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New developments 
in dark matter direct detection experiments
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Why direct detection?

⌦DMh2 = 0.1198± 0.0015

“Up to a point the stories of cosmology and particle physics can 
be told separately. In the end though, they will come together.” 
Steven Weinberg

Suggests DM - matter interactions should be present 
& 

informs and limits the possible interactions 

Cosmology Particle Physics

L = LSM

+
mq

⇤3
�̄�q̄q

+ · · ·



Classic example: SUSY WIMPs

Thermal freeze-out gives 
the abundance

&
We know the 
interactions

+
�

nucleus
(many quarks)

�̃0 �̃0 �̃0 �̃0

qq qq

Z0 h



Classic example: SUSY WIMPs

Thermal freeze-out gives 
the abundance
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measure recoil energy
of the nucleus



Where are we?

What next? 
Keep pushing down
…and look for other things!

2

been observed in a direct detection experiment. How-
ever, these placed tight constraints on various theoreti-
cal models. Figure 1 summarizes the current leading di-
rect detection limits on spin-independent WIMP-nucleon
cross-section versus the mass of the WIMPs. Overlaid in
the figure are the WIMP search sensitivity limited by the
neutrino background [20], and the representative minimal
supersymmetric model contours (2�) constrained by Run
1 at the Large Hadron Collider [21]. In what follows, we
review some of the progress made by a few representative
experiments.

Detectors made of noble liquids are spearheading
WIMP searches in the ⇠100 GeV/c2 mass range. The
so-called dual-phase XENON10 collaboration [22], have
developed into the state-of-the-art detection technol-
ogy and have been pushing the elastic spin-independent
WIMP-nucleon scattering sensitivity in a wide range of
WIMP masses above 5 GeV/c2 (refs [23–26]). Natural
xenon does not have long-lived radioactive isotopes, ex-
cept for 136Xe, whose double-beta decay has a negligible
contribution to the current generation of experiments.
Liquid-xenon targets allow for a relatively straightfor-
ward scaling-up to large monolithic detectors. In a liquid-
xenon time-projection chamber, with two arrays of pho-
tomultiplier tubes located at its top and bottom and with
a large electrical field across the liquid-gas interface, the
prompt scintillation photons can be detected along with
the electroluminescence in the gas, produced by the ion-
ization electrons drifted to and extracted from the liquid
surface. This technique provides excellent vertex recon-
struction, enabling a powerful target fiducialization and
a good discrimination between the nuclear recoil signals
and the electron recoil background [27].

At present, there is a tight ongoing race between a
few xenon experiments. LUX [28], a 250-kg xenon ex-
periment, located in the Sanford Underground Research
Facility (SURF) [29], USA, started taking physics data in
2013, and recently concluded in May 2016. By combining
the 95 live days of data taken in 2013 and another 332
live days of data taken from 2014 to 2016, the collabora-
tion reported a minimum of 1.1⇥ 10�46 cm2 upper limit
at a WIMP mass of 50 GeV/c2 on the WIMP-nucleon
cross-section [30]. This is the strongest reported limit to
date. The best published WIMP search limit is set by the
half-ton scale PandaX-II [31] experiment located in the
JinPing underground Laboratory (CJPL) [32] in China.
This is also the largest running dual-phase xenon detector
in the world. The results were obtained with an exposure
of 3.3 ⇥ 104 kg-day, with an unprecedented background
level of 2⇥10�3 events kg�1d�1keV�1 within the electron
equivalent energy region between 1.3 and 8.7 keV. The
lowest limit for the cross-section was set at 2.5 ⇥ 10�46

cm2 at a WIMP mass of 40 GeV/c2 (ref. [26]). PandaX-
II will continue data taking until 2018. The XENON100
experiment located in the Gran Sasso National Labora-
tory (LNGS) in Italy recently reported their final WIMP
results using a total of 477 live days of data with a limit
of 1.1 ⇥ 10�45 cm2 at 50 GeV/c2 (ref. [33]). For these
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FIG. 1. Upper limits on the spin-independent (SI) WIMP-
nucleon scattering cross-section set by current leading exper-
iments. The limit curves are from PandaX-II[26], LUX [30],
SuperCDMS (CDMSLite) [48] and CRESST-II [55]. The neu-
trino coherent scattering background curve data is from ref.
[20] and the post-LHC-Run1 minimal-SUSY model allowed
contours are from ref. [21].

