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What Do We Know?
2

dark matter resides in galaxies (including our own)

Few heavy particles or many light particles? 
What is the dark matter mass?
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velocity: 

mass density:
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What Do We Know?
4

The search for WIMPs has been an incredible success.
What now?

10-22 eV GeV Mpl

DM mass

eV 10-10 M⊙

WIMP



WIMPfeebly-coupled

Going Further
5

Maybe the dark matter and hierarchy problem are not solved together.

If so, the space of motivated signals is dramatically enlarged.

This motivates a strong diversification of the experimental program.

The search for WIMPs has been an incredible success.
What now?

10-22 eV GeV Mpl

DM mass

eV 10-10 M⊙



Going Further
6

New Theoretical Targets 

What are cosmologically-motivated and viable models? 

What is new technology sensitive to? 

Where are the biggest gaps in coverage? 

When do we stop and reevaluate? 

10-22 eV GeV Mpl

DM mass

eV 10-10 M⊙

feebly-coupled WIMP



Going Further
7

New Technology 

Opportunity to explore new physics at previously inaccessible scales. 

How can these developments be steered to make the biggest impact on dark matter physics? 

Role of theory/theorists  
Creative repurposing of existing detectors. 

Motivating/conceiving/designing new small-scale experiments. 
This is especially crucial in emerging fields.  

10-22 eV GeV Mpl

DM mass

eV 10-10 M⊙

feebly-coupled WIMP

Theorists played a major role in most experiments/proposals that will be highlighted here.
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resonant cavities

Axion Parameter Space
10

type !signal B Q T

ADMX, DM Radio static field ma 10 T 10
4
� 10

6
10 mK � 100 mK

SRF cavity oscillating field GHz 0.2 T 10
10

� 10
12

2 K

Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.

⇢�(x, t) '
1

2
eq� n�

X

±
(±1)

Z
d
3xi d

3v f(v) �3
�
x� x±

traj.(t)
�

(127)

⇢�(x, t) ' �
(eq�)

2
⇢DM

m2
�

e
i!t

Z
dv d

3x0
f

✓
v

x� x0

|x� x0|

◆
⇢def(x0

)

|x� x0|
e
�i!|x�x0|/v

(128)

e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
� =) q� ⇠ ✏ Q

0
e
0
/e =) Q

0
e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
e q� (129)

=) Q
0
e
0
⌧ 1 (130)

✏ (131)

!0 ⇠ !1 ⇠ GHz , !1 ' !0 ±ma �x�p � ~/2 r⇥B = @tE + J ? (132)

Lint =
@µa

fa
J
µ
SM ⇠

@µa

fa
f̄�

µ
�
5
f +

a

fa
GG̃+

a

fa
FF̃ + · · · (133)

Gµ⌫ = 8⇡GN Tµ⌫ (134)

1 ga�� ! ±ma ! ' ma power / !0 ±ma (135)

! ' !0 ! ' !0 ±ma (136)

L ⇠ ga�� a F F̃ ⇠ ~Ja ·
~A , ~Ja ⇠ ga��

~B @ta (137)

L �
1

4
ga�� a F F̃ , ga�� ⇠

↵em

2⇡ fa
(138)

t/⌧a
a

ha2i1/2
a ⇠ a0 cos (mat+ ') ha

2
i
1/2

⇠
p
⇢DM/ma , ⌧a ⇠ 1/(ma v

2
a) ⇠ 10

6
/ma ⌘ Qa (139)

a0 (Gaussian) and ' (uniform) “jump” every ⌧a (140)

Ja / cosmat Ba / cosmat (141)

6

electromagnetically-coupled axions,

10
°12

10
°11

10
°10

10
°9

10
°8

10
°7

10
°6

10
°5

10
°4

10
°3

10
°2

10
°1

10
0

ma [eV]

10°20

10°19

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

|g
a∞

∞
|[

G
eV

°
1 ]

