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Overview

• Kinematics of Sub-GeV DM

• Current Constraints
- ER Searches
- NR Searches
- Summary of Excesses

• Modeling Excesses
- Yield comparison
- Elimination of SM Processes
- Brief plasmon description

• Possible DM Interpretations

4



3/15/2021          Noah Kurinsky

What Drives Low-Mass Detector Reach?
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Collision Kinematics

• Recoil energy for typical DM velocity 
depends on target mass and recoil 
type

• Electron and nuclear recoils have 
different kinematics; nuclear recoils are 
simple elastic collisions, electron 
recoils are largely inelastic and depend 
on electron orbital and kinematics 
within the bound electron-atom system

• In addition to momentum transfer for a 
fixed velocity, using a velocity and 
angular distribution yields an expected 
energy spectrum
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Revised DM Kinematics

• Free-particle regime (DM KE > keV): 
- DM interactions probe core electrons
- DM will liberate nuclei with energies > 1keV), 
- Interaction can be treated pseudo-classically

• Bound-particle regime (DM KE < eV)
- Electron interactions frozen out
- Lattice defects can’t be created
- Only relevant processes are phonon creation in 

solid-state materials

• Collective Regime (DM KE > eV, < keV)
- Corresponds to the MeV - GeV mass regime
- Energy depositions comparable to inelastic 

energy scales
- Detailed band structure important for electron 

recoils
- Liberation of free nucleon from the lattice not 

guaranteed; energy loss mechanisms important

10 Berggren, Hochberg, Kahn, NK, Lehman, Yu, ArXiv:2101.08263
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Low Mass (< GeV) Dark Matter

Secluded Direct

• Dark matter in the keV-GeV mass range can 
produce the correct DM relic density if we 
introduce a new mediator between the DM and 
SM

• Consider a massive ‘dark photon’ mediator 
coupled to a heavy particle which does not 
interact with SM as the only particles in a new 
‘dark sector’
- If the mediator is heavier, dark matter can freeze out for 

the right coupling strengths in the same way as WIMP 
DM

- If the dark photon is the lighter particle, it can ‘freeze in’ 
as the ‘heavy’ DM decays into dark photons and SM 
particles

• Much of the simplest parameter space 
completely unconstrained in the freeze-in 
scenario due to the momentum suppression

• Lots of theory work done on these models in the 
last few years and multiple workshop reports

11
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DM Search Strategies
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DM Search Strategies

• New mass ranges considered in dark-sector DM interactions are also where 
understanding material inelasticity becomes most important!
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Detecting DM Recoils
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Figure from Yonatan Kahn
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High Resolution CCDs: DAMIC, SENSEI, DANAE*
• Electron and nuclear recoils produce 

electron-hole pairs in Si, which are stored in 
pixels during the exposure

• Charges moved to set of charge amplifiers 
during readout

• Single read noise limited by charge amplifier and 
electronics noise

• Skipper CDDs capable of non-destructive read; 
can re-sample the same pixel and arbitrary 
number of times

• Arbitrarily low resolution (in ideal case) at the 
expense of readout time. Very large dynamic 
range, excellent position resolution and event 
tracking

• No differentiation between paired and 
unpaired charge carrriers; operation at ~100K 
ensures some thermally generated carriers

15

Tiffenberg et. al. 2017 (arXiv:1706.00028)

https://arxiv.org/abs/1706.00028
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Athermal Phonon Sensors (SuperCDMS, EDELWEISS)
• In any recoil event, all energy eventually returns to the 

phonon system
• Prompt phonons produced by interaction with nuclei
• Indirect-gap phonons produced by charge carriers reaching 

band minima
• Recombination phonons produced when charge carriers drop 

back below the band-gap

• Phonons are also produced when charges are drifted in 
an electric field; makes sense by energy conservation 
alone

• Total phonon energy is initial recoil energy plus Luke 
phonon energy, as shown at right 
 
 
 

• Athermal phonons collected in superconducting 
aluminum fins and channeled into Tungsten TES, 
effectively decoupling crystal heat capacity from 
calorimeter (TES) heat capacity 
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Comparison of ER Experiments (2018)

• Sensitivity determined by background, 
exposure, and resolution

• Pileup rejection important for IR-limited 
background

17

http://resonaances.blogspot.com/2018/05/dark-matter-goes-sub-gev.html 

https://arxiv.org/abs/1206.2644 

15 kg-days

0.5 gram-days

https://arxiv.org/abs/1804.00088

https://arxiv.org/abs/1804.00088 

http://resonaances.blogspot.com/2018/05/dark-matter-goes-sub-gev.html
https://arxiv.org/abs/1206.2644
https://arxiv.org/abs/1804.00088
https://arxiv.org/abs/1804.00088


3/15/2021          Noah Kurinsky

Comparison of ER Experiments (2019)

• Sensitivity determined by background, 
exposure, and resolution

• Pileup rejection important for IR-limited 
background
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https://arxiv.org/abs/1206.2644 

15 kg-days

0.5 gram-days

https://arxiv.org/abs/1804.00088

https://arxiv.org/pdf/1901.10478.pdf 

https://arxiv.org/abs/1206.2644
https://arxiv.org/abs/1804.00088
https://arxiv.org/pdf/1901.10478.pdf
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HVeV Run 2

• HVeV second run taken with 3 eV resolution detector over the course of 3 
weeks:
- 60V and 100V spectra show identical backgrounds; signal seen not voltage dependent
- Different prototype, run in a different lab, in a different state
- 0V data acquired with ~12 eV threshold, results still being analyzed
- Rates in every charge bin consistent with Run 1…that is completely unexpected

19
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Comparison of ER Experiments (2020)

20

2 kg-days

https://arxiv.org/abs/2004.11378 
https://arxiv.org/abs/2003.01046

0.5 gram-days

https://arxiv.org/abs/2005.14067

https://arxiv.org/abs/2004.11378
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Cerenkov Photon Backgrounds

• Reduction of SENSEI background correlated with lower background and rejection of photons 
near high-energy tracks

• Recent paper demonstrated that the R1/R2 backgrounds can be explained by Cherenkov 
photons from mount PCBs
- Also explored transition radiation, which is next leading background at the gram-day level

21

Du et. al. 2020 (ArXiv:2011.13939)
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HVeV Run 3 Status

• Science run currently underway with 3 
detectors (including detectors used for 
Runs 1-2, and a third new design)
- Using coincidence in time to reject bursts of 

Cherenkov photons
- Building model of leakage pileup to project 

component of single charge leakage in second 
electron-hole pair bin

- Still expect single-electron bin is instrumental

• Run started 12/23, officially ended 2/9
- Accumulating ~1 g-days per calendar day
- Estimate ~40 g-days of exposure by end of run

• Quick turn around expected on analysis, 
new results by June 2021
- Many auxiliary science results to follow on 0V-

HV correlations

22
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Semiconductors Summary

23

[4e-2,4]
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All Sub-GeV DM Searches

24
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Readout Type Target Resolution Exposure Threshold Excess Rate (Hz/kg) Depth Reference

Charge (Ee)

Ge 1.6 e� 80 g · d 0.5 eVee (⇠1e�)a [20, 100] 1.7 km EDELWEISS [6]
Si ⇠0.2 e� 0.18 g · d 1.2 eVee (<1 e�) [6, 400] 100 m SENSEI [4]
Si 0.1 e� 0.5 g · d 1.2 eVee (<1 e�) [10, 2000] ⇠1 m CDMS HVeV [3]
Si 1.6 e� 200 g · d 1.2 eVee (⇠1e�) [1 ⇥10�3, 7] 2 km DAMIC [7]

Energy (Edet)
Ge 18 eV 200 g · d 60 eV > 2 ⇠1 m EDELWEISS [1]

CaWO4 4.6 eV 3600 g · d 30 eV > 3 ⇥10�3 1.4 km CRESST-III [2]
Al2O3 3.8 eV 0.046 g · d 20 eV > 30 ⇠1 m ⌫CLEUS [8]

Photo e�

Xe 6.7 PE (⇠ 0.25 e�) 15 kg · d 12.1 eVee (⇠14 PE) [0.5, 3] ⇥10�4 1.4 km XENON10 [5, 9]
Xe 6.2 PE (⇠ 0.31 e�) 30 kg · yr ⇠70 eVee (⇠80 PE) > 2.2 ⇥10�5 1.4 km XENON100 [5]
Xe < 10 PE 60 kg · yr ⇠140 eVee (⇠90 PE) > 1.7 ⇥10�6 1.4 km XENON1T [10]
Ar ⇠15 PE (⇠ 0.5 e�) 6780 kg · d 50 eVee > 6 ⇥10�4 1.4 km Darkside50 [11]

a There is a very small but non-zero sensitivity to single electrons that, when the large exposure is taken into account, becomes
comparable in sensitivity to the other electron recoil experiments.

TABLE I. Rates of observed low-energy excesses in experiments with single electron (<100 eV) charge (energy) resolutions.
Lower bounds on the rate are given by integrating the rate above 2e� (or above threshold) whereas upper bounds are given
by assuming that the entire 1e� rate is of the same origin, despite likely containing large experiment-specific backgrounds (see
Appendix A for a discussion). Experiments sensitive to charge energy Ee are in the top section of the table, while experiments
sensitive to total detector energy Edet are in the middle section. The bottom section lists experiments sensitive to secondary
radiation produced by charge interactions. The main coincidence reported here is that the excesses for ne � 2 across the first
three charge detectors (⇠10 Hz/kg) demonstrate nearly identical rates for their ne � 2 bins – 20, 6, and 10 Hz/kg – despite
spanning ⇠ 2 km of variation in overburden and almost three orders of magnitude in exposure. The total rate observed in the
DAMIC detector is much lower, but the upper bound (7 Hz/kg) is intriguingly of the same order of magnitude.

(see Appendix A). An excess rate can either be inter-
preted as the number of events with two electrons exceed-
ing this prediction, or the overall dark rate, interpreted
as a limit on a putative signal rate.

CDMS HVeV/SENSEI: The successful demonstra-
tion of single-electron thresholds in Si detectors by
CDMS HVeV [3] and SENSEI [4] led to a leap forward in
electron recoil sensitivity to low-mass DM. Both experi-
ments observed a roughly Hz/g dark rate in the single
electron bin, and only ran for less than a gram-day of
exposure. The relative similarity of the event rates was
striking, but was considered to be a temporary coinci-
dence that would soon be resolved as one of the exper-
iments improved on their single electron dark rates. It
is notable that neither experiment has demonstrated an
improved dark rate as of this writing, which may point to
a dark rate which is independent of detector environment
and is not reduced with additional overburden.

EDELWEISS: Subsequently, the first electron recoil
analysis in Ge was released by EDELWEISS [6]; intrigu-
ingly, the observed event rate is within an order of mag-
nitude of the Si rates, despite exposures di↵ering by a
factor of 400 among the three experiments, and the fact
that the EDELWEISS search was conducted with signif-
icantly greater overburden. Further investigation reveals
that the event rate per unit mass in the 2–3 electron bins
is remarkably similar between the three experiments, the
Ge rate being only roughly twice the Si rate.

DAMIC: Finally, the latest DAMIC [7] limit is stronger
than the other ER limits, as explained by the significantly
reduced dark rate in the single electron bin compared
to other silicon detectors. The ER analysis presented
by DAMIC does not have single-electron resolution and

instead assumes Poisson-distributed dark counts, from
which we extract a robust upper bound on the 1e� bin
and an inferred lower bound on the 2e� bin. The DAMIC
data is most in tension with the narrative presented here,
indicating a source of events in CDMS HVeV and SEN-
SEI that is absent in the DAMIC detector. Regardless,
we would like to emphasize that the origin of the dark
current in DAMIC remains unknown and could still be
consistent with some realizations of the interpretation
presented here.