detectors at the hundreds-kilogram level, the background
due to uniformly distributed sources such as 85Kr, 222Rn
and 220Rn already becomes prominent, and the e↵ective
suppression of such a background for the next generation
of experiments is under intensive research and develop-
ment. Looking into the near future, the XENON1T [34]
experiment, the successor of XENON100, is commission-
ing its dual-phase detector with a 2-ton liquid-xenon tar-
get. The minimum projected sensitivity on the WIMP-
nucleon cross-section can reach 2.0 ⇥ 10�47 cm2 at 50
GeV/c2 with an exposure of 2.2 ton-year [34]. The
upgrade experiment XENONnT, with a 6.5-ton liquid-
xenon target, is in planning. The successor of LUX,
LZ [35], will contain a 7-ton liquid-xenon target, and is
expected to start operation in 2020 to achieve a sensi-
tivity of 3 ⇥ 10�48 cm2 at 40 GeV/c2 with 1,000 live
days of data. In China, a future 4-ton scale experiment,
PandaX-4T, and its follow-up PandaX-30T are planned
in the second phase of CJPL. Another future large direct
detection project, DARWIN, is aiming at a target mass
up to 40-ton [36].

The XMASS [37] experiment, in the Kamiokamine in
Japan, uses an alternative single-phase liquid-xenon de-
tector to search for WIMPs by detecting only the scintil-
lation photons [29]. The detector has an approximately
spherical shape with a nearly 4⇡ photodetector cover-
age. One major challenge for such a detector is to cor-
rectly reconstruct event vertices to have an unambigu-
ous fiducial volume selection. After discovering a signif-

+XENON1T
+ PandaX-II (update)



New signals in Large Detectors

XENON1T XENONnT, LZ, PandaX-III: 5-10t DARWIN, PandaX-IV: 50t

DEAP3600 ARGO: 300t

*Large = {multi-tonne, established technology}

Today 2020 2025+

DarkSide-20t



1. Excite and decay

�

�⇤
NR

Idea of inelastic scattering has 
been around for some time
Tucker-Smith, Weiner, arXiv:0101138

m�⇤ �m� . 200 keV

Can up-scatter so long as

(and you have a model for it)



1. Excite and decay

XE100 30cm;  XE1T 100cm;  LZ 150cm

�

�⇤

�

�
NR

ER

⌧�⇤ ⇠ µs ⇠ 30cm
L � µ� �̄⇤�µ⌫�Fµ⌫

e.g. magnetic dipole interaction

First search by XE100 
(no signal)

Bonus: directional detection 
with head-tail information

arXiv:1704.05804

Lin, Finkbeiner, arXiv:1011.3052

New: can look for decays
with large detectors
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xenon atom
(ground state)

2. Shake the atom
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nucleus gets a nudge
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2. Shake the atom

Erecoil . 0.1 keV



Atom emits an electron (Migdal effect)

Ibe et al 
 arXiv:1707.07258

“…it takes some time for the electrons to catch 
up, which causes ionisation of the atom”
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N* recoil

DM

DM

N

γ�
Polarised atom emits a photon

Kouvaris & Pradler 
 arXiv:1607.01789 

CM arXiv:1702.04730 

a.

b.

2. Shake the atom

Suppression factor ~10-8

Suppression factor ~10-5



2. Shake the atom
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a.

b. CRESST-II

LUX WS2013+
WS2014-16(PLR)

LZ (g1 =0.1, 2phd)
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A new probe of sub-GeV DM

Photon & electrons easy to detect!
Large detectors overcome suppression



3. Supernova neutrino detection

Energy:  
~1053 erg released
~99% is emitted by all neutrino flavours
Neutrino energy ~ 15 MeV

Time:  
Neutrino emission lasts ~10 s

When/where: 
~1-3 SN/century in our galaxy
distance ~10 kpc



3. Supernova neutrino detection
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Z0 different SN simulations

Now observed by COHERENT

Lang, CM, Reichard, Selvi, Tamborra: arXiv:1606.09243



Small Detectors
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Why go small?
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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Many other DM 
production mechanisms

how can we probe them?



