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Conventional, in this talk

2

• Dark matter acts like a particle

• Detectors
- Liquid noble TPCs

- Next generation cryogenic.  (Current:  J. Gascon talk)

• Not in this talk
- DM acts like a wave -  axions etc., talks by  H. Liu,  K.J. Bae 

on Thursday

- CCDs (DAMIC) + other semiconductors, bubble 
chambers
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The LZ Dark Matter Experiment 
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• LXe TPC - 7 
tons

• Nested veto: 
LXe skin + Gd-
loaded 
scintillator
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The LZ Dark Matter Experiment 
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LXe filling this year, first physics in 2021
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E. Aprile et al, Phys. Rev. Lett. 118, 101101 (2017)

XMASS 
K. Abe et al, Phys. Rev. D 97, 102006 (2018)
M. Kobayashi et al, Phys. Lett. B 795 (2019) 308
LUX  
D.S. Akerib et al, Phys. Rev. D 98, 062005 (2018)
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L.T. Yang et al, arXiv:1904.12889 [hep-ex]

Strong tension when 
interpreting DAMA/LIBRA 
anual modulation signal as 
Dark Matter, even 
assuming more general 
halo/interaction models

DAMA / LIBRA: other experiments
PDG 2018

S. Cebrián,  TAUP2019, 11 September 2019

A MODEL-INDEPENDENT 
PROOF/DISPROOF WITH THE 
SAME NaI TARGET WAS 
MANDATORY

Current focus: neutrino floor



T. Shutt - 16th Rencontres du Vietnam, 1/7/2020No annual modulation signal in other experiments:
XENON100
E. Aprile et al, Phys. Rev. Lett. 118, 101101 (2017)

XMASS 
K. Abe et al, Phys. Rev. D 97, 102006 (2018)
M. Kobayashi et al, Phys. Lett. B 795 (2019) 308
LUX  
D.S. Akerib et al, Phys. Rev. D 98, 062005 (2018)
CDEX  
L.T. Yang et al, arXiv:1904.12889 [hep-ex]

Strong tension when 
interpreting DAMA/LIBRA 
anual modulation signal as 
Dark Matter, even 
assuming more general 
halo/interaction models

DAMA / LIBRA: other experiments
PDG 2018

S. Cebrián,  TAUP2019, 11 September 2019

A MODEL-INDEPENDENT 
PROOF/DISPROOF WITH THE 
SAME NaI TARGET WAS 
MANDATORY6

Symmetric DM?

SIMPS?

New Idea:  Also Look Left
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• Low energy threshold,  light target

• Small detector

How to look left
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mχ = 500 MeV × [ Enr−max

0.19 keV
×

MN

16 GeV ]
2
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10 tons 

104

100< 1 kg

pp solar  

atm, dsnb
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Low energy “Nuclear” Recoils

8

• Lindhard -  adiabatic overlap of electron shells

• Most energy goes to heat

• Bigger effect at low energy
(PDB, 2016)

4 33. Passage of particles through matter

(Ne = NA ρZ/A). The former is used throughout this chapter, since quantities of interest
(dE/dx, X0, etc.) vary smoothly with composition when there is no density dependence.
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Fig. 33.1: Mass stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a function
of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in
kinetic energy). Solid curves indicate the total stopping power. Data below the break at
βγ ≈ 0.1 are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical
bands indicate boundaries between different approximations discussed in the text. The
short dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping
power on projectile charge at very low energies [6]. dE/dx in the radiative region is not
simply a function of β.

33.2.2. Maximum energy transfer in a single collision :

For a particle with mass M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (33.4)

In older references [2,8] the “low-energy” approximation Wmax = 2mec2 β2γ2, valid for
2γme ≪ M , is often implicit. For a pion in copper, the error thus introduced into dE/dx
is greater than 6% at 100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron can
exceed 1 GeV/c, where hadronic structure effects significantly modify the cross sections.

October 1, 2016 19:59

Electron velocity in 
target atoms
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in the rest frame of the nucleus after the scattering. The
shell vacancy is immediately refilled, and an X-ray or an
Auger electron with energy En,l is emitted. En,l is mea-
sured simultaneously with the energy deposited by the
ionized electron, since the typical timescale of the de-
excitation process is O(10) fs. Atomic electrons can also
undergo excitation instead of ionization, in which case
an X-ray is emitted during de-excitation [12]. Excita-
tion, however, is sub-dominant compared to the ioniza-
tion process, and thus is not considered in this analysis.
The calculation of the signal rate in [12] is based on the
isolated atom assumption. Thus, signals from the Migdal
e↵ect, where the valence electrons (n=5) are ionized, are
neglected in this work. Only the contributions from the
ionization of M-shell (n=3) and N-shell (n=4) electrons
are considered, as inner electrons (n2) are too strongly
bound to the nucleus to contribute significantly. An il-
lustration of the Migdal e↵ect and BREM is given in
Fig. 1. The radiation from the Migdal e↵ect is typically
3-4 orders of magnitude more likely to occur than BREM.
Although only a very small fraction (0.001⇠0.1%) of NRs
accompanies Migdal radiations, the larger energy and ER
nature make them easier to be detected than the pure
NRs.
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FIG. 1. Illustration of the ER signal production from BREM
(green) and Migdal processes (pink) after elastic scattering
between DM (�) and a xenon nucleus.

The data used in previous analyses [8] consists of two
science runs with a livetime of 32.1 days (SR0) and 246.7
days (SR1), respectively. The two runs were taken under
slightly di↵erent detector conditions. To maximize the
amount of data acquired under stable detector conditions
we decided to use SR1 only. The same event selection,
fiducial mass, and background models as described in [8]
are used for the SR1 data, which we refer to as the S1-
S2 data in later text. The exposure of the S1-S2 data is
about 320 tonne-days. The interpretation of such S1-S2
analysis is based on the corrected S1 (cS1) signal and
the corrected S2 signal from the PMTs at the bottom of

the TPC (cS2b), to minimize the signal variation due to
geometric light-collection e↵ects [16].

FIG. 2. Median e↵ective exposures of ER signals after event
selections as a function of recoil energy for the S1-S2 data
(black line) and S2-only data (red line). The 68% credible re-
gions of the e↵ective exposures are also shown as the shaded
regions. The expected event rate of DM-nucleus scattering
from the Migdal e↵ect/BREM for DM masses of 0.1 and
1.0GeV/c2 are overlaid as well, in magenta/green dashed and
solid lines, respectively, assuming a spin-independent DM-
nucleon interaction cross section of 10�35 cm2.