XENON 10/100/1T: At face value, a DM-electron
scattering interpretation in the semiconductor detectors
is strongly inconsistent with results from XENON10 [9],
which sees a far smaller event rate, even accounting for
the higher threshold. We also list observed event rates at
the bottom of Table I for several noble liquid experiments
with phototube readout; of these, only XENON10 is able
to sample the single charge rate because its threshold is
below the average energy (13.7 eV) needed to produce
one quantum of charge in xenon [23]. The observed event
rates in these experiments are much lower than that ob-
served by semiconductor experiments, and thus any con-
sistent interpretation of those signals must explain this
discrepancy. A significant observation, however, is that
all of these experiments observe unexplained excesses at
low energy, as shown in Tab. I.3 Intriguingly, the ob-
served excess rates per unit detector mass in XENON10,

3 We note that a recent result using phototube readout of EJ-301
scintillator reports a total rate of about 14 Hz/kg [24], much
larger than the noble liquid rates and comparable to the semi-
conductor rates. However, since this experiment was the first
demonstration of a new technique for light DM searches and was

Many others also observe excesses

[4e-2,4]
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analysis in Ge was released by EDELWEISS [6]; intrigu-
ingly, the observed event rate is within an order of mag-
nitude of the Si rates, despite exposures di↵ering by a
factor of 400 among the three experiments, and the fact
that the EDELWEISS search was conducted with signif-
icantly greater overburden. Further investigation reveals
that the event rate per unit mass in the 2–3 electron bins
is remarkably similar between the three experiments, the
Ge rate being only roughly twice the Si rate.

DAMIC: Finally, the latest DAMIC [7] limit is stronger
than the other ER limits, as explained by the significantly
reduced dark rate in the single electron bin compared
to other silicon detectors. The ER analysis presented
by DAMIC does not have single-electron resolution and

instead assumes Poisson-distributed dark counts, from
which we extract a robust upper bound on the 1e� bin
and an inferred lower bound on the 2e� bin. The DAMIC
data is most in tension with the narrative presented here,
indicating a source of events in CDMS HVeV and SEN-
SEI that is absent in the DAMIC detector. Regardless,
we would like to emphasize that the origin of the dark
current in DAMIC remains unknown and could still be
consistent with some realizations of the interpretation
presented here.

XENON 10/100/1T: At face value, a DM-electron
scattering interpretation in the semiconductor detectors
is strongly inconsistent with results from XENON10 [9],
which sees a far smaller event rate, even accounting for
the higher threshold. We also list observed event rates at
the bottom of Table I for several noble liquid experiments
with phototube readout; of these, only XENON10 is able
to sample the single charge rate because its threshold is
below the average energy (13.7 eV) needed to produce
one quantum of charge in xenon [23]. The observed event
rates in these experiments are much lower than that ob-
served by semiconductor experiments, and thus any con-
sistent interpretation of those signals must explain this
discrepancy. A significant observation, however, is that
all of these experiments observe unexplained excesses at
low energy, as shown in Tab. I.3 Intriguingly, the ob-
served excess rates per unit detector mass in XENON10,

3 We note that a recent result using phototube readout of EJ-301
scintillator reports a total rate of about 14 Hz/kg [24], much
larger than the noble liquid rates and comparable to the semi-
conductor rates. However, since this experiment was the first
demonstration of a new technique for light DM searches and was

Many others also observe excesses

-Edet readout: total rate unknown, hard to compare

[4e-2,4]
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Excesses in NR Experiments (Early 2020)
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Efficiency, signal prediction: pulse simulation
n Efficiency (including deadtime, pileups and 

c2 cuts) obtained by inserting pulses at 
random times in actual data stream

n Same technique used to evaluate response 
to WIMPs of given masses

• Case 1: NR from standard WIMPs

• Case 2: ER+NR including Migdal effect 
(ejection of n=3-shell e- in WIMP-atom 
collision [cf Ibe et al, JHEP 03 (2018) 194] )

Jan. 7th, 2020 TMEX2020 - Edelweiss SubGeV DM searches
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Expected soon: 
DAMIC LT, SuperCDMS PD2, HVeV 0V



3/15/2021          Noah Kurinsky

Excesses in NR Experiments (Mid 2020)
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DAMIC @ SNOLAB 
Low-background Si CCD

https://arxiv.org/abs/2007.15622

arXiv:2007.14289

SuperCDMS CPD @ SLAC 
Si Phonon Calorimeter

https://arxiv.org/abs/2007.14289
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DAMIC @ SNOLAB 
Low-background Si CCD

https://arxiv.org/abs/2007.15622

arXiv:2007.14289

SuperCDMS CPD @ SLAC 
Si Phonon Calorimeter

Also ~Hz/kg rate

https://arxiv.org/abs/2007.14289
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Excesses in NR Experiments (Mid 2020)
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DAMIC @ SNOLAB 
Low-background Si CCD

https://arxiv.org/abs/2007.15622

arXiv:2007.14289

SuperCDMS CPD @ SLAC 
Si Phonon Calorimeter

Also ~Hz/kg rate

Statistically Significant  
Excess (fairly high threshold)

https://arxiv.org/abs/2007.14289
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Plans ER/NR for Follow-up

• 1 gram-day of 0V data taken
- Determine whether background is NR, 

ER, or detector-related
- Continuous readout will allow NR limit 

with 9eV energy threshold
- Coming late 2020

• More data taking at NEXUS
- Currently operating underground, 

constructing lead shield
- 3 eV resolution maintained in new 

facility

• Plans for larger payload, 
additional studies w/ high-energy 
gamma sources, different detector 
packaging
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All Sub-GeV Searches
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All Sub-GeV Searches
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Excesses in Liquid Nobles (Early 2020)
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Also Earlier this Year…
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Depth Dependence

• Si/Ge Excesses show weak 
to no depth dependence
- Upcoming datasets from 

SuperCDMS at SNOLAB (CUTE 
facility) and Fermilab @ MINOS 
(NEXUS facility and SENSEI) will 
add lower variance data points 

• Sapphire detector is highest 
excess rate

• Lowest excess in LXe and 
LAr, intermediate rate in 
Ca2O3

• Rates correlate with material 
more than depth

38

MINOS Hall (SENSEI, SuperCDMS*)

SNOLAB/Gran Sasso/Modane (DAMIC, EDELWEISS,  
Xenon, DarkSide, SuperCDMS*)
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Determining Signal Origin

• First line of inquiry is to figure out if this is primarily an interaction with 
electrons or nucleons

39
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Readout Type Target Resolution Exposure Threshold Excess Rate (Hz/kg) Depth Reference

Charge (Ee)

Ge 1.6 e� 80 g · d 0.5 eVee (⇠1e�)a [20, 100] 1.7 km EDELWEISS [6]
Si ⇠0.2 e� 0.18 g · d 1.2 eVee (<1 e�) [6, 400] 100 m SENSEI [4]
Si 0.1 e� 0.5 g · d 1.2 eVee (<1 e�) [10, 2000] ⇠1 m CDMS HVeV [3]
Si 1.6 e� 200 g · d 1.2 eVee (⇠1e�) [1 ⇥10�3, 7] 2 km DAMIC [7]

Energy (Edet)
Ge 18 eV 200 g · d 60 eV > 2 ⇠1 m EDELWEISS [1]

CaWO4 4.6 eV 3600 g · d 30 eV > 3 ⇥10�3 1.4 km CRESST-III [2]
Al2O3 3.8 eV 0.046 g · d 20 eV > 30 ⇠1 m ⌫CLEUS [8]

Photo e�

Xe 6.7 PE (⇠ 0.25 e�) 15 kg · d 12.1 eVee (⇠14 PE) [0.5, 3] ⇥10�4 1.4 km XENON10 [5, 9]
Xe 6.2 PE (⇠ 0.31 e�) 30 kg · yr ⇠70 eVee (⇠80 PE) > 2.2 ⇥10�5 1.4 km XENON100 [5]
Xe < 10 PE 60 kg · yr ⇠140 eVee (⇠90 PE) > 1.7 ⇥10�6 1.4 km XENON1T [10]
Ar ⇠15 PE (⇠ 0.5 e�) 6780 kg · d 50 eVee > 6 ⇥10�4 1.4 km Darkside50 [11]

a There is a very small but non-zero sensitivity to single electrons that, when the large exposure is taken into account, becomes
comparable in sensitivity to the other electron recoil experiments.

TABLE I. Rates of observed low-energy excesses in experiments with single electron (<100 eV) charge (energy) resolutions.
Lower bounds on the rate are given by integrating the rate above 2e� (or above threshold) whereas upper bounds are given
by assuming that the entire 1e� rate is of the same origin, despite likely containing large experiment-specific backgrounds (see
Appendix A for a discussion). Experiments sensitive to charge energy Ee are in the top section of the table, while experiments
sensitive to total detector energy Edet are in the middle section. The bottom section lists experiments sensitive to secondary
radiation produced by charge interactions. The main coincidence reported here is that the excesses for ne � 2 across the first
three charge detectors (⇠10 Hz/kg) demonstrate nearly identical rates for their ne � 2 bins – 20, 6, and 10 Hz/kg – despite
spanning ⇠ 2 km of variation in overburden and almost three orders of magnitude in exposure. The total rate observed in the
DAMIC detector is much lower, but the upper bound (7 Hz/kg) is intriguingly of the same order of magnitude.

(see Appendix A). An excess rate can either be inter-
preted as the number of events with two electrons exceed-
ing this prediction, or the overall dark rate, interpreted
as a limit on a putative signal rate.

CDMS HVeV/SENSEI: The successful demonstra-
tion of single-electron thresholds in Si detectors by
CDMS HVeV [3] and SENSEI [4] led to a leap forward in
electron recoil sensitivity to low-mass DM. Both experi-
ments observed a roughly Hz/g dark rate in the single
electron bin, and only ran for less than a gram-day of
exposure. The relative similarity of the event rates was
striking, but was considered to be a temporary coinci-
dence that would soon be resolved as one of the exper-
iments improved on their single electron dark rates. It
is notable that neither experiment has demonstrated an
improved dark rate as of this writing, which may point to
a dark rate which is independent of detector environment
and is not reduced with additional overburden.

EDELWEISS: Subsequently, the first electron recoil
analysis in Ge was released by EDELWEISS [6]; intrigu-
ingly, the observed event rate is within an order of mag-
nitude of the Si rates, despite exposures di↵ering by a
factor of 400 among the three experiments, and the fact
that the EDELWEISS search was conducted with signif-
icantly greater overburden. Further investigation reveals
that the event rate per unit mass in the 2–3 electron bins
is remarkably similar between the three experiments, the
Ge rate being only roughly twice the Si rate.

DAMIC: Finally, the latest DAMIC [7] limit is stronger
than the other ER limits, as explained by the significantly
reduced dark rate in the single electron bin compared
to other silicon detectors. The ER analysis presented
by DAMIC does not have single-electron resolution and

instead assumes Poisson-distributed dark counts, from
which we extract a robust upper bound on the 1e� bin
and an inferred lower bound on the 2e� bin. The DAMIC
data is most in tension with the narrative presented here,
indicating a source of events in CDMS HVeV and SEN-
SEI that is absent in the DAMIC detector. Regardless,
we would like to emphasize that the origin of the dark
current in DAMIC remains unknown and could still be
consistent with some realizations of the interpretation
presented here.