Lots of activity (all in USA?)
Main Science Goal Experiment Target Readout Estimated Timeline

Sub-GeV Dark

Matter (Electron

Interactions)

SENSEI Si charge ready to start project

(2 yr to deploy 100g)

DAMIC-1K Si charge ongoing R&D

2018 ready to start project

(2 yr to deploy 1 kg)

UA0(1)

liquid Xe TPC

Xe charge ready to start project

(2 yr to deploy 10kg)

Scintillator w/

TES readout

GaAs(Si,B) light 2 yr R&D

2020 in sCDMS cryostat

NICE; NaI/CsI

cooled crystals

NaI

CsI

light 3 yr R&D

2020 ready to start project

Ge Detector w/

Avalanche Ioniza-

tion Amplification

Ge charge 3 yr R&D

1 yr 10kg detector

1 yr 100kg detector

PTOLEMY-G3,

2d graphene

graphene charge

directionality

1 yr fab prototype

1 yr data

supercond. Al cube Al heat 10+ yr program

Sub-GeV Dark

Matter (Nucleon

Interactions)

Superfluid helium

with TES readout

He heat, light 1 yr R&D; 2018 ready to

start project; 2022 run

Evaporation &

detection of He-

atoms by field

ionization

superfluid helium,

crystals with long

phonon mean free

path (e.g. Si, Ge)

heat 3 yr R&D; 2020 ready to

start project R&D

color centers crystals (CaF) light R&D e↵ort ongoing

Magnetic bubble

chamber

Single molecule

magnet crystals

Spin-avalanche

(Magnetic flux)

R&D e↵ort ongoing

Searches down to

Neutrino Floor for

O(GeV) Dark

Matter

SuperCDMS-G2+ Ge heat, ionization 3 yr R&D; 1 yr fabrication;

2022 start running

NEWS-G H, He charge 140cm sphere installed at

SNOLAB in 2018

NEWS-dm

emulsions

Si, Br, I, C, O, N,

H, S

charge

directionality

R&D phase complete.

Now technical test

CYGNUS HD-10 SF6, He

flexible

charge

directionality

1 yr R&D; 1 yr 1 m3;

2 yr 10 m3

Scintillating bub-

ble chamber

Xe, Ar

C6F6, H20

light

heat(bubble)

2 yr program; test 10kg Xe

chamber with CENNS

Spin-Dependent

(Proton) Interactions

PICO

bubble chambers

wide range heat(bubble) 40 l chamber now

PICO 500 l next

TABLE I: Proposals and ideas for new experiments, grouped according to their main science target

as identified in Working Group 1: 1) Sub-GeV DM (Electron Interactions), 2) Sub-GeV DM (Nucleon

Interactions), 3) Searches down to the Neutrino Floor for O(GeV) Dark Matter, and 4) Spin-dependent

(Proton) Interactions. Note that several proposals can probe more than one science target. Within each

category, the proposal/idea is ordered roughly according to the timescale needed to start the project. The

target material and main readout channel are also listed.
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18 proposed experiments

results in 2yrs?
US Cosmic Visions: New Ideas in Dark Matter 2017 :

Community Report

Marco Battaglieri (SAC co-chair),1 Alberto Belloni (Coordinator),2 Aaron Chou (WG2
Convener),3 Priscilla Cushman (Coordinator),4 Bertrand Echenard (WG3 Convener),5

Rouven Essig (WG1 Convener),6 Juan Estrada (WG1 Convener),3 Jonathan L. Feng
(WG4 Convener),7 Brenna Flaugher (Coordinator),3 Patrick J. Fox (WG4 Convener),3

Peter Graham (WG2 Convener),8 Carter Hall (Coordinator),2 Roni Harnik (SAC
member),3 JoAnne Hewett (Coordinator),9, 8 Joseph Incandela (Coordinator),10 Eder

Izaguirre (WG3 Convener),11 Daniel McKinsey (WG1 Convener),12 Matthew Pyle (SAC
member),12 Natalie Roe (Coordinator),13 Gray Rybka (SAC member),14 Pierre Sikivie
(SAC member),15 Tim M.P. Tait (SAC member),7 Natalia Toro (SAC co-chair),9, 16

Richard Van De Water (SAC member),17 Neal Weiner (SAC member),18 Kathryn
Zurek (SAC member),13, 12 Eric Adelberger,14 Andrei Afanasev,19 Derbin Alexander,20