The region of interest in the S1-S2 data is from 3 to 70
photoelectrons (PEs) in cS1, which corresponds to me-
dian ER energies from 1.4 to 10.6 keV in the 1.3-tonne
fiducial volume (FV) of XENON1T. The lower value is
dictated by the requirement of the 3-fold PMT coinci-
dence for defining a valid S1 signal [16]. A detailed sig-
nal response model [17] is used to derive the influence
of various detector features, including the requirement of
the 3-fold PMT coincidence, on the reconstructed signals.
The e↵ective exposure and its uncertainty as a function
of deposited ER energy for the S1-S2 data are shown in
Fig. 2, with the signal spectra from the Migdal e↵ect and
BREM induced by 0.1GeV/c2 and 1GeV/c2 DM masses
overlaid. The rise of the event rate at around 0.85 keV
for DM mass of 1.0GeV/c2 is contributed by the ioniza-
tion of M-shell electrons [10, 12]. In our signal models,
deposited energy below 1 keV, at which the median detec-
tion e�ciency in 1.3-tonne FV is 10%, from the Migdal
e↵ect and BREM is neglected for the S1-S2 data in the
following analysis. There is only one sub-keV measure-
ment of ionization yield for ER in LXe [19].
The S1-S2 data selections [16] provide excellent rejec-

tion of noise and backgrounds, and are characterized as
well by the well-established background models [17] and
a fully blind analysis [8]. However they also limit the
detection e�ciency of O(1) keV energy depositions. We
therefore consider also the events with no specific require-
ment on S1 (S2-only data) in this work. Although the
reduction of available information in the S2-only data im-
plies less background discrimination, the increased detec-

arXiv:1907.12771
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FIG. 2. Scattering rates in xenon for the Bremsstrahlung (solid blue) and Migdal e↵ects (dashed teal). The DM-nucleus
scattering rates resulting in elastic NR in LUX are also shown (dash-dot pink). Also shown is a signal cut o↵ at 1.24 keV
(dotted gray) applied in the analysis, corresponding to 50% e�ciency of ER detection. Note that 50% e�ciency for NR event
detection occurs at 3.3 keV [6].

lustrated in Fig. 3. The resulting signal model projected
on the two-dimensional space of S1-log10S2 with all anal-

FIG. 3. Illustration of the DM-nucleus scattering event rate
from the Migdal e↵ect with a heavy scalar mediator (solid
black line) for mDM = 1 GeV/c2 with a cross section per
nucleus of 1 ⇥ 10�35 cm2. The scattering event rate was cal-
culated following Ref. [5]. Also shown is the e�ciency from
the in situ tritium measurements performed by the LUX de-
tector (dashed teal line). The hatched blue area indicates the
event rate considered for this analysis with tritium e�ciency
and a 1.24 keV energy threshold (dotted gray line) applied.
Data quality cuts are not included.

ysis cuts applied is shown in Fig. 4.

Background model.—An important distinction be-
tween WS2013 and this Letter is that the sub-GeV signal
from both the Bremsstrahlung and Migdal e↵ects would
result in additional events within the ER classification,
as identified by the ratio of S2 to S1 size. The standard
WIMP search only has a small background from leakage
of ER events into the NR band. However, both the sub-
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FIG. 4. The expected signal from DM-nucleus interactions
through the Migdal e↵ect with a cross section per nucleus
of 1 ⇥ 10�35 cm2 projected onto a two-dimensional space of
log10S2 vs. S1. Assumptions are the same as in Fig. 3 with
additional data quality cuts applied.
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(LUX, arXiv:1811.11241)

New Idea: different channel

9

• Migdal: initial nuclear kick excites electron shells.  
(Ibe, et al., arXiv:1707.07258)

- Small probability, depends on shells

- Boosted energy in ER channel
- Also “Bremsstrahlung” (Kouvaris, Pradler, arXiv:

1607.01789) 
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FIG. 1. Illustration of the ER signal production from BREM
(green) and Migdal processes (pink) after elastic scattering
between DM (�) and a xenon nucleus.

The data used in previous analyses [8] consists of two
science runs with a livetime of 32.1 days (SR0) and 246.7
days (SR1), respectively. The two runs were taken under
slightly di↵erent detector conditions. To maximize the
amount of data acquired under stable detector conditions
we decided to use SR1 only. The same event selection,
fiducial mass, and background models as described in [8]
are used for the SR1 data, which we refer to as the S1-
S2 data in later text. The exposure of the S1-S2 data is
about 320 tonne-days. The interpretation of such S1-S2
analysis is based on the corrected S1 (cS1) signal and
the corrected S2 signal from the PMTs at the bottom of

the TPC (cS2b), to minimize the signal variation due to
geometric light-collection e↵ects [16].
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(black line) and S2-only data (red line). The 68% credible re-
gions of the e↵ective exposures are also shown as the shaded
regions. The expected event rate of DM-nucleus scattering
from the Migdal e↵ect/BREM for DM masses of 0.1 and
1.0GeV/c2 are overlaid as well, in magenta/green dashed and
solid lines, respectively, assuming a spin-independent DM-
nucleon interaction cross section of 10�35 cm2.

The region of interest in the S1-S2 data is from 3 to 70
photoelectrons (PEs) in cS1, which corresponds to me-
dian ER energies from 1.4 to 10.6 keV in the 1.3-tonne
fiducial volume (FV) of XENON1T. The lower value is
dictated by the requirement of the 3-fold PMT coinci-
dence for defining a valid S1 signal [16]. A detailed sig-
nal response model [17] is used to derive the influence
of various detector features, including the requirement of
the 3-fold PMT coincidence, on the reconstructed signals.
The e↵ective exposure and its uncertainty as a function
of deposited ER energy for the S1-S2 data are shown in
Fig. 2, with the signal spectra from the Migdal e↵ect and
BREM induced by 0.1GeV/c2 and 1GeV/c2 DM masses
overlaid. The rise of the event rate at around 0.85 keV
for DM mass of 1.0GeV/c2 is contributed by the ioniza-
tion of M-shell electrons [10, 12]. In our signal models,
deposited energy below 1 keV, at which the median detec-
tion e�ciency in 1.3-tonne FV is 10%, from the Migdal
e↵ect and BREM is neglected for the S1-S2 data in the
following analysis. There is only one sub-keV measure-
ment of ionization yield for ER in LXe [19].
The S1-S2 data selections [16] provide excellent rejec-

tion of noise and backgrounds, and are characterized as
well by the well-established background models [17] and
a fully blind analysis [8]. However they also limit the
detection e�ciency of O(1) keV energy depositions. We
therefore consider also the events with no specific require-
ment on S1 (S2-only data) in this work. Although the
reduction of available information in the S2-only data im-
plies less background discrimination, the increased detec-
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New Idea: different channel
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• Migdal: initial nuclear kick excites electron shells.  
(Ibe, et al., arXiv:1707.07258)

- Small probability, depends on shells

- Boosted energy in ER channel
- Also “Bremsstrahlung” (Kouvaris, Pradler, arXiv:

1607.01789) 
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FIG. 5. Contours containing 95% of the expected DM sig-
nal from the Bremsstrahlung and Migdal e↵ects using NEST
package v2.0 [22]. The solid amber contour indicates a
Bremsstrahlung signal of mDM = 0.4 GeV/c2 assuming a
heavy scalar mediator (7.9 events). The other two con-
tours are for the Migdal e↵ect: The dashed teal contour
is for mDM = 1 GeV/c2 assuming a heavy scalar media-
tor (10.8 events), and the dash-dot light blue contour is for
mDM = 5 GeV/c2 assuming a light vector mediator (11.5
events). The number in parentheses indicates the expected
number of signal events within the contour for a given signal
model with a cross section at the 90% C.L. upper limit. The
contours are overlaid on 591 events observed in the region
of interest from the 2013 LUX exposure of 95 live days and
145 kg fiducial mass (cf. Ref [6]). Points at radius < 18 cm are
black; those at 18-20 cm are gray since they are more likely
to be caused by radio contaminants near the detector walls.
Distributions of uniform-in-energy electron recoils (blue) and
an example signal from mDM =50 GeV/c2 (red) are indicated
by 50th (solid), 10th, and 90th (dashed) percentiles of S2 at
given S1. Gray lines, with an ER scale of keVee at the top and
Lindhard-model NR scale of keVnr at the bottom, are con-
tours of the linear-combined S1-and-S2 energy estimator [25].

GeV signal and most backgrounds are in the ER band,
so ER-NR discrimination cannot be used to reduce back-
grounds in this analysis. The ER band is populated sig-
nificantly, with contributions from �-rays and � particles
from radioactive contamination within the xenon, detec-
tor instrumentation, and external environmental sources
as described in [24]. For further information about the
background model, refer to [6, 19] as the background
model used in this Letter is identical.

Results.— The sub-GeV DM signal hypotheses are
tested with a two-sided profile likelihood ratio (PLR)
statistic. For each DM mass, a scan over the SI DM-
nucleon cross section is performed to construct a 90%
confidence interval, with the test statistic distribution
evaluated by Monte Carlo sampling using the RooSt-
ats package [36]. Systematic uncertainties in background
rates are treated as nuisance parameters with Gaussian
constraints in the likelihood. Six nuisance parameters
are included for low-z-origin �-rays, other �-rays, � par-

FIG. 6. Upper limits on the SI DM-nucleon cross sec-
tion at 90% C.L. as calculated using the Bremsstrahlung
and Migdal e↵ect signal models assuming a scalar media-
tor (coupling proportional to A2). The 1- and 2-� ranges of
background-only trials for this result are presented as green
and yellow bands, respectively, with the median limit shown
as a black dashed line. The top figure presents the limit
for a light mediator with qref = 1 MeV. Also shown is a
limit from PandaX-II [10] (pink), but note that Ref. [10]
uses a slightly di↵erent definition of Fmed in their signal
model. The bottom figure shows limits for a heavy media-
tor along with limits from the SI analyses of LUX [1] (red),
PandaX-II [2] (gray), XENON1T [26] (orange), XENON100
S2-only [27] (pink), CDEX-10 [28] (purple), CDMSlite [29]
(teal), CRESST-II [30] (dark blue), CRESST-III [31] (light
blue), CRESST-surface [32] (cyan), DarkSide-50 [33] (green),
NEWS-G [34] (brown), and XMASS [35] (lavender).

ticles, 127Xe, 37Ar, and wall counts, as described in [6]
(cf. Table I). Systematic uncertainties from light yield
have been studied but were not included in the final PLR
statistic since their e↵ects were negligible. This is ex-
pected as the error on light yield obtained from the tri-
tium measurements ranges from 10% at low energies to
sub 1% at higher energies. Moreover, slightly changing
the light yield is not expected to change the limit sig-
nificantly since only a small fraction of events near the

 Big 
penalty 
in rate
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Newish Idea: S2 only in LXe/Ar TPCs
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• # electrons, photons comparable

• Light collection ~10%,  
e- collection ~100%  

• Substantially reduce E threshold

• Time Projection Chamber
(XENON1T - 1907.11485)
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FIG. 6. The ER (left) and NR (right) ionization (red) and
scintillation (grey) yields as a function of recoil energy given
by NEST v2.0. The bands around the ER yields indicate
model uncertainties and correspond to those presented in Fig-
ure 5, while red and black points indicate LUX measurements
from the tritium (left) [13] and D-D neutron (right) [31] cal-
ibrations. Additional data are shown in blue and green for
the ER ionization yield [29, 30]. Recent NR ionization yield
data that have not yet been incorporated in the NEST models
but are used here to motivate the low energy threshold are
presented in blue [32]. The thresholds adopted for the new
analyses correspond to the upper edge of the shaded regions.

VUV photons or similar pulses were likely to be present,
once the 10 noisy channels were excluded.

LUX has achieved a very low background rate espe-
cially at low energies [12, 33]. Wall events were sup-
pressed in the smaller fiducial mass of 118 kg (this fidu-
cial definition is identical to that used in the first analysis
of this dataset [34]). The prominent background in stan-
dard analyses was instead due to ER interactions leaking
into the NR region. Such ER backgrounds were small
in the DPE analysis due to the low DPE acceptance,
and the same applies to NR backgrounds. Table II sum-
marizes the background expectations calculated for the
leading sources along with the random coincidence back-
ground for the single photon 2013 WIMP search. The
total prediction for 1 phd events was 5.1 ± 0.4. As the
largest background is due to accidental coincidences be-
tween upward-fluctuating dark counts and S2-only events
and the S2-only background spectrum is not flat, most
of the background interactions are expected at S2 areas
well above the NR signal region for light WIMPs.

Figure 7 shows the observation in (S1, S2) space both
for interactions at �2-fold and for single-photon sig-
nals. A total of six single-photon events were observed.
The numbers falling into each S2 region are consistent
with the background expectations listed in Table II. Two
events were observed below the ER band (expectation
value was 1.8 ± 0.3), i.e. below an S2 pulse area which
contains the full NR acceptance for WIMP signals.

In general, the NR signal region for light WIMPs lies
below the NR band represented in the figure, which was
derived for a 50 GeV/c2 WIMP spectrum (which coin-
cides approximately with the NR spectrum obtained with
a D-D neutron generator). This is due to the fact that, at

FIG. 7. Events observed in the 2013 LUXWIMP search expo-
sure of 95 live days and 118 kg fiducial mass (11,210 kg·days).
Solid black markers represent events lying above the S1 2-fold
coincidence requirement, while the 6 hollow markers indicate
those with an S1 of 1 phd which are the focus of this analysis.
Distribution contours for an ER beta spectrum (grey) and an
example 50 GeV/c2 WIMP signal (red) are indicated at the
50th (solid), 10th and 90th (dashed) percentiles of S2 at given
S1. These percentiles are shown separately at 1 phd, with
the S2 threshold lowered to the 100-phd value (uncorrected)
adopted in this analysis. The color histogram illustrates the
expected WIMP signal for a mass of 4 GeV/c2 at 1 phd only,
for an exposure of 106 kg·days and cross section of 10�40 cm2;
the integrated number of events for this model is ⇠8,000.

a particular S2 size, only events with an over-fluctuating
S1 pulse fall above threshold. For the very low masses
considered here this e↵ect is even more extreme, with the
predicted S2 range falling well below the NR band as de-
fined for higher energy recoils. To determine the precise
NR acceptance region for an S1 of 1 phd, WIMP signal
models were simulated with NEST v2.0 as a function of
particle mass. The S2 acceptance regions extended be-
tween an S2 pulse area (uncorrected) of 100 phd and a
maximum value that retains 95% acceptance. One such
region for 4 GeV/c2 WIMPs is shown in Figure 7. The
upper boundary of this region moves upward with in-
creasing particle mass, and captures the first event for a
5.3 GeV/c2 WIMP model at log10(S2) = 2.4.