KSV
Z

DFSZ

existing bounds

A
D

M
X

H
A

Y
S
T
A

C

R
B

F
+

U
F

C
A

P
P

Q
U

A
X

A
D

M
X

S
L
IC

QCD axion

standard ALP DM cosmology

QCD axion

10-12 eV 10-6 eV 10-3 eV

axion mass

10-9 eV 1 eV10-21 eV …

small cavitieslarge cavities

(axion + B → photon)



resonant cavities

Axion Parameter Space
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Below ~Micro-eV
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arXiv:2204.13781, arXiv:2203.11246
LC circuits (DMRadio) Heterodyne/Upconversion (SRF cavities)

arXiv:1912.11048, arXiv:1912.11056, arXiv:2007.15656
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Above ~Micro-eV
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arXiv:2203.14923

Resonant Cavity (ADMX-EFR)
Dielectric/Plasma 

(MADMAX, LAMPOST, ALPHA)

2-4 GHz ~ 8-16 μeV

combine signal from 18 smaller cavities

γ
A’

MADMAX/LAMPPOST: dielectric stacks 

ALPHA: wire metamaterial 

modify photon’s dispersion relation

arXiv:1901.07401, arXiv:2110.01582, arXiv:1904.11872 
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QCD Coupling
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arXiv:1306.6089
NMR-like Signal in Ferroelectrics (CASPEr-electric)

QCD-coupled axions,

1
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NMR

Oscillating neutron EDM → Rabi flopping/Tilted magnetization



Opportunities in Axion Detection
19

EM-coupled DM at ~meV~THz QCD-coupled DM at > μeV~GHz
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Kinematic Matching
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arXiv:2203.08297 
arXiv:1904.07915
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massless dark photon mediator

GaAs
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• Solid-state charge detectors  
  (CCDs, semiconductor crystals + dopants) 

• Exotic narrow gap semiconductors,  
Dirac Materials 

  (La3Cd2As6, Eu5In2Sb6, ZrTe5) 

• Polar Materials 
  (GaAs, SiC, Al2O3, SiO2) 

• Molecules/vibrational modes 
  (CO, HF) 

• Superfluids/superconductors 
  (He, Al) 
  
• Organic Scintillators +…

arXiv:2108.03239

From minimal mention in Snowmass-2013 to now… 
(multiple target materials spanning many couplings within theory space)

only small target exposures required 
to explore new parameter space 
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lowering thresholds and backgrounds
KID-Based Phonon-Mediated Detector/Snowmass IF1  Sunil Golwala/Caltech/2020-08-19

Two Architectures
Low-threshold: 

1 KID on a gm substrate for NEXUS/LBNL

“piZIP”: Fine-grained phonon sensor enables:
Phonon-based fiducialization in z and r

NR/ER discr. via NTL phonon position

3

a resolution on absorbed energy. A single resonator resolution on absorbed energy can be
converted to �E by appropriate scaling by

p
Nr and ⌘ph. In an 80-resonator device, we

determined �E = 0.36 keV FWHM. The discrepancy with the expected energy resolution of
0.24 keV FWHM is likely due to an overestimation of ⌘ph, which we cannot measure until
we do an absolute energy resolution measurement with a collimated photon source. We are
currently working on performing this measurement and also obtaining an energy resolution
for the 40-resonator device in Figure 2.

4 Efforts to improve our energy resolution

4.1 Decreasing device size

Figure 3: Smaller device design and an

initial prototype of this design

Assuming we keep the number of resonators per
unit area fixed, the resolution will improve as we de-
crease Asub because the (amplifier-limited) energy res-
olution scales as the square root of the number of
resonators. Of the many variables in our energy res-
olution expression, Asub is the most straightforward
to change. To motivate a specific size, the CdZnTe
detectors in NuSTAR were on 2 cm ⇥ 2 cm wafers, so
we will reorient our device design for this implemen-
tation. This factor of 25 in Asub becomes a factor of
5 in our energy resolution.

To this end, toward the end of last year, I designed a device that would fit on this
smaller wafer (Figure 3a). After ordering the lithography mask, I started fabrication of this
new design at the beginning of 2020. Fabrication of our devices occurs in the Microdevices
Laboratory (MDL) at the Jet Propulsion Laboratory (JPL). Over the last six months, I
have worked with MDL collaborator Bruce Bumble and graduate student Yen-Yung Chang
to learn the ins and outs of our device fabrication. This work culminated in the �75 mm
wafer device shown in Figure 2. For the smaller device, we have modified the fabrication
procedure to use a stepper instead of contact mask lithography; this facilitates production
of multiple devices from a single �75 mm wafer and also provides more flexibility for design
tweaks post-mask production. I was trained on the stepper this past month and produced
an initial prototype of this smaller device design (Figure 3b).