James Alexander,21 Vasile Cristian Antochi,22 David Mark Asner,23 Howard Baer,24

Dipanwita Banerjee,25 Elisabetta Baracchini,26 Phillip Barbeau,27 Joshua Barrow,28

Noemie Bastidon,29 James Battat,30 Stephen Benson,31 Asher Berlin,9 Mark Bird,32 Nikita
Blinov,9 Kimberly K. Boddy,33 Mariangela Bond̀ı,34 Walter M. Bonivento,35 Mark

Boulay,36 James Boyce,37, 31 Maxime Brodeur,38 Leah Broussard,39 Ranny Budnik,40 Philip
Bunting,12 Marc Ca↵ee,41 Sabato Stefano Caiazza,42 Sheldon Campbell,7 Tongtong Cao,43

Gianpaolo Carosi,44 Massimo Carpinelli,45, 46 Gianluca Cavoto,22 Andrea Celentano,1 Jae
Hyeok Chang,6 Swapan Chattopadhyay,3, 47 Alvaro Chavarria,48 Chien-Yi Chen,49, 16

Kenneth Clark,50 John Clarke,12 Owen Colegrove,10 Jonathon Coleman,51 David Cooke,25

Robert Cooper,52 Michael Crisler,23, 3 Paolo Crivelli,25 Francesco D’Eramo,53, 54 Domenico
D’Urso,45, 46 Eric Dahl,29 William Dawson,44 Marzio De Napoli,34 Ra↵aella De Vita,1

Patrick DeNiverville,55 Stephen Derenzo,13 Antonia Di Crescenzo,56, 57 Emanuele Di
Marco,58 Keith R. Dienes,59, 2 Milind Diwan,11 Dongwi Handiipondola Dongwi,43 Alex
Drlica-Wagner,3 Sebastian Ellis,60 Anthony Chigbo Ezeribe,61, 62 Glennys Farrar,18

Francesc Ferrer,63 Enectali Figueroa-Feliciano,64 Alessandra Filippi,65 Giuliana Fiorillo,66

Bartosz Fornal,67 Arne Freyberger,31 Claudia Frugiuele,40 Cristian Galbiati,68 Iftah
Galon,7 Susan Gardner,69 Andrew Geraci,70 Gilles Gerbier,71 Mathew Graham,9 Edda
Gschwendtner,72 Christopher Hearty,73, 74 Jaret Heise,75 Reyco Henning,76 Richard J.
Hill,16, 3 David Hitlin,5 Yonit Hochberg,21, 77 Jason Hogan,8 Maurik Holtrop,78 Ziqing

Hong,29 Todd Hossbach,23 T. B. Humensky,79 Philip Ilten,80 Kent Irwin,8, 9 John Jaros,9

Robert Johnson,53 Matthew Jones,41 Yonatan Kahn,68 Narbe Kalantarians,81 Manoj
Kaplinghat,7 Rakshya Khatiwada,14 Simon Knapen,13, 12 Michael Kohl,43, 31 Chris

Kouvaris,82 Jonathan Kozaczuk,83 Gordan Krnjaic,3 Valery Kubarovsky,31 Eric Kuflik,21, 77

Alexander Kusenko,84, 85 Rafael Lang,41 Kyle Leach,86 Tongyan Lin,12, 13 Mariangela
Lisanti,68 Jing Liu,87 Kun Liu,17 Ming Liu,17 Dinesh Loomba,88 Joseph Lykken,3 Katherine
Mack,89 Jeremiah Mans,4 Humphrey Maris,90 Thomas Markiewicz,9 Luca Marsicano,1 C.
J. Marto↵,91 Giovanni Mazzitelli,26 Christopher McCabe,92 Samuel D. McDermott,6 Art
McDonald,71 Bryan McKinnon,93 Dongming Mei,87 Tom Melia,13, 85 Gerald A. Miller,14

Kentaro Miuchi,94 Sahara Mohammed Prem Nazeer,43 Omar Moreno,9 Vasiliy Morozov,31

Frederic Mouton,61 Holger Mueller,12 Alexander Murphy,95 Russell Neilson,96 Tim
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Proof-of-concept