Figure 8 shows the overall signal acceptance and back-
ground expectation in the appropriate S2 region as a
function of WIMP mass, along with their uncertain-
ties. The background expectation falls below 1 event at
⇠4 GeV/c2, while the acceptance decreases quickly be-
low that point due to a number of reasons. These include
the S2 threshold of 100 phd (4 emitted electrons, corre-
sponding to 8 electrons drifting in the liquid) and the
hard signal cut-o↵ which is applied at 0.3 keV in simula-
tions. Finally, the lightest WIMPs increasingly produce
genuine S2-only events at the lowest masses.

The statistical analysis technique described in Ref. [35]
was used to set 90% C.L. upper limits on the number of
signal counts at each mass, using Gaussian uncertain-

(LUX - 1907.06272)

7

0 1 2 3 4 5
Nuclear recoil energy (keV)

0

2

4

6

8

10

12
NEST Charge Yield
NEST Light Yield
LUX DD Charge Yield
LUX DD Light Yield
LLNL Charge Yield

0 1 2 3 4 5
Electron recoil energy (keV)

0

20

40

60

80

100

Y
ie

ld
(q

ua
nt

a/
ke

V
)

NEST Charge Yield
NEST Light Yield
LUX CH3T Charge Yield
LUX CH3T Light Yield
LUX Xe127 Charge Yield
PIXeY Ar37 Charge Yield

FIG. 6. The ER (left) and NR (right) ionization (red) and
scintillation (grey) yields as a function of recoil energy given
by NEST v2.0. The bands around the ER yields indicate
model uncertainties and correspond to those presented in Fig-
ure 5, while red and black points indicate LUX measurements
from the tritium (left) [13] and D-D neutron (right) [31] cal-
ibrations. Additional data are shown in blue and green for
the ER ionization yield [29, 30]. Recent NR ionization yield
data that have not yet been incorporated in the NEST models
but are used here to motivate the low energy threshold are
presented in blue [32]. The thresholds adopted for the new
analyses correspond to the upper edge of the shaded regions.

VUV photons or similar pulses were likely to be present,
once the 10 noisy channels were excluded.

LUX has achieved a very low background rate espe-
cially at low energies [12, 33]. Wall events were sup-
pressed in the smaller fiducial mass of 118 kg (this fidu-
cial definition is identical to that used in the first analysis
of this dataset [34]). The prominent background in stan-
dard analyses was instead due to ER interactions leaking
into the NR region. Such ER backgrounds were small
in the DPE analysis due to the low DPE acceptance,
and the same applies to NR backgrounds. Table II sum-
marizes the background expectations calculated for the
leading sources along with the random coincidence back-
ground for the single photon 2013 WIMP search. The
total prediction for 1 phd events was 5.1 ± 0.4. As the
largest background is due to accidental coincidences be-
tween upward-fluctuating dark counts and S2-only events
and the S2-only background spectrum is not flat, most
of the background interactions are expected at S2 areas
well above the NR signal region for light WIMPs.

Figure 7 shows the observation in (S1, S2) space both
for interactions at �2-fold and for single-photon sig-
nals. A total of six single-photon events were observed.
The numbers falling into each S2 region are consistent
with the background expectations listed in Table II. Two
events were observed below the ER band (expectation
value was 1.8 ± 0.3), i.e. below an S2 pulse area which
contains the full NR acceptance for WIMP signals.

In general, the NR signal region for light WIMPs lies
below the NR band represented in the figure, which was
derived for a 50 GeV/c2 WIMP spectrum (which coin-
cides approximately with the NR spectrum obtained with
a D-D neutron generator). This is due to the fact that, at

FIG. 7. Events observed in the 2013 LUXWIMP search expo-
sure of 95 live days and 118 kg fiducial mass (11,210 kg·days).
Solid black markers represent events lying above the S1 2-fold
coincidence requirement, while the 6 hollow markers indicate
those with an S1 of 1 phd which are the focus of this analysis.
Distribution contours for an ER beta spectrum (grey) and an
example 50 GeV/c2 WIMP signal (red) are indicated at the
50th (solid), 10th and 90th (dashed) percentiles of S2 at given
S1. These percentiles are shown separately at 1 phd, with
the S2 threshold lowered to the 100-phd value (uncorrected)
adopted in this analysis. The color histogram illustrates the
expected WIMP signal for a mass of 4 GeV/c2 at 1 phd only,
for an exposure of 106 kg·days and cross section of 10�40 cm2;
the integrated number of events for this model is ⇠8,000.

a particular S2 size, only events with an over-fluctuating
S1 pulse fall above threshold. For the very low masses
considered here this e↵ect is even more extreme, with the
predicted S2 range falling well below the NR band as de-
fined for higher energy recoils. To determine the precise
NR acceptance region for an S1 of 1 phd, WIMP signal
models were simulated with NEST v2.0 as a function of
particle mass. The S2 acceptance regions extended be-
tween an S2 pulse area (uncorrected) of 100 phd and a
maximum value that retains 95% acceptance. One such
region for 4 GeV/c2 WIMPs is shown in Figure 7. The
upper boundary of this region moves upward with in-
creasing particle mass, and captures the first event for a
5.3 GeV/c2 WIMP model at log10(S2) = 2.4.

Figure 8 shows the overall signal acceptance and back-
ground expectation in the appropriate S2 region as a
function of WIMP mass, along with their uncertain-
ties. The background expectation falls below 1 event at
⇠4 GeV/c2, while the acceptance decreases quickly be-
low that point due to a number of reasons. These include
the S2 threshold of 100 phd (4 emitted electrons, corre-
sponding to 8 electrons drifting in the liquid) and the
hard signal cut-o↵ which is applied at 0.3 keV in simula-
tions. Finally, the lightest WIMPs increasingly produce
genuine S2-only events at the lowest masses.