4.2 Use a lower Tc material

Lower Tc corresponds to a lower superconducting energy gap �, which means a higher
Bogoliubov quasiparticle yield for a given amount of deposited energy. Instead of Al with
Tc = 1.2 K, we will use AlMn, which has a tunable Tc depending on the ratio of Al to Mn, at
a Tc = 0.3 K, providing a factor of 4 improvement while still being testable at our dilution
fridge baseline temperature of 40 mK. Additional gains may be possible if ⌧qp increases as �
is decreased, as is expected from superconductivity theory [8]. We do not assume this latter
factor, however, because there may be a countervailing increase in creation of quasiparticles
by readout power, rendering our calculation conservative. Fabricating an AlMn device is
straightforward because of similar chemical properties to Al relevant for lithography. MDL,
though not currently equipped with a machine to deposit AlMn films, is planning to buy a
sputter deposition system to do so. In the meantime, we have collaborative agreements with

stage
σpt

low-threshold piZIP
current (estimated) 20 eV 240 eV
single-KID optimized 1-7 eV —
increase τqp to 1 ms 0.3-2 eV 80 eV
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Both architectures funded for development.: LBNL QIS + FNAL LDRD for  
low-threshold, DOE HEP DetRnD for piZIP,  grad+postdoc fellowships

TAMU demo!

KIDsSNSPDs skipper CCDs

skipper CCDs, SENSEI

non-destructive repeated charge counting  
dark count < 10-3 e/pix/day 

dopants to lower threshold from eV to 10 meV?

arXiv:1706.00028

0 1 2
Charge [e°]

0

500

1000

1500

2000

En
tri

es

TESs

out

ibias
(a) (b)

(i)

(ii)

DM scattering 
or absorption 

Hot�spot

event
t

v

400  �m

140 nm

infrared/optical photon counting 
dark count ~1 per day 

superconducting nanowires
arXiv:1903.05101

+…



A Better Understanding of the Material Response
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For any DM coupling to electron density, 
scattering is determined by dielectric function

Determining Dark Matter–Electron Scattering Rates from the Dielectric Function

Yonit Hochberg,1 Yonatan Kahn,2, 3 Noah Kurinsky,4, 5 Benjamin
V. Lehmann,6, 7 To Chin Yu,8, 9 and Karl K. Berggren10

1Racah Institute of Physics, Hebrew University of Jerusalem, Jerusalem 91904, Israel
2Department of Physics, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

3Illinois Center for Advanced Studies of the Universe,
University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

4Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
5Kavli Institute for Cosmological Physics, University of Chicago, Chicago, Illinois 60637, USA
6Department of Physics, University of California Santa Cruz, Santa Cruz, CA 95064, USA
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10Department of Electrical Engineering and Computer Science,
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We show that the rate for dark matter–electron scattering in an arbitrary material is determined
by an experimentally measurable quantity, the complex dielectric function, for any dark matter
interaction that couples to electron density. This formulation automatically includes many-body ef-
fects, eliminates all systematic theoretical uncertainties on the electronic wavefunctions, and allows
a direct calibration of the spectrum by electromagnetic probes such as infrared spectroscopy, X-ray
scattering, and electron energy-loss spectroscopy (EELS). Our formalism applies for several common
benchmark models, including spin-independent interactions through scalar and vector mediators of
arbitrary mass. We discuss the consequences for standard semiconductor and superconductor tar-
gets, and find that the true reach of superconductor detectors for light mediators exceeds previous
estimates by several orders of magnitude, with further enhancements possible due to the low-energy
tail of the plasmon. Using a heavy-fermion superconductor as an example, we show how our formu-
lation allows a rapid and systematic investigation of novel electron scattering targets.

Dark matter (DM)–electron scattering was first pro-
posed for sub-GeV DM detection less than a decade ago
[1], and there has been enormous theoretical [2–37] and
experimental [38–51] progress since then. Since electrons
are not free particles, but are bound in atoms or delo-
calized across solids, they have favorable kinematics for
light DM scattering. However, the rich complexity of
condensed matter systems complicates the calculation of
scattering rates. Not only do bound electrons have dif-
ferent wavefunctions than their free-particle counterparts
[52], many condensed matter systems exhibit collective
electronic modes such as plasmons [53]. A formalism
describing DM scattering with a single electronic state
[3, 25] can potentially miss important electron interac-
tion and correlation e↵ects, and must carefully account
for ‘screening’ where the electron density rearranges itself
to partially cancel out DM-induced perturbations [6].