XENON 10/100/1T: At face value, a DM-electron
scattering interpretation in the semiconductor detectors
is strongly inconsistent with results from XENON10 [9],
which sees a far smaller event rate, even accounting for
the higher threshold. We also list observed event rates at
the bottom of Table I for several noble liquid experiments
with phototube readout; of these, only XENON10 is able
to sample the single charge rate because its threshold is
below the average energy (13.7 eV) needed to produce
one quantum of charge in xenon [23]. The observed event
rates in these experiments are much lower than that ob-
served by semiconductor experiments, and thus any con-
sistent interpretation of those signals must explain this
discrepancy. A significant observation, however, is that
all of these experiments observe unexplained excesses at
low energy, as shown in Tab. I.3 Intriguingly, the ob-
served excess rates per unit detector mass in XENON10,

3 We note that a recent result using phototube readout of EJ-301
scintillator reports a total rate of about 14 Hz/kg [24], much
larger than the noble liquid rates and comparable to the semi-
conductor rates. However, since this experiment was the first
demonstration of a new technique for light DM searches and was

[4e-2,4]
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Determining Signal Origin

• First line of inquiry is to figure out if this is primarily an interaction with 
electrons or nucleons

• The EDELWEISS data allows us to compare a total energy spectrum to a 
charge energy spectrum; the ratio of these values for a given energy helps 
identify the source of the events
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Readout Type Target Resolution Exposure Threshold Excess Rate (Hz/kg) Depth Reference

Charge (Ee)

Ge 1.6 e� 80 g · d 0.5 eVee (⇠1e�)a [20, 100] 1.7 km EDELWEISS [6]
Si ⇠0.2 e� 0.18 g · d 1.2 eVee (<1 e�) [6, 400] 100 m SENSEI [4]
Si 0.1 e� 0.5 g · d 1.2 eVee (<1 e�) [10, 2000] ⇠1 m CDMS HVeV [3]
Si 1.6 e� 200 g · d 1.2 eVee (⇠1e�) [1 ⇥10�3, 7] 2 km DAMIC [7]

Energy (Edet)
Ge 18 eV 200 g · d 60 eV > 2 ⇠1 m EDELWEISS [1]

CaWO4 4.6 eV 3600 g · d 30 eV > 3 ⇥10�3 1.4 km CRESST-III [2]
Al2O3 3.8 eV 0.046 g · d 20 eV > 30 ⇠1 m ⌫CLEUS [8]

Photo e�

Xe 6.7 PE (⇠ 0.25 e�) 15 kg · d 12.1 eVee (⇠14 PE) [0.5, 3] ⇥10�4 1.4 km XENON10 [5, 9]
Xe 6.2 PE (⇠ 0.31 e�) 30 kg · yr ⇠70 eVee (⇠80 PE) > 2.2 ⇥10�5 1.4 km XENON100 [5]
Xe < 10 PE 60 kg · yr ⇠140 eVee (⇠90 PE) > 1.7 ⇥10�6 1.4 km XENON1T [10]
Ar ⇠15 PE (⇠ 0.5 e�) 6780 kg · d 50 eVee > 6 ⇥10�4 1.4 km Darkside50 [11]

a There is a very small but non-zero sensitivity to single electrons that, when the large exposure is taken into account, becomes
comparable in sensitivity to the other electron recoil experiments.

TABLE I. Rates of observed low-energy excesses in experiments with single electron (<100 eV) charge (energy) resolutions.
Lower bounds on the rate are given by integrating the rate above 2e� (or above threshold) whereas upper bounds are given
by assuming that the entire 1e� rate is of the same origin, despite likely containing large experiment-specific backgrounds (see
Appendix A for a discussion). Experiments sensitive to charge energy Ee are in the top section of the table, while experiments
sensitive to total detector energy Edet are in the middle section. The bottom section lists experiments sensitive to secondary
radiation produced by charge interactions. The main coincidence reported here is that the excesses for ne � 2 across the first
three charge detectors (⇠10 Hz/kg) demonstrate nearly identical rates for their ne � 2 bins – 20, 6, and 10 Hz/kg – despite
spanning ⇠ 2 km of variation in overburden and almost three orders of magnitude in exposure. The total rate observed in the
DAMIC detector is much lower, but the upper bound (7 Hz/kg) is intriguingly of the same order of magnitude.

(see Appendix A). An excess rate can either be inter-
preted as the number of events with two electrons exceed-
ing this prediction, or the overall dark rate, interpreted
as a limit on a putative signal rate.

CDMS HVeV/SENSEI: The successful demonstra-
tion of single-electron thresholds in Si detectors by
CDMS HVeV [3] and SENSEI [4] led to a leap forward in
electron recoil sensitivity to low-mass DM. Both experi-
ments observed a roughly Hz/g dark rate in the single
electron bin, and only ran for less than a gram-day of
exposure. The relative similarity of the event rates was
striking, but was considered to be a temporary coinci-
dence that would soon be resolved as one of the exper-
iments improved on their single electron dark rates. It
is notable that neither experiment has demonstrated an
improved dark rate as of this writing, which may point to
a dark rate which is independent of detector environment
and is not reduced with additional overburden.

EDELWEISS: Subsequently, the first electron recoil
analysis in Ge was released by EDELWEISS [6]; intrigu-
ingly, the observed event rate is within an order of mag-
nitude of the Si rates, despite exposures di↵ering by a
factor of 400 among the three experiments, and the fact
that the EDELWEISS search was conducted with signif-
icantly greater overburden. Further investigation reveals
that the event rate per unit mass in the 2–3 electron bins
is remarkably similar between the three experiments, the
Ge rate being only roughly twice the Si rate.

DAMIC: Finally, the latest DAMIC [7] limit is stronger
than the other ER limits, as explained by the significantly
reduced dark rate in the single electron bin compared
to other silicon detectors. The ER analysis presented
by DAMIC does not have single-electron resolution and

instead assumes Poisson-distributed dark counts, from
which we extract a robust upper bound on the 1e� bin
and an inferred lower bound on the 2e� bin. The DAMIC
data is most in tension with the narrative presented here,
indicating a source of events in CDMS HVeV and SEN-
SEI that is absent in the DAMIC detector. Regardless,
we would like to emphasize that the origin of the dark
current in DAMIC remains unknown and could still be
consistent with some realizations of the interpretation
presented here.

XENON 10/100/1T: At face value, a DM-electron
scattering interpretation in the semiconductor detectors
is strongly inconsistent with results from XENON10 [9],
which sees a far smaller event rate, even accounting for
the higher threshold. We also list observed event rates at
the bottom of Table I for several noble liquid experiments
with phototube readout; of these, only XENON10 is able
to sample the single charge rate because its threshold is
below the average energy (13.7 eV) needed to produce
one quantum of charge in xenon [23]. The observed event
rates in these experiments are much lower than that ob-
served by semiconductor experiments, and thus any con-
sistent interpretation of those signals must explain this
discrepancy. A significant observation, however, is that
all of these experiments observe unexplained excesses at
low energy, as shown in Tab. I.3 Intriguingly, the ob-
served excess rates per unit detector mass in XENON10,

3 We note that a recent result using phototube readout of EJ-301
scintillator reports a total rate of about 14 Hz/kg [24], much
larger than the noble liquid rates and comparable to the semi-
conductor rates. However, since this experiment was the first
demonstration of a new technique for light DM searches and was

[4e-2,4]
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Determining Signal Origin

• Conversion from total deposited energy (left) to charge production (right) will 
proceed differently depending on whether initial energy is given to electrons 
or nucleons
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Efficiency, signal prediction: pulse simulation
n Efficiency (including deadtime, pileups and 

c2 cuts) obtained by inserting pulses at 
random times in actual data stream

n Same technique used to evaluate response 
to WIMPs of given masses

• Case 1: NR from standard WIMPs

• Case 2: ER+NR including Migdal effect 
(ejection of n=3-shell e- in WIMP-atom 
collision [cf Ibe et al, JHEP 03 (2018) 194] )

Jan. 7th, 2020 TMEX2020 - Edelweiss SubGeV DM searches
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FIG. 1. Integrated rate of each excess versus approximate
depth (shifted for clarity), separated by detector medium.
Ranges are given according to the same criteria in Table I with
the shaded bands indicating regions most consistent with all
observed excess rates for Ge (red), Si (blue), and Xe (green),
along with the muon flux from [25] in dashed black to high-
light the lack of dependence on depth. For the measurements
which only give a lower bound on excess rate, the range is
drawn o↵ the top of the plot. Given some reasonable model for
the spectrum of the excess below threshold, an upper bound
should apply to these measurements, but such a bound is out-
side of the scope of this paper. We also note that there exists
some tension among the silicon measurements shown here.

XENON100, and XENON1T match to within an order of
magnitude when the same threshold is applied. This im-
plies at the very least that some event rate is scaling with
mass rather than liquid-gas interface area, supporting an
interpretation as a real signal in the detector rather than
a detector readout e↵ect.

C. Determining Signal Origin

The significance of these apparent coincidences is that
these detectors acquired data in very di↵erent environ-
ments (both near surface and deep underground), each
with distinct technologies, at dramatically di↵erent tem-
peratures and electric fields, with greatly varying degrees
of shielding. There is no detector e↵ect or known back-
ground that should conspire to produce the same event
rate in these detectors. Furthermore, in all four semicon-
ductor detectors, a charge produced with arbitrarily low
energy above the band edge may be detected: there is
no threshold for charge detection. By contrast, the NR
searches have a nonzero energy threshold, below which
events can be hidden depending on the energy spectrum
of the signal.

run with minimal overburden, we regard this result as qualita-
tively interesting and await further data from an underground
run.

At this point in our discussion we therefore make a bold
assumption: that all the excesses in Tab. I are caused by
a common source.4 We justify this assumption based
on the electron recoil results, arguing at the very least,
that interesting new detector physics is being probed by
these experiments. If this is the case, then it stands to
reason that any other detector should be sensitive to the
same rate of these events, and an excess above a modeled
background can be interpreted as arising from the same
source. The measurement of a statistically significant
excess in Ge in both the Edet and Ee channels allows
us to characterize the nature of these events under that
assumption.

For the last decade, DM experiments have been reject-
ing irreducible electron recoil backgrounds using the dif-
fering yield between nuclear and electronic recoils, often
called the quenching factor, utilizing simultaneous mea-
surements of energy in complementary detection channels
(see e.g. Refs. [26, 27] and Appendix B). For solid-state
experiments, the readout typically comprises both a heat
(Edet) and charge or light (Ee) signal. The charge (or
light) yield for an event of energy Edet is then computed
as y(Edet) = Ee/Edet, where y = 1 is characteristic of
an electron recoil event, and y < 1, following a measured
yield curve [27], can be used to select the expected nu-
clear recoil band.

Taking the example of a charge detector, Ee is a de-
rived parameter based on the empirical fact that, on av-
erage, one electron-hole pair is produced per ✏eh of Edet

energy.5 In other words, an average of neh = Edet/✏eh
electron-hole pairs is produced for such an event, giv-
ing the relation Ee = Edet = neh✏eh for electron recoil.
While this relation is usually used to convert measured
charge to an equivalent energy spectrum, it can also be
used to compare measured Ee and Edet spectra from the
same source of events to determine whether they are con-
sistent with expectations for electron recoils, nuclear re-
coils, or neither. For further details, see Appendix B.

The recent release of the high-voltage EDELWEISS
DM search [6] is thus the most significant development
to date because, taken with the previously published Edet

spectrum from a similar detector, it is the first dataset
in which we can compare the two spectra directly to de-
termine a likely origin. This type of detector actually
measures a combination of Ee and Edet as we have de-
fined them, producing an Ee measurement according to

Ee = Edet


y(Edet) +

✏eh
e · Vdet

�
, (1)

4 Note here that we do not, at this stage, argue that the common
source is the same population of dark matter scattering in each
detector. Even if dark matter turns out not to be the explanation
for these events, the conclusions made here stand independently
of the particular source of events.

5 ✏eh is a measured material property and varies material to ma-
terial, and is measured such that Ee in di↵erent materials for a
given calibration source can be plotted on a consistent energy
axis.

