of the DD generator and neutron conduits. The y-shaped conjoined
tube allows for a choice between finer collimation with lower flux by using the smaller, 5.25 cm inner
diameter tube and broader collimation but greater flux by using the larger 15.4 cm inner diameter tube.
The smaller tube joins the larger one in a bonded joint just outside the outer detector, though the path
of the neutrons from the smaller tube continues up to the cryostat wall. (Left) The configuration for
2.45 MeV calibration. The neutrons go directly from the generator to the detector through the narrow
conduit. (Right) The configuration for 272 keV calibration. The generator head (red) is offset from the
neutron conduit to prevent direct neutron flux into the xenon via water attenuation by the water tank,
while neutrons reflected off the deuterium reflector (blue) may enter via the air-filled neutron conduit
(cyan).
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Electronic recoil calibration to 1.3 keV (tritium)

tritium, arXiv:1512.03133
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FIG. 7: The light yield (upper plot) and charge yield
(lower plot) of tritium ER events in LUX at 180 V/cm
(black squares) and 105 V/cm (blue squares) compared
to NEST v0.98 (2013) [11]. The NEST curves are solid

red and dashed green for 180 and 105 V/cm
respectively, with triangle markers spaced every one

keV. The bands indicate the 1� systematic
uncertainties on the data due to g

1

and g

2

, which are
fully anti-correlated between the charge yield and light
yield across all energy bins. Statistical uncertainties

are negligible in comparison.

early with energy, a hypothesis which is tested and con-

FIG. 8: Light yield measurement from LUX tritium
data compared with results from other authors. Left

vertical scale: light yield relative to that of the
32.1 keV decay of 83mKr at zero field. Right vertical
scale: absolute light yield measurements. Blue squares

represent tritium at 105 V/cm, black squares are
tritium at 180 V/cm. The shaded bands are the the

systematic errors on the tritium data. Magenta squares
represent zero field measurements from [24], green
triangles and red stars represent zero field and
450 V/cm from [5]. All non-tritium data is from

Compton scatters.

firmed by the tritium spectrum comparison of Fig. 5.
As shown in Fig. 9, we find that at very low energy,

below 3 keV, the number of electrons and photons is sim-
ilar to N

ion

and N

ex

, respectively, while above 4 keV the
number of electrons drops below the number of photons,
consistent with a large recombination e↵ect at these en-
ergies and this electric field. The recombination fraction,
calculated according to

r =
(n

�

/n

e

)� ↵

(n
�

/n

e

) + 1
, (3)

is shown explicitly in Fig. 10, measured with both the
180 V/cm and 105 V/cm tritium data. We find only a
small di↵erence in the recombination between these two
field values in this energy range. It is worth noting that
recombination is small at the very lowest energies where
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Electronic recoil calibration to 1.3 keV (tritium)
Electronic recoil calibration to 0.19 keV (127-Xe)
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Dongqing Huang - Brown University, LUX UCLA Dark Matter Conference 2016

Xenon-127 EC Events in Data

Fig. - Scatter plot of 127Xe events with area of first 
vertex S2 versus are of second vertex S2; “First Vertex” 
is the first S2 ordered by drift time 
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Fig. - X-rays’ ER charge spectrum
Dongqing Huang - Brown University, LUX UCLA Dark Matter Conference 2016

Xenon-127 Qy along with Tritium and NEST v98
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Dongqing Huang - Brown University, LUX UCLA Dark Matter Conference 2016

Xenon-127 Qy along with Tritium and NEST v98
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Electronic recoil calibration to 1.3 keV (tritium)
Electronic recoil calibration to 0.19 keV (127-Xe)
Electronic recoil calibration to 0.27 keV (37-Ar)
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Recent progress: Better calibration

37Ar	S2	Spectra	–	PIXeY	data	

100	V/cm	

700	V/cm	

2000	V/cm	 The	peaks	are	eit	by	Gaussian	
functions	

2.8	keV	peak		0.27	keV	peak		

1/28/17	 E.	Boulton		 8	

The	0.27	keV	is	affected	very	little	by	
the	drift	eield.	

PIXeY data 
(E. Boulton)
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Electronic recoil calibration to 1.3 keV (tritium)
Electronic recoil calibration to 0.19 keV (127-Xe)
Electronic recoil calibration to 0.27 keV (37-Ar)
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