In this Letter we propose to bypass the single-particle
formulation entirely, and frame the problem of DM–
electron scattering in terms of matrix elements of the
many-body electron density operator. This perspective
is inspired by a classic paper on collective energy loss in
solids [54], and since it does not rely on a particular choice
of eigenstates, it is equally applicable to all systems:
atoms, molecules, metals, insulators, or more exotic ma-
terials. Moreover, it intrinsically accounts for all electron
interactions and correlations in the target by relating the

scattering rate to an experimentally-measurable quan-
tity, the complex dielectric function ✏(q, !). Crucially,
since ✏(q, !) is defined as a linear response function, the
response of the target to a momentum transfer q and en-
ergy deposit ! is determined by density matrix elements
which are the same whether measured by DM–electron
scattering or by an electromagnetic probe [55, 56]. The
assumption of linear response applies as long as DM in-
teractions are weaker than electromagnetism.

The key result of this Letter is that the total scattering
rate for DM with mass m� and velocity v� in an arbitrary
target is given by

�(v�) =

Z
d3q

(2⇡)3
|V (q)|2


2
q
2

e2
Im

✓
�

1

✏(q, !q)

◆�
, (1)

where !q = q ·v��
q2

2m�
, q = |q|, e is the electron charge,

and V (q) is the non-relativistic DM-electron potential.
The full derivation can be found in the Supplemental
Material (SM), and follows mainly from the arguments
made in Ref. [54]. The target-dependent object which
appears in the integrand,

W(q, !) ⌘ Im

✓
�

1

✏(q, !)

◆
=

Im[✏(q, !)]

|✏(q, !)|2
, (2)

is known as the loss function. The only assumptions we
have made about the DM interactions in deriving Eq. (1)
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What other cosmologically-motivated, predictive, viable, and detectable models exist below an MeV?

MeV-GeV Targets keV-MeV Targets



Direct Deflection 
A large number density implies more than just large flux, it enables 

inducing enhanced collective effects into the classical DM fluid.  
This is easier to do for smaller masses.

Inducing and detecting collective “ripples” in the dark matter “fluid” 

Collective Excitations of Dark Matter
26

Direct Deflection of Dark Matter
arXiv:1908.06982, arXiv:2111.01796
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Collective Excitations of Dark Matter
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no kinematic barrier, 
small momentum enhancement

oscillating electric field

wave train of  
DM charge

(~ DM Radio with fixed frequency and electric pickup)

shielded deflector

Direct Deflection of Dark Matter
arXiv:1908.06982, arXiv:2111.01796
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New parameter space within reach (ultimate sensitivity) for  
0.1 (10) m3 volumes, 103 (107) Q-factors, and 4 K (100 mK) temperatures.

charge

Collective Excitations of Dark Matter
28

Direct Deflection of Dark Matter
arXiv:1908.06982, arXiv:2111.01796



Opportunities in Low-Threshold Direct Detection
29

New Material Targets Signal Calculation

Experimental Developments

What are novel backgrounds? 

How to detect single phonons/magnons, …?
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V (q)

precise understanding of material response

• Solid-state charge detectors  
• Exotic narrow gap semiconductors 
• Polar Materials 
• Molecules/vibrational modes 
• Superfluids/superconductors 
• Dirac Materials  
• Organic Scintillators  
• +…?

keV-MeV Theory Targets
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Outlook

We are now beginning to explore physics beyond the Standard Model 
at scales currently inaccessible with previous technology. 

How can technologies coming online be steered to make the 
biggest impact on fundamental physics?

Now is an important time

A shift in our priors has motivated a larger set of signals.  
Many bang-for-buck experiments > single catch-all experiment.

Theory and experiment are evolving together in this effort.  
The role of theorists is crucial in emerging fields.

see “Snowmass2021 Theory Frontier: Theory Meets the Lab” 
 arXiv:2203.10089