Energy = EDet
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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Relaxation via Phonons

• Normal processes for hot carrier relaxation are impaction ionization (liberation of additional 
electrons) and phonon emission
- Electon-phonon relaxation calculated via deformation potentials; high energy electrons always emit highest 

energy phonons
- Electron energy cost finite and well characterized
- Nucleon-phonon coupling more complex, energy cost of defects much less well understood (needs to be fit 

phenomenologically)
• Not defined beyond the phonon limit; relaxation of 10 eV nucleon largely un-modeled
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Relaxation via Quasiparticle Creation

• Electronic excitations metastable in bulk material, energies and interactions well known
- Electrons de-localized, strictly quantum mechanical

• Nuclear excitations myriad, energy highly dependent on momentum four-vector
- some stable, some metastable, timescales poorly characterized
- creation energy much greater than defect energy
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Crystallographic
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Modeling Electron-Recoil Charge Yield

• For recoil energy Er, we expect a 
linear relationship between Ee and 
Er for electron-recoil processes
- Poorly measured with photons below 

100 eV (only one reference)
- No measurements of charge yield for 

energy between ~5 eV and ~100 keV 
for electrons or protons

• Need this conversion to be able to 
compare Ee and Edet results. 
- If we believe it’s linear across all 

energy scales, we can make some 
general observations

• Indirect measurements come from 
Electron Energy Loss 
Spectroscopy (EELS)
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FIG. 1. Integrated rate of each excess versus approximate
depth (shifted for clarity), separated by detector medium.
Ranges are given according to the same criteria in Table I with
the shaded bands indicating regions most consistent with all
observed excess rates for Ge (red), Si (blue), and Xe (green),
along with the muon flux from [25] in dashed black to high-
light the lack of dependence on depth. For the measurements
which only give a lower bound on excess rate, the range is
drawn o↵ the top of the plot. Given some reasonable model for
the spectrum of the excess below threshold, an upper bound
should apply to these measurements, but such a bound is out-
side of the scope of this paper. We also note that there exists
some tension among the silicon measurements shown here.

XENON100, and XENON1T match to within an order of
magnitude when the same threshold is applied. This im-
plies at the very least that some event rate is scaling with
mass rather than liquid-gas interface area, supporting an
interpretation as a real signal in the detector rather than
a detector readout e↵ect.

C. Determining Signal Origin

The significance of these apparent coincidences is that
these detectors acquired data in very di↵erent environ-
ments (both near surface and deep underground), each
with distinct technologies, at dramatically di↵erent tem-
peratures and electric fields, with greatly varying degrees
of shielding. There is no detector e↵ect or known back-
ground that should conspire to produce the same event
rate in these detectors. Furthermore, in all four semicon-
ductor detectors, a charge produced with arbitrarily low
energy above the band edge may be detected: there is
no threshold for charge detection. By contrast, the NR
searches have a nonzero energy threshold, below which
events can be hidden depending on the energy spectrum
of the signal.

run with minimal overburden, we regard this result as qualita-
tively interesting and await further data from an underground
run.

At this point in our discussion we therefore make a bold
assumption: that all the excesses in Tab. I are caused by
a common source.4 We justify this assumption based
on the electron recoil results, arguing at the very least,
that interesting new detector physics is being probed by
these experiments. If this is the case, then it stands to
reason that any other detector should be sensitive to the
same rate of these events, and an excess above a modeled
background can be interpreted as arising from the same
source. The measurement of a statistically significant
excess in Ge in both the Edet and Ee channels allows
us to characterize the nature of these events under that
assumption.

For the last decade, DM experiments have been reject-
ing irreducible electron recoil backgrounds using the dif-
fering yield between nuclear and electronic recoils, often
called the quenching factor, utilizing simultaneous mea-
surements of energy in complementary detection channels
(see e.g. Refs. [26, 27] and Appendix B). For solid-state
experiments, the readout typically comprises both a heat
(Edet) and charge or light (Ee) signal. The charge (or
light) yield for an event of energy Edet is then computed
as y(Edet) = Ee/Edet, where y = 1 is characteristic of
an electron recoil event, and y < 1, following a measured
yield curve [27], can be used to select the expected nu-
clear recoil band.

Taking the example of a charge detector, Ee is a de-
rived parameter based on the empirical fact that, on av-
erage, one electron-hole pair is produced per ✏eh of Edet

energy.5 In other words, an average of neh = Edet/✏eh
electron-hole pairs is produced for such an event, giv-
ing the relation Ee = Edet = neh✏eh for electron recoil.
While this relation is usually used to convert measured
charge to an equivalent energy spectrum, it can also be
used to compare measured Ee and Edet spectra from the
same source of events to determine whether they are con-
sistent with expectations for electron recoils, nuclear re-
coils, or neither. For further details, see Appendix B.

The recent release of the high-voltage EDELWEISS
DM search [6] is thus the most significant development
to date because, taken with the previously published Edet

spectrum from a similar detector, it is the first dataset
in which we can compare the two spectra directly to de-
termine a likely origin. This type of detector actually
measures a combination of Ee and Edet as we have de-
fined them, producing an Ee measurement according to

Ee = Edet


y(Edet) +

✏eh
e · Vdet

�
, (1)

4 Note here that we do not, at this stage, argue that the common
source is the same population of dark matter scattering in each
detector. Even if dark matter turns out not to be the explanation
for these events, the conclusions made here stand independently
of the particular source of events.

5 ✏eh is a measured material property and varies material to ma-
terial, and is measured such that Ee in di↵erent materials for a
given calibration source can be plotted on a consistent energy
axis.

Ramanathan and Kurinsky, https://arxiv.org/abs/2004.10709

Phys. Rev. D 94, 082007 (2016)

Silicon

https://arxiv.org/abs/2004.10709
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Understanding Low-Energy NR Yield

• NR charge yield completely un-measured in Si below ~500 eV, very few measurements below 1 keV in Ge
- LHe/LAr have a similar problem, but preliminary results suggest highly non-linear response in the low-energy region

• Consensus growing in the field that ~300 eV NR events will not generate charge in Si/Ge, similar effects for other 
solid-state detector technologies
- Phenomenological model fits ~150 eV loss to nuclear lattice effects

• Displacement thresholds in Si/Ge are ~20-40 eV; at this scale, the picture off a recoiling nucleus is incorrect. Where 
between 20 eV and 1 keV does this really start to break down?
- Plasmon has an energy of ~17 eV in both materials (24 eV in Al2O3)
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Electron Recoil Interpretation

ER only prediction can’t fit under black curve: BAD FIT
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FIG. 2. Comparison of measured Ee [6] and Edet [1] spectra from EDELWEISS in Ge with yield models for converting Edet

to Ee, with error bars shown in shaded grey. For each model, the Edet spectrum is shown is converted to Ee space according to
the yield model (see Appendix B for further details). The Edet measurement is a lower bound on the di↵erential rate
once converted to Ee by a yield model. For a model to be viable, it must predict an Ee spectrum that is less
than or equal to the measured spectrum; the rate will increase as the Edet threshold is lowered. If the model
does not fit inside of the black curve, then it is an inconsistent interpretation. Only the plasmon model is able
to fit inside of the measured Ee spectrum. Top Left: Excesses observed in the Edet and Ee spectra, showing inconsistency
with an electron recoil (Ee = Edet) interpretation. Grey shading indicated 1� uncertainty on the measured Ee spectrum.
Bottom Left: Interpretation of the spectra as nuclear recoil (NR) according to the models described in the text. The blue
band around the NR curves illustrates the possible shape variation in the NR models due to any possible NR yield between the
3 benchmark yield models. None of the yield models match either the shape or the rate of the observed Ee spectrum. Note that
the dot-dashed curve that lies below the Ee spectrum is the zero-yield portion of the “Low” model; the nonzero charge portion
of this yield model still overpredicts the Ee spectrum. Right: Example of a yield model in which an average of �eh ⇠ 0.25
charges are produced per event regardless of the energy of the event (solid red, with dashed red showing the contribution from
each integer number of charges), representative of a signal which produces very few charges independent of event energy. Also
shown is a simpler yield model in which exactly 1 charge is produced for every event regardless of event energy (green). As
shown in the top left plot, the measured Edet spectrum has a fairly high threshold, but the events above threshold can easily fit
the rate and shape of the observed Ee spectrum simultaneously. This is a significant observation, given that the data for the Ee

spectrum was taken in an ultra-low background environment at 1.7 km of overburden, while the Edet spectrum was acquired
in a relatively high-background surface lab. Note that we are only able to perform this analysis for EDELWEISS because no
other experiment has yet released both Ee and Edet spectral information. In order for a DM interpretation to succeed, it must
ultimately be shown that common DM model parameters can fit future spectral information in other materials.

log(E0)/
p

E0 (see Appendix C), and is independent of
the target material except for the core electron contri-
bution to the dielectric constant. At the same time, the
probe must be fast in order to deposit a small amount of
momentum for a given energy Ep. In other words, probes
with su�cient energy E0 � Ep and su�cient velocity will
strongly prefer to deposit energy Ep, regardless of their
initial energy, at similar rates across diverse materials.
This behavior is typical of other resonances encountered
in nuclear physics or electrical engineering; in a sense,
the plasmon acts as a band-pass filter for Edet.

The lineshape of the plasmon near the peak is well
described by a Lorentzian [30], where the finite width
� parameterizes the decay of the plasmon into phonons
and/or electron/hole pairs, which are the long-lived ex-
citations in the detector. We note that the plasmon is
inherently a many-body excitation, and cannot be de-

scribed in terms of non-interacting single-particle states,
such as band structure wavefunctions derived using den-
sity functional theory. Moreover, typical values of �/Ep

for semiconductors are 0.2 [30], which is larger than �/M
for most strongly-decaying hadronic resonances and sug-
gests that the plasmon couplings which govern its de-
cay are large or even nonperturbative. The simple yield
model for the Ge spectra suggests that the plasmon must
have a ⇠75% branching fraction to phonons only. To
our knowledge, the branching fractions of the plasmon to
phonons or electron/hole pairs is unknown, but in prin-
ciple these could be determined from a suitably modi-
fied EELS experiment with both calorimetric and charge
readout.

Based on this interpretation, assuming some incident
flux of particles is dominantly exciting the plasmon over
other elastic or inelastic excitations, detectors with Edet

4

FIG. 1. Integrated rate of each excess versus approximate
depth (shifted for clarity), separated by detector medium.
Ranges are given according to the same criteria in Table I with
the shaded bands indicating regions most consistent with all
observed excess rates for Ge (red), Si (blue), and Xe (green),
along with the muon flux from [25] in dashed black to high-
light the lack of dependence on depth. For the measurements
which only give a lower bound on excess rate, the range is
drawn o↵ the top of the plot. Given some reasonable model for
the spectrum of the excess below threshold, an upper bound
should apply to these measurements, but such a bound is out-
side of the scope of this paper. We also note that there exists
some tension among the silicon measurements shown here.

XENON100, and XENON1T match to within an order of
magnitude when the same threshold is applied. This im-
plies at the very least that some event rate is scaling with
mass rather than liquid-gas interface area, supporting an
interpretation as a real signal in the detector rather than
a detector readout e↵ect.

C. Determining Signal Origin

The significance of these apparent coincidences is that
these detectors acquired data in very di↵erent environ-
ments (both near surface and deep underground), each
with distinct technologies, at dramatically di↵erent tem-
peratures and electric fields, with greatly varying degrees
of shielding. There is no detector e↵ect or known back-
ground that should conspire to produce the same event
rate in these detectors. Furthermore, in all four semicon-
ductor detectors, a charge produced with arbitrarily low
energy above the band edge may be detected: there is
no threshold for charge detection. By contrast, the NR
searches have a nonzero energy threshold, below which
events can be hidden depending on the energy spectrum
of the signal.

run with minimal overburden, we regard this result as qualita-
tively interesting and await further data from an underground
run.

At this point in our discussion we therefore make a bold
assumption: that all the excesses in Tab. I are caused by
a common source.4 We justify this assumption based
on the electron recoil results, arguing at the very least,
that interesting new detector physics is being probed by
these experiments. If this is the case, then it stands to
reason that any other detector should be sensitive to the
same rate of these events, and an excess above a modeled
background can be interpreted as arising from the same
source. The measurement of a statistically significant
excess in Ge in both the Edet and Ee channels allows
us to characterize the nature of these events under that
assumption.