The statistical analysis technique described in Ref. [35]
was used to set 90% C.L. upper limits on the number of
signal counts at each mass, using Gaussian uncertain-



T. Shutt - 16th Rencontres du Vietnam, 1/7/2020

S2 only electron background

12

• Several sources of electrons

• LBECA: dedicated S2 only experiment
- Electron reduction methods under study

- 100 kg LXe detector proposed

• LZ: major program to reduce emission from 
grids

- electron signal ~4 times larger than LUX

(Sorensen, Kamdin, arXiv:1711.07025)

“e-train” in LUX

LBECA prototype - sealed 
chamber with high 

chemical purity 

LZ grid under test
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Very new idea: doping

13

• Dissolve H2 (or He) in LXe TPC

• Proton is best low mass target
- 3 e-  Enr~100 eV:  mx~100 MeV

• Lindhard nullified by mH, mXe 
imbalance

• H2 and D2: odd n and p
- or He, if ok with PMTs

• HydroX - new experiment, 
currently LZ-based

What would signals look like?
• H2 dissolved in LXe

• DM-H2 interactions:
• DM scatters on H2 (proton)
• Proton transfers energy to Xe (mH << mXe)
• Little energy lost to elastic scatters on Xe, more 

interactions with Xe e-s: ~5x signal boost

• Signals read out like any normal Xe TPC

• Unclear whether H-recoils will have S2/S1 that is 
ER/NR/in-between-like

• Presence of H2 in the gas phase will negatively affect S2 
gain, but allows higher extraction fields before breakdown 

• Garfield sims suggest 40 ph/e- achievable at 120% of 
the nominal LZ extraction field

4

LUX DD-calibration
ER median
NR median 

H

Xe
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HydroX

14

• LZ fiducial becomes shield

• Modify purification to cope 
with H2

• Need to check
- H2 solubility

- charge yield

- effect of H2 
on S2Sensitivity

Assumptions:
• H2 in LZ environment

• H2 mol fraction of 2.6%, 2.2 kg
• S2/S1 is ER-like (no discrimination)
• 250 live-day exposure

Can imagine a similar program with 
deuterium:

• Shifts SI sensitivities down x4 and to 
the right by √2 

• Shifts SD-p sensitivities right by √2 
• Gives SD-n sensitivity

6

Preliminary Projections
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Figure 11: The top panel shows a schematic of the existing LZ xenon handling system. Pure
xenon gas returns from the circulation loop and is liquified in the “Xenon Tower” before flowing
through transfer lines into the bottom of the detector. Liquid overflows a weir near the top of the
detector and returns to the Xenon Tower via another transfer line, before evaporating in a large
heat exchanger in the Tower and heading out to the circulation loop as a gas. In the bottom panel,
we have added an intermediate step between the detector and the Tower to remove H2 from the
liquid via distillation. The distillation column could potentially replace the right most vessel in the
Xenon Tower (the reservoir). An alternative scheme (not shown) would use sparging to remove the
H2 by bubbling warm, pure xenon through the liquid. The extracted H2 gas is then re-injected into
the liquid xenon returning to the detector.

phase. Support is requested for approximately 0.4(0.2) total FTE of Penn State engineers Bridget
O’Meara and Matthew Weiss in year 1(2-3) and 0.5 FTE of graduate student in Years 1 and 2 to
build and operate this system.

Fermilab cryoengineer Kendziora will assist in the design of these systems with 0.25 FTE in
years 1 and 2. Kendziora has relevant expertise from the design and operation of the Fermilab
distillation column that separated underground argon from impurities as well as the design of the
cryogenics for the DarkSide-50 and DarkSide-20k projects in Italy.

22
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Proposed R&D
Will it work at all? (XELDA test chamber at Fermilab)

• Measure Henry’s coefficient, Hxp ∝ x/p
• Quantify effect of H2 concentration on S1 & S2 yield, S2 gain, and 

anode breakdown voltage
• Preliminary Xe response to proton recoils

Calibration? Development of a low energy neutron source (UCSB/NU)
• keV Iron Neutron (keVIN) 
• 124Sb-9Be source of 24 keV n, iron for γ attenuation and n E-

selection, scandium conduit gives 1-2.5 keV n

11

124Sb-9Be

Sc 
~2 keV Fe 

24 keV

Photo-nuclear source + filters 
(HydroX, unpublished)

Calibrating Nuclear Recoils

15

• Lindhard - successful at high 
energies
- But recent lower yields in Si, Xe.  

Generic?

• Must calibrate below threshold

• Increasingly active area
- Beams with variety of reactions

- Photo-nuclear sources + gamma 
shield

- Notch filters

- In-situ calibration ideal

• Need keV neutrons to calibrate H!

B. Lenardo, April APIS, 2019

Xe response
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Superfluid 4He

16

• Low mass target

• Complex set of excitations
- Excimers, singlet ~ns, triplet 13 s

- IR light

- Phonons / Rotons

- Should provide discrimination

• Early work on HERON,  proposed solar  exp.
- Significant advances in sensors and 

cryogenic technology since then

ν

2

mass, allowing relatively good kinematic matching to
low-mass dark matter particles; b) Multiple observable
and distinguishable signal channels summing to the total
recoil energy, including phonons and rotons (commonly
referred to collectively as ‘quasiparticles’), substantial
scintillation light, and triplet helium excimers; c)
Inhibited vibrational coupling of the target mass to the
environment (the container walls), due to the distinct
superfluid phonon/roton dispersion relation; d) High
radiopurity, as helium has no long-lived isotopes, may be
purified using getters or cold traps, and impurities freeze
out of the bulk; d) A large band gap energy of 19.77 eV
(the energy needed to excite atomic helium to an n = 2
state), inhibiting all electronic excitation backgrounds
below this energy; e) Quasiparticle excitations which
are long-lived and ballistic, thereby preserving recoil
information encoded in their production; and f) A
liquid state down to zero K, enabling mK-temperature
calorimetric readout of an easily-scalable liquid target
mass. Superfluid 4He is being used as an ultracold
neutron production, storage, and detection material
for measurements of the neutron lifetime [32] and the
neutron electric dipole moment [33]. Superfluid 3He has
also been proposed as a dark matter detection material,
using oscillating wires immersed the superfluid to detect
dark matter particles [34, 35].

Here we elaborate on the possibility of using
superfluid 4He for direct detection of sub-GeV mass
dark matter particles, with an approach relying entirely
on calorimetric measurement of multiple signal carriers:
scintillation light, triplet excimers, and quasiparticles.
This method o↵ers the possibility of discrimination
between dark matter particles and backgrounds using
the ratios of di↵erent signal channels, while enabling
extremely low energy threshold.

II. DETECTOR LAYOUT

A general detector geometry is described in Figure 1.
The 4He target mass is contained within a passive
surrounding vessel. In the vacuum above the liquid
surface a large-area calorimeter is suspended, serving
as the primary detector for quasiparticles, via quantum
evaporation of 4He atoms into the vacuum. Other large-
area calorimeters are immersed within the target liquid,
approximately covering the vessel surface and providing
nearly complete area coverage.