Ionised atom search performed with XE10,100 data
3
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FIG. 2. Observed number of events versus photoelectrons
(PE) in XENON10 (top) [22] and XENON100 (bottom) [23].
DM spectra are shown form� = 10 MeV (blue) & 1 GeV (red)
with a cross section fixed at our derived 90% C.L. limit (we
assume fiducial values for the secondary ionization model).
Insets show spectra in bins of 27PE (20PE), the mean number
of PE created by one electron in XENON10 (XENON100).

coil events at current and upcoming xenon experiments,
we have fixed �e to specific values that are allowed by
simple and predictive benchmark models [1, 5, 34–40] and
further below. We consider the DM (a Dirac fermion or
complex scalar �) to be charged under a broken U(1)D
gauge force, mediated by a kinetically-mixed dark pho-
ton, A0, with mass mA0 . The A0 mediates DM-electron
scattering, and FDM(q) = 1 (↵2m2

e/q2) for a heavy (ul-
tralight) dark photon. The left axis for top (bottom) plot
of Fig. 1 shows the event rate for �e fixed to the maxi-
mum value allowed by current constraints for mA0 = 3m�

(mA0 ⌧ keV), while the right axis of the top (bottom)
plot fixes �e so that scalar (fermion) DM obtains the cor-
rect relic abundance from thermal freeze-out (freeze-in).
Clearly, a large number of DM events could be seen in
upcoming detectors. These results are easily rescaled to
other DM models that predict DM-electron scattering.

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

e/q
2 (bottom). Dot-

ted black lines show XENON10 bounds from [2].

days), including for the first time events with ne & 4, as
well as from XENON100 data [23] (30 kg-years). Since
the experimental observable is the number of photoelec-
trons (PE) produced by an event, we convert ne to PE.
An event with ne electrons produces a gaussian dis-
tributed number of PE with mean neµ and width

p
ne�,

where µ = 27 (19.7) and � = 6.7 (6.2) for XENON10
(XENON100). We multiply the signal with the trigger
and acceptance e�ciencies from [2, 23] and then bin both
the signal and data in steps of 27PE (20PE), starting
from 14PE (80PE) for XENON10 (XENON100). The
first bin for the XENON100 analysis is 80-90PE, corre-
sponding to roughly half an electron. We require that
the resulting signal is less than the data at 90% C.L. in
each bin. For XENON10, the 90% C.L. upper bounds
on the rates (after unfolding the e�ciencies) are r1 <
15.18, r2 < 3.37, r3 < 0.95, r4 < 0.35, r5 < 0.35, r6 <
0.15, r7 < 0.35 counts kg�1 day�1, corresponding to
bins b1 = [14, 41], b2 = [41, 68] . . . , b7 = [176 � 203] PE;
for XENON100, we find r4 < 0.17, r5 < 0.24, r6 <
0.17 counts kg�1 day�1 corresponding to bins b4 =
[80, 90], b5 = [90, 110], b6 = [110, 130] PE.

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

Essig et al: 1
703.00910

Essig et al: 1703.00910

Dual-phase noble liquid detectors Introduction Rate modulation Bolometers Noble gases Others

Next LAr detectors

Dark Side-50 at LNGS in Italy
Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab

XENON100 and XENON1T  at LNGS, 
LUX at SURF, PandaX at CJPL


DarkSide-50 at LNGS, 
ArDM at Canfranc
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Room for improvement e.g. DAMICCharge coupled device

3

Device is “exposed,” collecting charge 
until user commands readout.
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Readout can be slow / non-destructive :
very low noise (few e-).

Silicon band-gap: 1.2 eV.
Mean energy for 1 e-h pair: 3.8 eV.
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Many proposals…

FIG. 6: Constraints and projections for the DM-electron scattering cross section �̄e. The left (right)

plots assume a momentum-independent (dependent) interaction, FDM = 1 (FDM = (↵me/q)2). Existing

constraints from XENON10 (XENON100) [90, 91] are shown in the blue (red) shaded regions. Projections

show 3 events for a 1-year exposure [50, 90, 94, 95, 98, 99]; the label includes the threshold (in terms of number

of electrons, photons, or the electron recoil energy) and target mass. Solid/dashed/dotted lines indicate

an estimate of the time to start taking data, corresponding roughly to a short/medium/long timescale,

respectively. A solid line indicates a mature technology: data taking can begin in . 2 years and a zero

background (radioactivity or dark currents) is reasonable for the indicated thresholds. A dashed line indicates

more R&D is required and, if successful, data taking could start in ⇠ 2 � 5 years; the projected sensitivity

assumes that backgrounds can be controlled. A dotted line indicates longer-term R&D e↵orts. Bottom left

plot assumes DM scatters through an A0 with mA0 = 3m�. Five theory targets are shown as explained in