For the last decade, DM experiments have been reject-
ing irreducible electron recoil backgrounds using the dif-
fering yield between nuclear and electronic recoils, often
called the quenching factor, utilizing simultaneous mea-
surements of energy in complementary detection channels
(see e.g. Refs. [26, 27] and Appendix B). For solid-state
experiments, the readout typically comprises both a heat
(Edet) and charge or light (Ee) signal. The charge (or
light) yield for an event of energy Edet is then computed
as y(Edet) = Ee/Edet, where y = 1 is characteristic of
an electron recoil event, and y < 1, following a measured
yield curve [27], can be used to select the expected nu-
clear recoil band.

Taking the example of a charge detector, Ee is a de-
rived parameter based on the empirical fact that, on av-
erage, one electron-hole pair is produced per ✏eh of Edet

energy.5 In other words, an average of neh = Edet/✏eh
electron-hole pairs is produced for such an event, giv-
ing the relation Ee = Edet = neh✏eh for electron recoil.
While this relation is usually used to convert measured
charge to an equivalent energy spectrum, it can also be
used to compare measured Ee and Edet spectra from the
same source of events to determine whether they are con-
sistent with expectations for electron recoils, nuclear re-
coils, or neither. For further details, see Appendix B.

The recent release of the high-voltage EDELWEISS
DM search [6] is thus the most significant development
to date because, taken with the previously published Edet

spectrum from a similar detector, it is the first dataset
in which we can compare the two spectra directly to de-
termine a likely origin. This type of detector actually
measures a combination of Ee and Edet as we have de-
fined them, producing an Ee measurement according to

Ee = Edet


y(Edet) +

✏eh
e · Vdet

�
, (1)

4 Note here that we do not, at this stage, argue that the common
source is the same population of dark matter scattering in each
detector. Even if dark matter turns out not to be the explanation
for these events, the conclusions made here stand independently
of the particular source of events.

5 ✏eh is a measured material property and varies material to ma-
terial, and is measured such that Ee in di↵erent materials for a
given calibration source can be plotted on a consistent energy
axis.
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FIG. 2. Comparison of measured Ee [6] and Edet [1] spectra from EDELWEISS in Ge with yield models for converting Edet

to Ee, with error bars shown in shaded grey. For each model, the Edet spectrum is shown is converted to Ee space according to
the yield model (see Appendix B for further details). The Edet measurement is a lower bound on the di↵erential rate
once converted to Ee by a yield model. For a model to be viable, it must predict an Ee spectrum that is less
than or equal to the measured spectrum; the rate will increase as the Edet threshold is lowered. If the model
does not fit inside of the black curve, then it is an inconsistent interpretation. Only the plasmon model is able
to fit inside of the measured Ee spectrum. Top Left: Excesses observed in the Edet and Ee spectra, showing inconsistency
with an electron recoil (Ee = Edet) interpretation. Grey shading indicated 1� uncertainty on the measured Ee spectrum.
Bottom Left: Interpretation of the spectra as nuclear recoil (NR) according to the models described in the text. The blue
band around the NR curves illustrates the possible shape variation in the NR models due to any possible NR yield between the
3 benchmark yield models. None of the yield models match either the shape or the rate of the observed Ee spectrum. Note that
the dot-dashed curve that lies below the Ee spectrum is the zero-yield portion of the “Low” model; the nonzero charge portion
of this yield model still overpredicts the Ee spectrum. Right: Example of a yield model in which an average of �eh ⇠ 0.25
charges are produced per event regardless of the energy of the event (solid red, with dashed red showing the contribution from
each integer number of charges), representative of a signal which produces very few charges independent of event energy. Also
shown is a simpler yield model in which exactly 1 charge is produced for every event regardless of event energy (green). As
shown in the top left plot, the measured Edet spectrum has a fairly high threshold, but the events above threshold can easily fit
the rate and shape of the observed Ee spectrum simultaneously. This is a significant observation, given that the data for the Ee

spectrum was taken in an ultra-low background environment at 1.7 km of overburden, while the Edet spectrum was acquired
in a relatively high-background surface lab. Note that we are only able to perform this analysis for EDELWEISS because no
other experiment has yet released both Ee and Edet spectral information. In order for a DM interpretation to succeed, it must
ultimately be shown that common DM model parameters can fit future spectral information in other materials.

log(E0)/
p

E0 (see Appendix C), and is independent of
the target material except for the core electron contri-
bution to the dielectric constant. At the same time, the
probe must be fast in order to deposit a small amount of
momentum for a given energy Ep. In other words, probes
with su�cient energy E0 � Ep and su�cient velocity will
strongly prefer to deposit energy Ep, regardless of their
initial energy, at similar rates across diverse materials.
This behavior is typical of other resonances encountered
in nuclear physics or electrical engineering; in a sense,
the plasmon acts as a band-pass filter for Edet.

The lineshape of the plasmon near the peak is well
described by a Lorentzian [30], where the finite width
� parameterizes the decay of the plasmon into phonons
and/or electron/hole pairs, which are the long-lived ex-
citations in the detector. We note that the plasmon is
inherently a many-body excitation, and cannot be de-

scribed in terms of non-interacting single-particle states,
such as band structure wavefunctions derived using den-
sity functional theory. Moreover, typical values of �/Ep

for semiconductors are 0.2 [30], which is larger than �/M
for most strongly-decaying hadronic resonances and sug-
gests that the plasmon couplings which govern its de-
cay are large or even nonperturbative. The simple yield
model for the Ge spectra suggests that the plasmon must
have a ⇠75% branching fraction to phonons only. To
our knowledge, the branching fractions of the plasmon to
phonons or electron/hole pairs is unknown, but in prin-
ciple these could be determined from a suitably modi-
fied EELS experiment with both calorimetric and charge
readout.

Based on this interpretation, assuming some incident
flux of particles is dominantly exciting the plasmon over
other elastic or inelastic excitations, detectors with Edet

Elastic Nuclear Recoil Interpretation

47

4

FIG. 1. Integrated rate of each excess versus approximate
depth (shifted for clarity), separated by detector medium.
Ranges are given according to the same criteria in Table I with
the shaded bands indicating regions most consistent with all
observed excess rates for Ge (red), Si (blue), and Xe (green),
along with the muon flux from [25] in dashed black to high-
light the lack of dependence on depth. For the measurements
which only give a lower bound on excess rate, the range is
drawn o↵ the top of the plot. Given some reasonable model for
the spectrum of the excess below threshold, an upper bound
should apply to these measurements, but such a bound is out-
side of the scope of this paper. We also note that there exists
some tension among the silicon measurements shown here.

XENON100, and XENON1T match to within an order of
magnitude when the same threshold is applied. This im-
plies at the very least that some event rate is scaling with
mass rather than liquid-gas interface area, supporting an
interpretation as a real signal in the detector rather than
a detector readout e↵ect.

C. Determining Signal Origin

The significance of these apparent coincidences is that
these detectors acquired data in very di↵erent environ-
ments (both near surface and deep underground), each
with distinct technologies, at dramatically di↵erent tem-
peratures and electric fields, with greatly varying degrees
of shielding. There is no detector e↵ect or known back-
ground that should conspire to produce the same event
rate in these detectors. Furthermore, in all four semicon-
ductor detectors, a charge produced with arbitrarily low
energy above the band edge may be detected: there is
no threshold for charge detection. By contrast, the NR
searches have a nonzero energy threshold, below which
events can be hidden depending on the energy spectrum
of the signal.

run with minimal overburden, we regard this result as qualita-
tively interesting and await further data from an underground
run.

At this point in our discussion we therefore make a bold
assumption: that all the excesses in Tab. I are caused by
a common source.4 We justify this assumption based
on the electron recoil results, arguing at the very least,
that interesting new detector physics is being probed by
these experiments. If this is the case, then it stands to
reason that any other detector should be sensitive to the
same rate of these events, and an excess above a modeled
background can be interpreted as arising from the same
source. The measurement of a statistically significant
excess in Ge in both the Edet and Ee channels allows
us to characterize the nature of these events under that
assumption.

For the last decade, DM experiments have been reject-
ing irreducible electron recoil backgrounds using the dif-
fering yield between nuclear and electronic recoils, often
called the quenching factor, utilizing simultaneous mea-
surements of energy in complementary detection channels
(see e.g. Refs. [26, 27] and Appendix B). For solid-state
experiments, the readout typically comprises both a heat
(Edet) and charge or light (Ee) signal. The charge (or
light) yield for an event of energy Edet is then computed
as y(Edet) = Ee/Edet, where y = 1 is characteristic of
an electron recoil event, and y < 1, following a measured
yield curve [27], can be used to select the expected nu-
clear recoil band.

Taking the example of a charge detector, Ee is a de-
rived parameter based on the empirical fact that, on av-
erage, one electron-hole pair is produced per ✏eh of Edet

energy.5 In other words, an average of neh = Edet/✏eh
electron-hole pairs is produced for such an event, giv-
ing the relation Ee = Edet = neh✏eh for electron recoil.
While this relation is usually used to convert measured
charge to an equivalent energy spectrum, it can also be
used to compare measured Ee and Edet spectra from the
same source of events to determine whether they are con-
sistent with expectations for electron recoils, nuclear re-
coils, or neither. For further details, see Appendix B.

The recent release of the high-voltage EDELWEISS
DM search [6] is thus the most significant development
to date because, taken with the previously published Edet

spectrum from a similar detector, it is the first dataset
in which we can compare the two spectra directly to de-
termine a likely origin. This type of detector actually
measures a combination of Ee and Edet as we have de-
fined them, producing an Ee measurement according to

Ee = Edet


y(Edet) +

✏eh
e · Vdet

�
, (1)

4 Note here that we do not, at this stage, argue that the common
source is the same population of dark matter scattering in each
detector. Even if dark matter turns out not to be the explanation
for these events, the conclusions made here stand independently
of the particular source of events.

5 ✏eh is a measured material property and varies material to ma-
terial, and is measured such that Ee in di↵erent materials for a
given calibration source can be plotted on a consistent energy
axis.

NR only prediction can’t fit under black curve: BAD FIT



3/15/2021          Noah Kurinsky

6

FIG. 2. Comparison of measured Ee [6] and Edet [1] spectra from EDELWEISS in Ge with yield models for converting Edet

to Ee, with error bars shown in shaded grey. For each model, the Edet spectrum is shown is converted to Ee space according to
the yield model (see Appendix B for further details). The Edet measurement is a lower bound on the di↵erential rate
once converted to Ee by a yield model. For a model to be viable, it must predict an Ee spectrum that is less
than or equal to the measured spectrum; the rate will increase as the Edet threshold is lowered. If the model
does not fit inside of the black curve, then it is an inconsistent interpretation. Only the plasmon model is able
to fit inside of the measured Ee spectrum. Top Left: Excesses observed in the Edet and Ee spectra, showing inconsistency
with an electron recoil (Ee = Edet) interpretation. Grey shading indicated 1� uncertainty on the measured Ee spectrum.
Bottom Left: Interpretation of the spectra as nuclear recoil (NR) according to the models described in the text. The blue
band around the NR curves illustrates the possible shape variation in the NR models due to any possible NR yield between the
3 benchmark yield models. None of the yield models match either the shape or the rate of the observed Ee spectrum. Note that
the dot-dashed curve that lies below the Ee spectrum is the zero-yield portion of the “Low” model; the nonzero charge portion
of this yield model still overpredicts the Ee spectrum. Right: Example of a yield model in which an average of �eh ⇠ 0.25
charges are produced per event regardless of the energy of the event (solid red, with dashed red showing the contribution from
each integer number of charges), representative of a signal which produces very few charges independent of event energy. Also
shown is a simpler yield model in which exactly 1 charge is produced for every event regardless of event energy (green). As
shown in the top left plot, the measured Edet spectrum has a fairly high threshold, but the events above threshold can easily fit
the rate and shape of the observed Ee spectrum simultaneously. This is a significant observation, given that the data for the Ee

spectrum was taken in an ultra-low background environment at 1.7 km of overburden, while the Edet spectrum was acquired
in a relatively high-background surface lab. Note that we are only able to perform this analysis for EDELWEISS because no
other experiment has yet released both Ee and Edet spectral information. In order for a DM interpretation to succeed, it must
ultimately be shown that common DM model parameters can fit future spectral information in other materials.

log(E0)/
p

E0 (see Appendix C), and is independent of
the target material except for the core electron contri-
bution to the dielectric constant. At the same time, the
probe must be fast in order to deposit a small amount of
momentum for a given energy Ep. In other words, probes
with su�cient energy E0 � Ep and su�cient velocity will
strongly prefer to deposit energy Ep, regardless of their
initial energy, at similar rates across diverse materials.
This behavior is typical of other resonances encountered
in nuclear physics or electrical engineering; in a sense,
the plasmon acts as a band-pass filter for Edet.