Interfaces between superfluid 4He and solid materials
exhibit an exceptionally large Kapitza resistance, which
would inhibit the transmission of quasiparticle states
into the vessel or immersed calorimeters. After multiple
internal reflections, a dominant fraction of quasiparticle
energy can escape the liquid as atomic evaporation.
The suspended calorimeter senses the arrival of these
evaporated atoms, with the dominant energy per atom
being the adhesion energy of the atom to the calorimeter
surface. This ‘adhesion gain’ requires a ‘dry’ calorimeter,

free of the 4He that typically coats all available surfaces
at these temperatures. Various technologies have
been demonstrated which can prevent film flow to the
suspended calorimeter, including a film burner as used
in the HERON project [36], a knife edge of atomic
sharpness [37–39], and a clean surface of non-wettable
material such as Rb or Cs [40, 41].

The primary role of the immersed calorimetry, on
the other hand, is to detect signal carriers resulting
from atomic excitation, each of higher (eV-scale)
energies. The immersed calorimetry may require slight
modification to adapt for the immersed environment.
The superfluid’s high Kapitza resistance mitigates but
does not completely eliminate the leakage of phonon
energy out of the calorimeter. A straightforward solution
to the leakage could be to cover a large fraction of the
calorimeter surface with Al, in which incident energy
is e�ciently converted to Bogoliubov quasiparticles
(‘broken cooper pairs’), which should exhibit negligible
leakage.

A secondary concept might also be of similar interest,
in which the vessel is transparent to optical photons, the
inside vessel surface is coated in a wavelength shifter such
as tetraphenyl butadiene (TPB), and the previously-
immersed calorimetry is instead suspended in the vacuum
outside the transparent vessel. The relative merits of the
two layouts are not yet known quantitatively.

The microcalorimeters (in both primary and secondary
concepts) pair a microscopic energy sensor with a large-
area (few-cm scale) thin (<mm) absorber. While
other sensor technologies may also provide the necessary
sensitivity, the sensor technology which has received
the most study in this large area application is the
Transition Edge Sensor (TES). Pyle et al. [42] point
out that historically the timescale of energy di↵usion
from absorber to TES has been severely mismatched
with the TES response timescales, leading to significant

He Atom

Vacuum Interface

Quasiparticle

Photon

Recoil

Triplet Excimer

FIG. 1. Simplified detector layout. Here, superfluid 4He
is blue, large-area microcalorimetry is red, and the passive
containing vessel is grey.
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and avoidable degradation in threshold and resolution.
With this and other recent conceptual advances, there
has been significant recent laboratory progress towards
larger areas and lower thresholds. A recent R&D device
has demonstrated a 3.5 eV baseline resolution (�) on a
45.6 cm2 collection area [43]. There are no obstacles
expected in further refinement, we expect the thresholds
in coming years to advance into the sub-eV regime,
while retaining areas. Such sensors are capable of
counting individual eV-scale deposits (for example, from
scintillation photons) with no relevant dark count rate.

III. ENERGY PARTITIONING IN
SUPERFLUID 4He

The energy of a particle recoil in liquid 4He is par-
titioned among several channels: ionization, electronic
excitation, and quasiparticle excitations (phonons and
rotons).

At low applied fields, geminate recombination converts
nearly all ionization into neutral (but excited) atoms.
Electronic excitations decay via IR emission to either a
singlet or triplet state of the first excited state. Such
atomic excited states appear in the liquid as dimer
excimers, the singlet as A1⌃+

u
and the triplet as a3⌃+

u
.
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FIG. 2. The estimated partitioning of recoil energy among
the several signal quanta of superfluid 4He, as described in
the text. Here green is singlet excitation, red is triplet
excitation, grey is IR photons, and blue represents the
remaining energy, which appears as quasiparticles (phonons
and rotons). The upper panels describe the mean expected
production fractions, the lower panels start with those
production e�ciencies and then apply poissonian production
probabilities and binomial detection probabilities described in
the text.

The singlet excimer decays on a ns-scale via UV photon
emission (⇠16 eV). The triplet excimer decays with
the exceptionally long half life of 13 s [44]. Despite
the triplet excimer’s long lifetime, it typically releases
its energy on shorter timescales after propagation to
material boundaries. This triplet excimer propagation is
ballistic thanks to the low density of phonon excitations
in the superfluid medium (assuming a temperature
<100 mK), and the ballistic velocity has been measured
to be O(m/s) [45], with variation dependent on the
phonon environment in which the recombination process
occurs. The quenching of single-atom He triplet states on
material surfaces is now a standard technique for probing
surface electron states in a vacuum environment [46–
48]. In this atomic case, the triplet quenching process
is observed to occur via charge exchange between the
excited atom and the surface, injecting some fraction of
excitation energy into the surface (as excited electrons),
and ejecting some fraction away from the surface (as
Auger electrons or x-rays). Similar triplet quenching
processes occur in the excimer case and in the superfluid
environment. Observation of the injected energy via
microcalorimetry has recently been demonstrated[49].
To estimate the energy partitioning fractions for

nuclear recoils, we first use the Lindhard nuclear and
electronic energy partition [50]

E = ⌫ + ⌘, (1)

where ⌫ is energy deposited via nuclear stopping and ⌘

is the energy deposited by electronic stopping through
ionizations and excitations of helium atoms. The
Lindhard ⌫ is given by

⌫(✏) =
✏

1 + kg
, (2)

where ✏ = 11.5E/Z
7/3 is a reduced energy (with

E in keV and Z being the atomic number), k =
0.133 Z

2/3
A

�1/2 (with A being the atomic mass) and g

is well-approximated by g = 3✏0.15 +0.6✏0.7 + ✏ [51]. The
relative fraction of energy appearing in each Lindhard
channel is the ratio of ⌫ to ⌘, and we assume the fraction
of energy deposited in the detector through nuclear
stopping can be detected as quasiparticle excitations.
The ionization and excitation production ratio, which has
been described and modeled for helium-helium collisions
by Guo & McKinsey [29] and Ito & Seidel [30], can be
derived from measured cross sections. As in Guo &
McKinsey, we have neglected secondary electron e↵ects in
our calculation of the electronic stopping power since we
are concerned with recoils of energies well below 100 keV.
Following Ito & Seidel, we assume a recombination ratio
of singlets to triplets of 1 to 3 for nuclear recoils, and
we estimate the excitation ratio of singlets to triplets
to be 0.86:0.14 with a total cross section for excitations
equal to 1.4 times the 21P excitation cross section for
helium projectiles. With these assumptions, we estimate
the ratio of the ionization, singlet excitation, and triplet

Rotons/phonons 
Singlet photons 
Triplet photons 
IR photons

HERALD, Hertel et al., 
arXiv: 1810.06283
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The neutrino species we consider and their associated
uncertainties are: pp (1%), pep (1.7%), 7

Be (10.5%), 8
B

(8.8%), hep (15.5%), and CNO (30%). These values
are a combination of theoretical [100, 101], experimental
[102], and estimated [87] uncertainties. We do not
consider atmospheric and di↵use supernova background
neutrinos because it is kinematically unlikely that these
recoils could ever mimic a WIMP signal in helium.