Section IV B. In addition to electron-recoil experiments, we show projections from nuclear-recoil experiments

(from Fig. 8). Gray shaded regions are constraints from LSND, E137, BaBar, and current WIMP nuclear-

recoil searches [50]. Bottom right plot assumes DM scatters through an A0 with mA0 ⌧ keV; a

freeze-in target is shown. Shaded gray regions are bounds from WIMP nuclear-recoil searches, stellar, and

BBN constraints [50]. The superconductor projection in bottom plots include in-medium e↵ects for an A0

and assume a dynamic range of 10 meV–10 eV. 50

Motivated 
parameter space



Other ideas
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FIG. 5: Sample processes considered in this section to detect DM, �. Top left: DM-nucleus
scattering. Top middle: DM-electron scattering. Top right: DM-nucleus scattering with emission
of a photon. Bottom left: Absorption by an electron of a bosonic DM particle (a vector A0, scalar
�, or pseudoscalar a). Bottom middle: Absorption by an electron of a bosonic DM particle, made
possible by emission of a phonon �. Bottom right: Emission of multiple phonons in DM scattering
o↵ helium.

2. Ideas to Probe Low-Mass Dark Matter

Over the past decade, several strategies have been proposed that maximize the energy
transfer to the target. In some cases this is at the expense of a modest rate suppression,
but this is at least partially o↵set by the larger DM particle flux expected as m� is lowered.
These interactions include:

• DM-Electron Scattering (1 keV – 1 GeV): For low-mass DM elastic scattering
(Fig. 5, top middle), the DM energy is transferred far more e�ciently to an electron
than to a nucleus [48]. If the DM is heavier than the electron, the maximum energy
transfer is equal to the DM kinetic energy,

Ee 
1

2
m�v2

� . 3 eV
⇣ m�

MeV

⌘
. (10)

Bound electrons with binding energy �EB can thus in principle produce a measurable
signal for

m� & 0.3 MeV ⇥
�EB

1 eV
. (11)

This allows low-mass DM to produce ionized excitations in drift chambers (�EB ⇠

10 eV) for m� & 3 MeV [48, 90, 91], to promote electrons from the valence band to the

36
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Conclusions

We should search for dark matter along every feasible avenue
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FIG. 6: Constraints and projections for the DM-electron scattering cross section �̄e. The left (right)

plots assume a momentum-independent (dependent) interaction, FDM = 1 (FDM = (↵me/q)2). Existing

constraints from XENON10 (XENON100) [90, 91] are shown in the blue (red) shaded regions. Projections

show 3 events for a 1-year exposure [50, 90, 94, 95, 98, 99]; the label includes the threshold (in terms of number

of electrons, photons, or the electron recoil energy) and target mass. Solid/dashed/dotted lines indicate

an estimate of the time to start taking data, corresponding roughly to a short/medium/long timescale,

respectively. A solid line indicates a mature technology: data taking can begin in . 2 years and a zero

background (radioactivity or dark currents) is reasonable for the indicated thresholds. A dashed line indicates

more R&D is required and, if successful, data taking could start in ⇠ 2 � 5 years; the projected sensitivity

assumes that backgrounds can be controlled. A dotted line indicates longer-term R&D e↵orts. Bottom left

plot assumes DM scatters through an A0 with mA0 = 3m�. Five theory targets are shown as explained in

Section IV B. In addition to electron-recoil experiments, we show projections from nuclear-recoil experiments

(from Fig. 8). Gray shaded regions are constraints from LSND, E137, BaBar, and current WIMP nuclear-

recoil searches [50]. Bottom right plot assumes DM scatters through an A0 with mA0 ⌧ keV; a

freeze-in target is shown. Shaded gray regions are bounds from WIMP nuclear-recoil searches, stellar, and

BBN constraints [50]. The superconductor projection in bottom plots include in-medium e↵ects for an A0

and assume a dynamic range of 10 meV–10 eV. 50

vast regions of unexplored 
parameter space

many novel experiments
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