The lineshape of the plasmon near the peak is well
described by a Lorentzian [30], where the finite width
� parameterizes the decay of the plasmon into phonons
and/or electron/hole pairs, which are the long-lived ex-
citations in the detector. We note that the plasmon is
inherently a many-body excitation, and cannot be de-

scribed in terms of non-interacting single-particle states,
such as band structure wavefunctions derived using den-
sity functional theory. Moreover, typical values of �/Ep

for semiconductors are 0.2 [30], which is larger than �/M
for most strongly-decaying hadronic resonances and sug-
gests that the plasmon couplings which govern its de-
cay are large or even nonperturbative. The simple yield
model for the Ge spectra suggests that the plasmon must
have a ⇠75% branching fraction to phonons only. To
our knowledge, the branching fractions of the plasmon to
phonons or electron/hole pairs is unknown, but in prin-
ciple these could be determined from a suitably modi-
fied EELS experiment with both calorimetric and charge
readout.

Based on this interpretation, assuming some incident
flux of particles is dominantly exciting the plasmon over
other elastic or inelastic excitations, detectors with Edet
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FIG. 1. Integrated rate of each excess versus approximate
depth (shifted for clarity), separated by detector medium.
Ranges are given according to the same criteria in Table I with
the shaded bands indicating regions most consistent with all
observed excess rates for Ge (red), Si (blue), and Xe (green),
along with the muon flux from [25] in dashed black to high-
light the lack of dependence on depth. For the measurements
which only give a lower bound on excess rate, the range is
drawn o↵ the top of the plot. Given some reasonable model for
the spectrum of the excess below threshold, an upper bound
should apply to these measurements, but such a bound is out-
side of the scope of this paper. We also note that there exists
some tension among the silicon measurements shown here.

XENON100, and XENON1T match to within an order of
magnitude when the same threshold is applied. This im-
plies at the very least that some event rate is scaling with
mass rather than liquid-gas interface area, supporting an
interpretation as a real signal in the detector rather than
a detector readout e↵ect.

C. Determining Signal Origin

The significance of these apparent coincidences is that
these detectors acquired data in very di↵erent environ-
ments (both near surface and deep underground), each
with distinct technologies, at dramatically di↵erent tem-
peratures and electric fields, with greatly varying degrees
of shielding. There is no detector e↵ect or known back-
ground that should conspire to produce the same event
rate in these detectors. Furthermore, in all four semicon-
ductor detectors, a charge produced with arbitrarily low
energy above the band edge may be detected: there is
no threshold for charge detection. By contrast, the NR
searches have a nonzero energy threshold, below which
events can be hidden depending on the energy spectrum
of the signal.

run with minimal overburden, we regard this result as qualita-
tively interesting and await further data from an underground
run.

At this point in our discussion we therefore make a bold
assumption: that all the excesses in Tab. I are caused by
a common source.4 We justify this assumption based
on the electron recoil results, arguing at the very least,
that interesting new detector physics is being probed by
these experiments. If this is the case, then it stands to
reason that any other detector should be sensitive to the
same rate of these events, and an excess above a modeled
background can be interpreted as arising from the same
source. The measurement of a statistically significant
excess in Ge in both the Edet and Ee channels allows
us to characterize the nature of these events under that
assumption.

For the last decade, DM experiments have been reject-
ing irreducible electron recoil backgrounds using the dif-
fering yield between nuclear and electronic recoils, often
called the quenching factor, utilizing simultaneous mea-
surements of energy in complementary detection channels
(see e.g. Refs. [26, 27] and Appendix B). For solid-state
experiments, the readout typically comprises both a heat
(Edet) and charge or light (Ee) signal. The charge (or
light) yield for an event of energy Edet is then computed
as y(Edet) = Ee/Edet, where y = 1 is characteristic of
an electron recoil event, and y < 1, following a measured
yield curve [27], can be used to select the expected nu-
clear recoil band.

Taking the example of a charge detector, Ee is a de-
rived parameter based on the empirical fact that, on av-
erage, one electron-hole pair is produced per ✏eh of Edet

energy.5 In other words, an average of neh = Edet/✏eh
electron-hole pairs is produced for such an event, giv-
ing the relation Ee = Edet = neh✏eh for electron recoil.
While this relation is usually used to convert measured
charge to an equivalent energy spectrum, it can also be
used to compare measured Ee and Edet spectra from the
same source of events to determine whether they are con-
sistent with expectations for electron recoils, nuclear re-
coils, or neither. For further details, see Appendix B.

The recent release of the high-voltage EDELWEISS
DM search [6] is thus the most significant development
to date because, taken with the previously published Edet

spectrum from a similar detector, it is the first dataset
in which we can compare the two spectra directly to de-
termine a likely origin. This type of detector actually
measures a combination of Ee and Edet as we have de-
fined them, producing an Ee measurement according to

Ee = Edet


y(Edet) +

✏eh
e · Vdet

�
, (1)

4 Note here that we do not, at this stage, argue that the common
source is the same population of dark matter scattering in each
detector. Even if dark matter turns out not to be the explanation
for these events, the conclusions made here stand independently
of the particular source of events.

5 ✏eh is a measured material property and varies material to ma-
terial, and is measured such that Ee in di↵erent materials for a
given calibration source can be plotted on a consistent energy
axis.

Model can fit under the black curve: 0V spectrum is consistent 
with HV spectrum only for highly inelastic yield curves
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Emile Michaud Photon Production of Plasmon Talk

Small Enhancement to Compton Rate

https://indico.cern.ch/event/776181/contributions/3358428/attachments/1854282/3045119/Plasmon_Production5.pdf
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SENSEI Observes some reduction in low-
energy charge excess with additional shielding, 
possibly indicative of gamma-induced 
secondary radiation (can’t explain CRESST)
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Protons/Electrons: mean free path too small, 
single scattering not possible for thick detectors 
(also true for < 1 keV photons)
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Direct Production by Muons not possible…has 
to be non-linear, metastable coupling. More 
data can fully rule out depth dependence.
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No known mechanism for correlated leakage  
Shouldn’t be the same for CCDs (100K) and 
Calorimeters (10 mK)

?

?
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Far too many events, which looks like real pulses, 
too far above threshold (30-50 sigma)

?

11

Efficiency, signal prediction: pulse simulation
n Efficiency (including deadtime, pileups and 

c2 cuts) obtained by inserting pulses at 
random times in actual data stream

n Same technique used to evaluate response 
to WIMPs of given masses

• Case 1: NR from standard WIMPs

• Case 2: ER+NR including Migdal effect 
(ejection of n=3-shell e- in WIMP-atom 
collision [cf Ibe et al, JHEP 03 (2018) 194] )

Jan. 7th, 2020 TMEX2020 - Edelweiss SubGeV DM searches
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Possible Sources of Excesses at Low Energy

• SM Backgrounds?
- Neutrinos
- Photons
- Protons/Electrons
- Muons
- Neutrons

• Experimental Effects?
- Crystal Cracking
- Non-poissonian leakage
- Low-frequency noise
- Earthquakes
- Your Model Here

• New Physics?

62

Remaining options are highly non-linear, 
metastable couplings, odd types of photon or 
neutron flux that do not respect shielding, or some 
new physics.

More background modeling encouraged…help us 
understand this!

At what point do we start to decide that this really 
could be dark matter?

?

?
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Direct Plasmon Production DM Model

• DM couples to electrons. 

• Direct plasmon production 
occurs as it does for electrons, 
but with a much longer mean 
free path
- Calibrated by EELS…plasmon 

definitely produced

• DM has to be faster than the 
escape velocity
- It should be an accelerated 

subcomponent, which can be 
produced in supernovae or in the 
sun

63

7

fied EELS experiment with both calorimetric and charge
readout.

Based on this interpretation, assuming some incident
flux of particles is dominantly exciting the plasmon over
other elastic or inelastic excitations, detectors with Edet

thresholds approaching Ep from above should see a sharp
rise in events as the threshold is lowered; this qualita-
tively explains the results from the silicon, germanium,
and sapphire experiments, as well as the null results
from previous experiments with thresholds well above
Ep. Moreover, the plasmon in germanium has a signif-
icant high-energy tail and double-peaked structure re-
sulting from contributions from the 3d shell [30], further
explaining the onset of events in EDELWEISS despite a
threshold of 60 eV ⇠ 4Ep. By contrast, the plasmon in
silicon lacks a corresponding tail, explaining the lack of
a signal excess in higher-threshold analyses of DAMIC
[31] and CDMSlite [32] data. Furthermore, materials
without long-range order such as liquid xenon and, to a
lesser extent, CaWO4 do not have a pronounced plasmon
peak, explaining the lower event rates from XENON10
and CRESST.

B. Plasmons from Known Particles?

An interpretation of the plasmon excitation as sourced
by SM particles or fields is extremely di�cult.

• Photons and electromagnetic fields: Trans-
verse UV and soft X-ray photons cannot source the
longitudinal plasmon oscillation, and static electric
fields cannot source oscillating charges.

• Charged SM Particles: The inelastic mean free
path for charged particles such as electrons or
muons, or for x-rays, is on the order of tens of
nm, so these particles would be expected to un-
dergo multiple scattering and deposit many multi-
ples of Ep as they traversed a detector (all of which
are much thicker than nm for the experiments we
consider), which would lead to many events above

Material Plasmon Energy Ep (eV) Width � (eV)
Si 16.6 3.25
Ge 16.1 3.65

Al2O3 24.0 [28] ⇠ 5
GaAs 16.0 4.0

Xe (Solid) 14–15 [29] ⇠ 4
Ar (Solid) 19–21 [29] ⇠ 5
CaWO4 Unknown

TABLE II. Plasmon energies in various materials. Crystal val-
ues taken from Ref [30] unless otherwise referenced. We were
unable to find measurements of plasmon features in CaWO4,
and expect that it has a much weaker plasmon resonance than
the other crystals considered here. It is significant to note that
the solid forms of the noble elements show strong resonance
features; the liquid forms do not.
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FIG. 3. Cartoon of indirect plasmon excitation through a
hard scattering event, where the imparted momentum is dom-
inantly carried by multiple phonons, while the imparted en-
ergy is carried by the low-momentum plasmon.

threshold contrary to what was observed. A single
energy deposit under 100 eV is only consistent with
a particle of mean free path much larger than the
detector thickness; if charged, this particle would
have to have electric charge much less than e.

• Neutrons: In principle, it is possible that hard
scattering events induced by neutrons may create
secondary plasmon excitations; indeed, we specu-
late on this possibility in Sec. IV A below in the
context of hard DM-nucleus scattering. However,
one would have to explain why the neutron flux is
the same at all the relevant experiments listed in
Table I regardless of the shielding, detector envi-
ronment, detector construction, and exposure.

• Neutrinos: Astrophysical neutrinos can, in prin-
ciple, undergo neutral-current scattering with a
seminconductor nucleus whose recoil excites a plas-
mon independently of detector overburden. How-
ever, the known solar and atmospheric fluxes (as-
suming SM weak interactions) cannot account for
rates of the observed magnitude [33]. Although
it may be possible for an unknown population
of very low-energy neutrinos to excite plasmons
through non-standard (larger than electroweak) in-
teractions, exploring this scenario is beyond the
scope of the present work.