CEvNS becomes a limiting, irreducible background
for dark matter experiments when the exposure is high
enough that flux uncertainties rival Poisson fluctuations.
For recoil energies less than about 1 keV, the dominant
neutrino species are pp and 7

Be. The geometric mean
of their uncertainties is 3.2%, indicating that the solar
neutrino background becomes significant at an exposure
corresponding to about 980 expected recoils. We thus
define the neutrino floor as the projected sensitivity of a
He-4 detector with 1.6 tonne-yr exposure, for which the
expected number of CEvNS events is 1000. The threshold
is set arbitrarily low.

In the case of a heavy dark photon mediator (FDM =
1), the DM-nucleon and DM-electron scattering cross-
sections are related:

�̄e

���n

=

✓
A

Z

◆2 ✓
µ��e

µ��n

◆2

, (8)

where A and Z are the atomic mass number and
atomic number of the target nucleus, respectively, and
µ��e (µ��n) is the reduced mass between the DM
particle and an electron (nucleon). Thus, we can
translate our projected sensitivities into DM-electron
space and compare to existing constraints on dark
photon interactions. This is done in Figure 10, with
current NR constraints translated into the �̄e plane
using Equation 8. Note that we have not translated
the sensitivities for our third and fourth generation
experiments into �̄e parameter space. In the case of
a dark photon-mediated nuclear recoil in helium, the
photon propagator is modified by in-medium e↵ects.
These e↵ects are negligible for recoil energies greater
than 10 eV [113], legitimizing the translation of our
first and second generation sensitivities. However, if
they are significant for lower recoil energies, Equation 8
will not hold. Further work needs to be done to
determine whether the other sensitivities can be similarly
translated, based on a detailed calculation of the in-
helium photon propagator.

The flux and kinetic energy of the dark matter can
degrade because of the earth shielding, if dark matter
has relatively high cross-sections with normal matter so
that the mean free path of dark matter in the earth is
comparable to or lower than the diameter of the earth.
For underground experiments, dark matter could lose
so much energy in interacting with the earth that the
remaining kinetic energy of dark matter is below the
energy threshold of the detector Ethr when it reaches
the depth of the detector, thus indetectable by the
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FIG. 9. Projected sensitivity of the helium detector to DM-
nucleon SI interaction with 90% confidence level, through
detection of elastic scattering and Bremsstrahlung emission
[103]. Four combinations of exposure and energy threshold
have been investigated: 1 kg-day with 40 eV(solid red), 1
kg-yr with 10 eV (dashed red), 10 kg-yr with 0.1 eV (dotted
red), and 100 kg-yr with 1 meV (dashed dotted red). The
label 100 m and 1478 m refers to the experiment site depth,
related to the limit curves due to the earth shielding e↵ect
discussed in the main text. The dashed dotted dotted red
curve corresponds to limit taking o↵-shell phonon sensitivity
into account, assuming a massive mediator with 100 kg-yr
exposure and 1 meV energy threshold, extrapolated from
Knapen et al. [18]. The dashed dotted dotted black curve
corresponds to the neutrino floor calculated for helium, as
discussed in the main text. Some other limits are also
plotted for comparison: the neutrino floor for xenon (solid
black) [87], cosmic Microwave Background anisotropy (dotted
black) [90, 91], galaxy gas cooling (dashed black) [98], XQC
experiment (dashed dotted black) [96], CRESST surface
(dashed dotted dotted green) [97], CRESST-II (dashed dotted
green) [93], CDMS-Lite (dotted green) [92], XENON-1T
(solid green) [95], and LUX (dashed green) [94]. The earth
shielding limits for CRESST surface and CRESST-II are also
shown [99]. The green and grey shaded region correspond to
parameter space that has been excluded by direct detection
experiments and astronomy, respectively.
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Superfluid 4He

17

• Field ionization to measure ejected 
He atom. (Osterman, et. al, TAUP 2019)

• Response is complicated: recent 
EFT approach  (Esposito, TAUP 2019)

• Beyond this: collective modes 
in He approaches mDM ~ keV 
(Schutz, Zurek, arXiiv:1604.08206)

“Channeltron” with 
field ionization tip
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Cryogenic Wild West

18

• Energy measured to ~meV
- Superconductors+TES (Hochberg, 

Zhao, Zurek arxiV:1504.07237)

- Magnetic bubble chambers (Bunting 
et al., arXiv:1701.06566)

- Optical phonons (Knapen et al., 
arXiv:1712.06598)

- Diamond (Kurinsky, et al., PRD 
2019)

- Absorption in superconductor 
(Hochberg et al., arXiv:1604.06800)

- 3D Dirac materials (Hochberg et 
al., arXiv:1708.08929)

• For electron recoils:  mDM ~ keV 

PhysRev D 99, 123005 (2019)

intrinsically limited in dynamic range. To account for this,
we assume 3 orders of magnitude in dynamic range, similar
to what has been seen in detectors with O(eV) thresholds
[34]. This means that the upper integration limit is set to
103σt, where the threshold σt is assumed to be five times
the resolution.
We show the 95% C.L. projected reach, corresponding to

three signal events, for calorimetric diamond detectors with
the thresholds discussed in the previous section in Fig. 9,
compared to the leading low-mass NR limits from the
νcleus (sapphire, Ref. [94]), CRESST-III (CaWO4,
Ref. [36]), and CDMSlite (Ge, Ref. [95]) experiments.
Also shown is the neutrino floor calculated for He [15] and
C (computed according to the formalism in Ref. [79]).
These projections demonstrate that even a 30 mg detector
operated for a day at a surface facility covers previously
unexplored parameter space and operating for a month with
a moderately low threshold can cover orders of magnitude
of new parameter space. Kilogram-year exposures bring the
reach of diamond detectors near the neutrino floor and
would require significant background mitigation and re-
present a large-scale experiment with costs and complexity
on the order of currently operating GeV-scale dark matter
searches.

V. DISCUSSION

In this work, we have demonstrated that diamond has a
significant reach for nuclear-recoil, electron-recoil, and
absorption detection channels and is able to compete with
traditional semiconductors in charge resolution, as well
as with superfluid He in the nuclear recoil space due to
its low atomic mass and long-lived phonon excitations.