We conclude that none of these options o↵ers a satis-
factory explanation for the observed excesses.

IV. DARK MATTER SCENARIOS FOR
PLASMON EXCITATION

Having excluded the possibility that the plasmon could
arise from SM particles, we now make a further leap and
consider the hypothesis that DM could account for these
plasmon excitations. If a DM particle with mass m� and
incident velocity v deposits energy E and momentum q

11

FIG. 6. Left: Lineshape S(E) of the germanium plasmon from EELS measurements [30] (blue), normalized to match the peak
of the best-fit Fröhlich model (red) described in Appendix C. Right: Parameter space for a subcomponent of semi-relativistic
DM interacting through a light mediator, expressed in terms of the e↵ective millicharge gD/e. The shaded pink region shows
the preferred parameter space for the 20 Hz/kg plasmon signal in EDELWEISS, assuming a fraction f of the local DM density
has velocity v = 0.1, for f ranging from 10�5 to 10�1. Exclusions from SN1987A [57], CMB [67], SLAC [68], XENON1T [10],
and stellar cooling [69] are shown in grey.

can thus be used to determine the event rate for DM-
induced plasmons. As mentioned above, DM cannot ex-
cite the plasmon directly unless v & 10�2. Given a veloc-
ity distribution with support for v & 10�2, the plasmon
excitation rate per unit detector mass can be derived
from the analogous results for EELS. The plasmon exci-
tation probability per incident particle per unit time is
[30]
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1
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Im
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where ✏(q, !) is the frequency- and momentum-
dependent dielectric function of the target. The single
delta function enforces energy conservation, but there is
no corresponding delta function for momentum conser-
vation; it is in this sense that we refer to the plasmon
as an inelastic excitation. The plasmon contribution is
extracted by considering the region of small momentum
transfer and approximating ✏(q, !) ⇡ ✏(!), the imagi-
nary part of which gives the plasmon lineshape S(!) (see
Appendix C for details). By taking ↵ ! 2↵D, relabel-
ing ! ! E, multiplying by the number of DM particles
in the detector volume, and integrating over the veloc-
ity distribution and momentum transfer, we obtain the
DM-plasmon spectrum per unit detector mass:

dR
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0

dq

q
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where ⇢� is the DM mass density, ⇢T is the target mass
density, ⌘(v) is the mean inverse DM speed, and

vmin(q, E) =
E

q
+

q

2m�
, (15)

is the minimum � speed required to deposit energy E.
Note that we have cut o↵ the q integral at the maximum
value of qc ⇠ 2⇡/a ⇠ 5 keV compatible with sourcing a
long-range plasmon.

The plasmon lineshape S(E) is taken from Ref. [30]
and shown in Fig. 6 (left). Following the analysis of
Ref. [30] for silicon, we normalize S(E) to the Fröhlich
model of a single damped harmonic oscillator [70] with
core electron dielectric constant ✏c = 1 (see Appendix C
for further details). To understand the order of mag-
nitude of the rate, we can use the fact that if ⌘(vmin) is
approximately independent of E, and that in the Fröhlich
model, S(E) is Lorentzian so

Z
dR

dE
dE /

Z
S(E) dE ⇡

3

2
Ep (16)

(see Appendix C). This underestimates the true rate
slightly because it neglects the long high-energy tail of
the germanium plasmon. For a monochromatic velocity
distribution at velocity v such that m�v2 > Ep, this gives
an approximate total rate

R ⇡
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f⇢�
m�⇢T v

2↵DEp log

✓
m�v2

Ep

◆
. (17)

In Fig. 6 (right) the gray shaded pink region marks
parameter space for which the �-induced direct plas-
mon excitation yields a 20 Hz/kg event rate at EDEL-
WEISS, for abundance fractions with v = 0.1 ranging

Here 
v~ 0.1
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Parametrize our ignorance 

3

II. SIMPLIFIED TREATMENT

We parametrize the rate for DM to excite plasmons in contact interactions with Ge atoms as

R ⇠ NTP
⇢�
m�

�nv, (18)

where NT is a we have taken v = 10�3 and P is the Plasmon excitation probability. Selecting Ge as our target
material, this rate becomes

R ⇠ 10Hz kg�1

✓
Mdet

kg

◆✓
P
0.1

◆⇣ �n

10�31 cm2

⌘
(19)

where we have assumed a DM velocity v = 10�3c, local density ⇢DM = 0.3GeV cm�3 [], and Mdet is the detector
mass for a Ge target.

III. MILLICHARGE & PLASMON SANITY CHECK

The standard EELS result gives us a probability of an incident losing energy ! per unit time according to
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and we identify Q ⌘ gD, where ✏ is the kinetic mixing (We should use  to avoid confusion with "(!) –gk).
In natural units, this quantity is dimensionless since dtd! is dimensionless and the RHS is also dimensionless.

Since the thesis uses cgs units, where ↵ = e2/(~c) we perform the translation

↵cgs =
e2cgs
~c , ↵nat =

e2nat
4⇡

, ↵nat = ↵cgs =
1

137
(21)

In the thesis, the prefactor is

e2cgs
~ =

e2cgsc

~c =
e2natc

4⇡
(22)

so after defining ~ = 1, there’s an extra factor of c, but this is absorbed into the denominator v� so that the speed is
now dimensionless and we can work in natural units.

The quantity dP/dt is probability of a DM particle exciting a plasmon per unit time, per DM particle crossing.
The detector is defined to contain a volume VT = AT `T = `3T written in terms of a characteristic length `T and area
AT . The probability that a singe DM particle interacts per crossing time tcross is

Pint =
dP

dt
tcross '

dP

dt

`T
v

(23)

and the flux of DM particles is �� = n�v, so the total number of events observed in a detector of area AT in an
exposure of texp is given by
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Now restoring the energy di↵erential dependence on !, we have
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and we divided out by MT texp to get an expression in units Hz/kg if we normalize to MT = kg and texp = 1s. This
is equivalent to the expression in Yoni’s note when we identify the LHS here with dR/dE
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II. SIMPLIFIED TREATMENT

We parametrize the rate for DM to excite plasmons in contact interactions with Ge atoms as

R ⇠ NTP
⇢�
m�

�nv, (18)

where NT is a we have taken v = 10�3 and P is the Plasmon excitation probability. Selecting Ge as our target
material, this rate becomes

R ⇠ 10Hz kg�1
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where we have assumed a DM velocity v = 10�3c, local density ⇢DM = 0.3GeV cm�3 [], and Mdet is the detector
mass for a Ge target.

III. MILLICHARGE & PLASMON SANITY CHECK

The standard EELS result gives us a probability of an incident losing energy ! per unit time according to
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and we identify Q ⌘ gD, where ✏ is the kinetic mixing (We should use  to avoid confusion with "(!) –gk).
In natural units, this quantity is dimensionless since dtd! is dimensionless and the RHS is also dimensionless.
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↵cgs =
e2cgs
~c , ↵nat =

e2nat
4⇡

, ↵nat = ↵cgs =
1

137
(21)

In the thesis, the prefactor is

e2cgs
~ =

e2cgsc

~c =
e2natc

4⇡
(22)

so after defining ~ = 1, there’s an extra factor of c, but this is absorbed into the denominator v� so that the speed is
now dimensionless and we can work in natural units.

The quantity dP/dt is probability of a DM particle exciting a plasmon per unit time, per DM particle crossing.
The detector is defined to contain a volume VT = AT `T = `3T written in terms of a characteristic length `T and area
AT . The probability that a singe DM particle interacts per crossing time tcross is

Pint =
dP

dt
tcross '

dP

dt

`T
v

(23)

and the flux of DM particles is �� = n�v, so the total number of events observed in a detector of area AT in an
exposure of texp is given by

Nsig = �AT texpPint =
⇢�v

m�
texp

AT `T
v

dP

dt
=

⇢�
m�

VT texp
dP

dt
=

⇢�
m�

MT texp
⇢T

dP

dt
(24)

Now restoring the energy di↵erential dependence on !, we have

1

MT texp

dNsig

d!
=

⇢�
m�⇢T

dP

dtdw
=

Q2⇢�
2⇡2m�⇢T v

Im

✓
� 1

"(!)

◆
ln

✓
2E�,0

!

◆
, (25)

and we divided out by MT texp to get an expression in units Hz/kg if we normalize to MT = kg and texp = 1s. This
is equivalent to the expression in Yoni’s note when we identify the LHS here with dR/dE

8

FIG. 4. Left: If DM-SM scattering is assumed to involve elastic interactions o↵ detector particles, there are many reported
bounds on �p assuming equal DM couplings to electrons and protons. Note that all of the bounds in this plot are based on
translating electron recoil searches according to �p = �eµ

2
�p/µ

2
�e where µij is the ij reduced mass. However every experiment

shown in dashed contours observes an excess of events as shown in Table I. These excesses are not currently reported as DM
signals because the spectral shape for elastic DM scattering does not provide a good fit to these data (see the left panel of
Fig. 2 for examples of such shape mismatch). Consequently, these results are reported as limits, not as evidence of a DM
signal. Right: Parameter space for which an DM-proton interaction with an a secondary plasmon excitation probability P
can accommodate a 20 Hz/kg rate in a Ge target with Edet up to 100 eV (shaded pink). Note that the CRESST-II [34] bounds
are based on a nuclear recoil search, so these constraints still apply; the additional parameter space covered by CRESST-III is
also the region in which an excess was seen. Although we are arguing that, in this scenario, the constraints from the left panel
do not apply straightforwardly due to their observed excesses, these bounds are also model-dependent and inapplicable if the
DM interacts only with nucleons since the low-threshold bounds assume electron recoil signals. Furthermore, a leptobhobic
DM-nucleus interaction could excite plasmons without ever directly inducing electron recoils, so many of the dashed regions in
the left panel would not even apply in principle. The one exception is the limit from EJ-301 [35] which does observe an excess
rate but sets conservative limits based only on the total single-photoelectron rate rather than a fit to an expected spectrum.
Also shown are exclusions from CMB scattering [36] and Milky Way satellites [37].

which is saturated in the limit of forward scattering and
m ! 1. Taking E = Ep = 16 eV for the typical plasmon
energy in Ge, we find that to excite the plasmon directly
(i.e. q < qc, see Eq. (4)) we must have

v & 10�2 (direct plasmon excitation). (7)

Since this exceeds Galactic escape velocity in the Earth
frame [45], gravitationally-bound DM with v ⇠ 10�3 can-
not directly excite the plasmon. However, we identify two
qualitatively distinct mechanisms by which DM (or a sub-
component) can still account for the observed excesses:

• Scenario 1, Secondary Plasmon: In analogy
with the Migdal e↵ect [21, 46], if halo DM with the
standard Maxwellian velocity distribution peaked
at v ⇠ 10�3 first scatters o↵ a target nucleus, the
interaction can transfer a majority of the momen-
tum to phonons, while imparting most of the de-
posited energy to the plasmon which carries q < qc

(see Fig. 3).7 The plasmon can then decay to
phonons and electron/hole pairs. In this scenario,
the signal rates scale as Z2/A where Z and A are
respectively the atomic and mass numbers of the
target material.

• Scenario 2, Fast DM Sub-Component: Al-
though the majority of halo DM in our Galaxy must
satisfy v . 10�3 to account for observed rotation
curves, it is possible that a small fraction f ⌧ 1
of the local DM density is accelerated to speeds
v & 10�2 above Galactic escape velocity (e.g by

7 Note that the scale of the momentum transfers we will consider,
O(15 keV) from Eq. (6), is precisely in the regime between single-
phonon excitation and direct nuclear scattering, where direct
multi-phonon production is expected to dominate [47]. Indeed,
the defect plus vacancy energy of bulk Ge is at least 15 eV [48], so
below this energy, an elastic nuclear recoil is not even an on-shell
state, and the non-electronic energy must appear in the form of
phonons – see Appendix B.
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Nuclear Recoil DM Model

• DM couples to nucleons.

• Plasmons and phonons (and a 
little bit of charge) produced as 
nucleus relaxes
- Defect energy cost is ~10-20 eV in 

Si/Ge, higher in sapphire

• Nucleon-plasmon cross-section 
has never been measured or 
calculated

• All dashed experiments see 
excesses
- Preferred region at 30-1000 MeV
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and Z is its atomic number. Note that P is a property
of the detector material, and would be expected to vary
somewhat between Si and Ge, for example, but should
be similar across all single-crystal detectors of the same
material. Our assumption in this scenario is that, despite
the fact that the DM transfers momentum q � qc to
the material, a long-wavelength plasmon with q < qc is
excited, with phonons absorbing the remainder of the
momentum. The factor of Z2 in the rate arises because
the maximum momentum transfer for sub-GeV DM is
qmax = 2m�v ⇠ 2 MeV, which is not large enough to
probe the nuclear structure, so the interaction is coherent
over all the protons in the nucleus (i.e. the nuclear form
factor is unity). For Ge, we find

R ⇠
20 Hz

kg

✓
P

0.1

◆ ✓
�p

6 ⇥ 10�34 cm2

◆✓
100 MeV

m�

◆
. (12)

In Fig. 4 (left), we show the constraints on the relevant
parameter space when limits from the various experi-
ments shown in Tab. I are interpreted in terms of tra-
ditional electron recoil or nuclear recoil models. These
bounds do not apply in the indirect plasmon excitation
model we a considering here; in Fig. 4 (right) we show
only the direct nuclear recoil bounds from CRESST-II
and EJ-301 which survive. Indeed, we are proposing that
many of the “bounds,” which correspond to actual low-
energy excesses in the data, are in fact signals when inter-
preted in the plasmon model. We shade in red the region
where DM at the Galactic escape velocity has kinetic en-
ergy 1

2m�v2 > 100 eV in order for gravitationally-bound
DM to explain the observed Edet spectrum in Ge. In
Fig. ?? we show the same parameter space including a
variety of accelerator-based bounds and projections for
future searches. If this scenario is correct, various fixed-
target and B-factory follow-up measurements will be sen-
sitive to the full parameter space responsible for the low
threshold direct detection excesses.

For each value of m�, there is a specific value of
�p which would generate the observed cosmological DM
abundance through thermal freeze-out, or in the case of
asymmetric dark matter, provides a lower bound on the
cross section required to annihilate away the symmetric
component. This line is shown in blue in Fig. 5 [43, 64].
We see that for P of order 1, and a DM mass of 30 MeV,
the multiple excesses described in Table I can be con-
sistently explained with a dark photon interaction that
also sets the relic density to SM particles in the early
universe.

Although a large value of P ⇠ O(1) is somewhat sur-
prising, it is not unreasonable given that the consistency
of this explanation requires a large branching fraction of
the plasmon to phonons. As we describe in Appendix C,
the plasmon is best understood as a nonperturbative ef-
fect with relative width even exceeding that of QCD res-
onances, so large couplings are expected. Intriguingly,
the interaction we are proposing is maximally coherent
in the sense that it benefits from coherence over the nu-
cleus in the hard scattering event, followed by coherence

over the the lattice sites in the excitation of the plasmon,
such that there is no suppression by factors of momen-
tum anywhere in the rate. The conventional wisdom is
that such coherent events are always suppressed by ei-
ther a small momentum or small phase space [65], but
such arguments typically involve a single-particle pic-
ture, and it is plausible that this intuition is modified
by many-body e↵ects in condensed matter systems. To
our knowledge, such a secondary excitation process has
not been previously considered in the condensed matter
literature, though the plasmon-phonon coupling has been
computed for polar semiconductors [66]. We make some
suggestions in Sec. V for neutron experiments which may
confirm this e↵ect. Regardless, the near-perfect match
between the observed rate and the expected cross sec-
tion for thermally-produced DM suggests that this pro-
cess should be taken seriously as a signal candidate.

Another example of an inelastic detector signal was
recently explored by Ibe et al. [21] in the context of
DM scattering from isolated atoms, known as the Migdal
e↵ect. In the standard Migdal e↵ect, orthogonality of
initial- and final-state wavefunctions makes the rate pro-
portional to (me/mN )2q2, as coherence over the final-
state wavefunctions is lost [17, 18, 21]. This could explain
why the event rate per unit mass in noble liquid detec-
tors is smaller than in semiconductors, as those amor-
phous materials lack a pronounced long-range plasmon
mode. Furthermore, the parameter space which lies near
the thermal relic target is precisely the DM mass range
in which the Migdal and direct electron scattering rates
are comparable when scattering through a heavy medi-
ator [17, 18]; we propose that the apparent strength of
the recent XENON1T limit in this mass range is due to
the fact that electron recoil and Migdal analyses were
performed separately. In fact, in the dark photon model,
both processes will be present, giving a markedly di↵er-
ent spectral shape to the signal. We emphasize, however,
that the isolated atom approximations made in the stan-
dard treatment of the Migdal e↵ect fail to take into ac-
count long-range interactions in the valence shell that are
known to lead to nontrivial collective behavior in solid-
state materials; we argue that the dominant signal in
the 10–100 MeV mass range in semiconductors is not the
Migdal e↵ect, but instead plasmon excitation.9

B. Scenario 2: Direct Plasmon Excitation Through
a Light Mediator

An alternative model is the limit where mA0 ⌧ q, such
that DM is e↵ectively millicharged. The EELS experi-
ments which characterized plasmons with electron probes

9 Ref. [18] made strides toward addressing this problem, though
their analysis was restricted to non-interacting single-particle
wavefunctions, which cannot describe the plasmon.
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- Dark photon model viable!
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FIG. 5. Same parameter space as Fig. 4 (right panel) but
interpreted in the context of dark photon mediated scattering
(see Scenario 1, Sec. IVA). The blue curve represents the
parameter space for which direct �� ! SM SM annihilation
accounts for the full DM abundance; parameter space above
this curve can be viably accommodated if the DM population
is particle-antiparticle asymmetric. The gray shaded region
below the bounds shown in Fig. 5 represents accelerator based
constraints for a representative choice of parameters mA0 =
3m� and ↵D = 0.5. This envelope contains bounds from
the LSND [38], MiniBooNE [39], and E137 beam dumps [40],
BaBar [41], and NA64 [42]. Also shown are projections for the
LDMX missing momentum experiment [43] and the B-factory
Belle-II [44]. As in Fig 4 (right), the pink shaded region is
compatible with a 20 Hz/kg plasmon excitation rate in Ge
for a virialized DM halo population; the region to the left can
also accommodate this rate if a DM subcomponent is faster
than the Galactic escape velocity.

solar reflection [49]).8 Unlike in Scenario 1 above,
here the rate scales inversely with the target’s mass
density since the plasmon is excited directly with-
out the DM having to first undergo nuclear scat-
tering.

These scenarios are complementary: Scenario 1 requires
no non-standard DM ingredients but features large the-
oretical uncertainty in the plasmon-phonon coupling; by
contrast, Scenario 2 has no theoretical uncertainty in the
direct plasmon excitation probability, which is in one-
to-one correspondence with an EELS measurement, but
requires an explanation for the fast DM sub-component.
In both scenarios, a plasmon with a large branching ra-
tio to phonons only can accommodate the excess spectral

8 Other possibilities for achieving a fast sub-component of dark
sector particles include boosted DM [50–52], cosmic ray up-
scattering [53–56], direct production in supernovae [57, 58], and
acceleration from supernova remnants [59].

shape and match the total observed rate in the EDEL-
WEISS 78 V run for 2 or more charges, ⇠ 20 Hz/kg [6].

Theoretically, both of these scenarios can be realized
within a popular framework for DM below the GeV scale.
Let � be a DM candidate particle of mass m� coupled
to a new spin-1 U(1) gauge boson A0, which kinetically
mixes with the SM photon. Here � can be a scalar or
a fermion and such an interaction has long been a stan-
dard benchmark for sub-GeV DM studies [60–62]. In the
mass eigenbasis, the Lagrangian for this scenario can be
written

L � �
m2

A0

2
A0

µA0µ + A0
µ(eJµ

EM + gDJµ
D), (8)

where JEM is the SM electromagnetic current,  ⌧ 1
is a small kinetic mixing parameter, gD is the DM-A0

coupling constant and Jµ
D is the DM current

Jµ
D =

(
i(�⇤@µ� � �@µ�⇤) Scalar

�̄�µ� Fermion,
(9)

which are analogous to scalar and fermionic versions of
“dark electromagnetism” with a massive dark photon.

In the limit where the dark photon is massless, mA0 !

0, the DM e↵ectively acquires an electric millicharge gD;
this interpretation holds as long as mA0 ⌧ q where q
is the typical momentum transfer in the process under
consideration. In the opposite limit, where mA0 � q,
the DM e↵ectively has contact interactions with charged
particles, including electrons and nuclei.

A. Scenario 1: Secondary Plasmon Excitation
through Hard Inelastic Scattering

One way to interpret the origin of this plasmon res-
onance signal is through the inelastic nuclear scatter-
ing of 100 MeV-scale DM through a contact interaction
(mA0 � q). This is similar to recent calculations of the
Migdal e↵ect [21], except that the existing literature pre-
senting the formalism for the Migdal e↵ect relies on an
isolated atom approximation and cannot be reliably ex-
tended to semiconductors.

In light of this uncertainty, we factorize the DM-
induced ionization rate R in a semiconductor into a spin-
averaged single-proton cross section

�p =
16⇡2↵↵Dµ2

�p

m4
A0

, (10)

where ↵D ⌘ g2D/4⇡, times an energy/momentum-
averaged plasmon excitation probability P  1 per in-
dividual nuclear scatter, such that the total plasmon ex-
citation rate is

R = NA
⇢�
m�

Z2

A
�pP, (11)

where ⇢� = 0.4 GeV cm�3 is the local DM density [63],
NA is Avogadro’s number, A is the atomic mass of Ge,
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First-Principles Calculations: Plasmon Bremsstrahlung

• Follow-up study calculates 
plasmon production due to 
NR with a single phonon in 
the final state
- Kinematics are distinct from 

those described previously, but 
set a lower bound on the total 
rate

- Bound is already comparable 
to migdal, and suggests that 
total rate is much larger when 
accounting for multi-phonon 
scattering

• Sits at the opposite regime 
compared to the NR charge 
yield calculations, coming 
from NR-phonon scattering
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Moving Forward

• Push forward calibration efforts to better under NR detector response and 
role of collective effects below 1 keV

• Building collaboration to push forward understanding of 10 eV to 1 keV ER/
NR response in semiconductors
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Dielectric Function Formalism
• In the low-energy regime, we can express 

electromagnetic interactions in terms of the loss 
function: 

• This same language can be used to describe DM 
interactions, because the structure factor is only 
determined by interactions within the target material: 

• The loss function is well-characterized in the 
literature, and toy models exist for different types of 
materials - doesn’t require detailed DFT calculations

• Upcoming paper explores a handful of new 
materials with data and toy models, reducing 
turnaround on material exploration from years to 
months
- Also allows us to determine generic features of a material 

useful for DM detection in different models
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Conclusions

• Many experiments have begun to see low-energy excesses that are consistent with 
DM when inelasticity of the medium is accounted for.

• There is not a consistent story of a background or DM signal that can conclusively 
explain all excesses
- Some excesses are likely un-modeled backgrounds related to secondary and tertiary production of 

low-energy photons and charged particles
- Other excesses, which do not scale with shielding or environment, are harder to explain
- Rates are strongly dependent on the medium used to detect events, and seem to correlate with 

the degree of regularity of the medium

• We are probing a regime in which DM is viable, and material responses are largely 
uncalibrated

• There is a ton of growth potential and discovery potential in these mass and energy 
regimes! 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