The synergy between diamond’s potential as a dark matter
detector and the potential application of diamond detectors
to coherent neutrino scattering and UV imaging makes a
compelling case for developing general-purpose cryogenic
diamond detectors.
A research program to demonstrate the proof of principle

for these designs is currently underway.We hope to report, in
the near future, the successful fabrication of QETarrays on a
high-purity diamond substrate and to measure the phonon
collection efficiency of these sensors on single and poly-
crystalline substrates. One significant advantage of diamond
is its inertness relative to Si and Ge, which means that we
should be able to apply the same fabrication techniques to
diamond as our normal detector substrates, and the same set
of tools can be used to quickly make these proof-of-principle
devices. Beginning the development on polycrystalline
diamond, and subsequently moving to larger crystals, will
also help determine the role that boundary scattering plays in
phonon propagation and down-conversion. The path towards
gram-year exposures and research leading to lower thresh-
olds and low-energy diamond tracking detectors fit well
within the scope of a small, early-phase experimental
program of the type currently being explored to push to
lower dark matter masses.
A significant barrier to scaling this technology to kilo-

gram-year exposures is the cost of purchasing sufficient
quantities of diamond substrates. While this has tradition-
ally been the case, significant progress in CVD diamond
growth driven by both the electronics industry and invest-
ment from quantum computing initiatives has made arti-
ficial diamonds now significantly less expensive than
natural diamond of comparable quality. The remaining
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• Backgrounds below ~keV are 
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• Little self shielding at ~kg mass
- Rates better than 1/kg/keV/day 

only with enormous effort

• Robinson: coherent Compton 
scattering rises at low energy
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- PICO particles
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energy?

Coherent photon scattering background in sub-GeV/c2 direct dark matter searches

Alan E. Robinson
Fermi National Accelerator Laboratory, Batavia, Illinois, USA 60510⇤

(Dated: March 17, 2017)

Proposed dark matter detectors with eV-scale sensitivities will detect a large background of atomic
(nuclear) recoils from coherent photon scattering of MeV-scale photons. This background climbs
steeply below ⇠10 eV, far exceeding the declining rate of low-energy Compton recoils. The upcoming
generation of dark matter detectors will not be limited by this background, but further development
of eV-scale and sub-eV detectors will require strategies, including the use of low nuclear mass target
materials, to maximize dark matter sensitivity while minimizing the coherent photon scattering
background.

PACS numbers: 13.60.Fz, 95.35.+d

Interest in sub-GeV/c2 mass thermal relic dark mat-
ter models has inspired ideas for direct detection experi-
ments with eV-scale and sub-eV thresholds [1]. For such
light dark matter, the recoil energy di↵erential scattering
rate is restricted to energies below the detection thresh-
olds of direct detection experiments motivated by weak-
scale and supersymmetric models [2, 3].

Penetrating MeV-scale photons are a background for
all of these experiments with di↵erent mechanisms at
high and low recoil energies. Incoherent (Compton) scat-
tering from electrons is suppressed when insu�cient en-
ergy is deposited to excite a bound electron [4], or when
the energy range of interest is narrow compared to typi-
cal MeV scale energy depositions. This dominant mecha-
nism for photon backgrounds in most existing direct de-
tection experiments has been considered negligible for
future eV-scale and sub-eV experiments [1]. In contrast,
the coherent scattering of neutral particles, such as co-
herent neutrino scattering [5] or coherent dark matter
scattering, produces an enhanced spectrum of low-energy
recoils. Coherent photon scattering across an atom pro-
duces a low-energy background spectrum that may over-
whelm low threshold dark matter detectors.

A photon with energy E� = c p� ⇡ 1 MeV scattering at
angle 0 ✓⇡ from an atom with mass M ⇡ 10 GeV/c2,
will transfer a small momentum q and recoil energy Er.

Er =
q2

2M
=

(2p� sin
1
2✓)

2

2M
(1)

<⇠
(2 · 106 eV/c)2

2 · 1010 eV/c2
= 200 eV

The di↵erential coherent scattering cross section is
also strongly suppressed when coherence is lost for
q > h̄/aB =3.7 keV/c, where aB is the Bohr radius. This
small energy deposition can be safely ignored for most
applications, but not for upcoming dark matter searches.

The angle di↵erential cross section for coherent pho-
ton scattering and its e↵ects on photon transport have

⇤ fbfree@fnal.gov
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Figure 1. Energy di↵erential cross sections for 1461 keV
photons from 40K decay in free silicon, germanium, and he-
lium atoms. The low energy portion of the coherent scattering
spectrum is dominated by Rayleigh scattering, while the high
energy components are dominated by nuclear Thomson scat-
tering and Delbrück scattering [6, 7]. For low recoil momenta
in condensed systems, structure e↵ects may modify the spec-
trum from the free atom ones shown (see text). The high en-
ergy cuto↵ of the coherent spectra vary with mass and photon
energy as per Equation 1. The Compton scattering spectra
shown is an approximation using the Klein-Nishina formula,
with cuto↵s for the electron shell binding energies and the
semiconductor bandgaps [4, 8, 9]. All energies are given in
true recoil energy. The spectral shape expected in silicon for
the elastic scattering of dark matter with 0.1 GeV/c2 mass
is shown assuming a Maxwellian dark matter velocity distri-
bution with vo =220 m/s, vesc =544 m/s, and ve =244 m/s
[10].

been well studied [6][12]. The dominant Rayleigh scat-
tering cross section can be defined in terms of atomic
form factors F (q, Z) multiplying the non-relativistic spin-
averaged Thomson scattering cross section �T from a sin-
gle electron with mass me:

d�T

d⌦
=

e4

2m2
ec

4
(1 + cos2 ✓) (2)

d�

d⌦
=

d�T

d⌦
F (q, Z)2 (3)
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Figure 2. Di↵erential rate in units of dR⌫/d log10 ED for the solar neutrino coherent nuclear scattering
background on various target nuclei as well as the expected radiogenic background from cosmogenic
3H spallation of the absorber during fabrication and from U/Th/K contamination of the SuperCDMS
SNOLAB cryostat.

matter direction detection. However, there are two reasons why radiogenic backgrounds are

of secondary importance for light mass dark matter detection. First, the low energy coherent

neutrino scattering background from pp neutrinos is much larger than the background produced

by atmospheric neutrinos within the high mass dark matter region of interest. Secondly, all of

the radiogenic backgrounds (comptons, 210Pb decay products, 3H) have characteristic energy

scales which are much larger than the light mass dark matter region of interest (<10 eV) and

thus there is very little overlap between radiogenic backgrounds and light mass dark matter

recoil signals.

3 Dark matter scattering in a Fermi-degenerate medium

Having established superconducting detector designs capable of reaching meV energies, we now

must establish DM scattering rates. For the metal target studied here, we are interested in DM

scattering o↵ the valence electrons, which, as previously described, are characterized by Fermi

statistics, with typical Fermi velocity vF ⇠ 10�2. As the metal drops into a superconducting

state at low temperature, a ⇠ meV gap opens up above the Fermi surface, blocking DM-electron

scattering for energy depositions below this gap. For energy deposits well above the gap, the

scattering is simply characterized by allowable momentum configurations of DM-electron scat-

tering that are consistent with Fermi statistics and Pauli blocking. As the energy deposits drop

and approach the gap, an additional factor that takes into account the presence of the super-

– 15 –

Hochberg et al., arXiv:1512.04533
1 /
kg/
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• As we approach neutrino floor for WIMPs, new 
frontier has opened at low mass

• Wide variety of new ideas building on existing 
technologies

• Exciting time for hunting dark matter


