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DARK MATTER DETECTION: A FULL COURT PRESS
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DARK MATTER DETECTION: COSMOLOGICAL CONSISTENCY

▸ Any particle dark matter candidate must satisfy the entire 
range of observations.  This alone gives us a lamplight.
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▸ Ultralight dark matter: dark matter behaves like a wave 
rather than an individual particle, e.g. axion 

▸ Detection techniques focus on utilizing this coherence 

▸ Cavities, AMO techniques
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FIG. 2: Schematic illustration of the complementarity of di↵erent types of experiments in exploring
QCD axion DM and ultralight DM more generally. The horizontal axis illustrates the observation-
ally allowed mass range for ultralight DM, with an arrow highlighting the viable mass range for the
QCD axion specifically. Indicative ranges of sensitivity for di↵erent techniques are illustrated by
dark blue arrows for coherent field, new-force, and X-ray helioscope techniques (see Sec. V, while a
red arrow indicates the range of DM masses that can be explored by absorption in direct-detection
experiments (see Sec. IV).

well developed in other fields of physics, including atom interferometry, nuclear magnetic
resonance, and fifth force measurements. Large improvements in sensitivity to low mass
bosonic dark matter can and should be quickly obtained by engaging these other communities
in cross-disciplinary collaborations. Meanwhile, the same direct detection experiments that
can search for sub-GeV hidden-sector DM (see Sec. IV) can also be used to search for
absorption of ultralight DM particles in the heavier part of its allowed mass range, from
meV to keV scales, where THz-scale frequencies for the oscillating DM field make field
coherence harder to exploit. The importance of a multi-experiment program to explore
these models comprehensively is illustrated in Figure 2.

2. Hidden-Sector DM

In contrast, searches for hidden-sector DM are primarily exploring a more focused DM
mass range from a keV to several GeV. However, there are very important di↵erences be-
tween the sensitivities of di↵erent experiments. These di↵erences can be loosely classified
along three directions: the di↵erence between relativistic and non-relativistic probes of DM
interactions, the importance of probing DM-DM and SM-SM (in addition to DM-SM) inter-
actions, and experimental signals’ dependence on the precise nature of mediator interactions
with familiar matter. We discuss each of these points in turn below and illustrate them
graphically in Figure 3.

In general, accelerator searches (Sec. VI) explore the relativistic production and/or in-
teractions of DM candidates, while direct detection experiments (Sec. IV) search for the
scattering of DM in the Milky Way halo o↵ matter, with relative velocity ⇠ 10�3c. The
e↵ect of this kinematic di↵erence is that well-motivated scenarios 10–20 orders of magnitude
beyond the reach of one technique are accessible to the other. For example, thermal freeze-
out of hidden sector DM via a mediator coupled to familiar matter (the “direct” channel)
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SETTING ABUNDANCE THROUGH INTERACTIONS WITH SM

▸ Freeze-out paradigm

DM

DM SM

SM

⇢DM = ⇢obs
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Composite

▸ Heavier dark matter: setting relic abundance through 
interactions with Standard Model is challenging 

▸ At heavier masses, detection through Standard Model 
interactions is (generally) not motivated by abundance
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Composite

▸ Look for gravitational means to detect structure 

▸ Above               Pulsar timing can be effective  

▸ Project of the (far) future to use laboratory clocks to 
detect small gravitational redshift effects

10�13 M�



GRAVITATIONAL EFFECTS OF DARK MATTER SUBSTRUCTURE

▸ Accurate clocks and transiting objects — the time-of-
arrival of a pulse is very stable.  Deviations can signal 
transiting object. 

▸ Principle can be applied to many systems with accurate 
clocks

PulsarEarth

2

timing e↵ects in measurements of pulsar periods. Pul-
sars with millisecond periods, observed over time scales
of decades, are known to be remarkably stable clocks.
While their periods fluctuate over short times, these fluc-
tuations do not substantially accumulate. In practice one
can define a pulse phase of the signal,

�(t) = �0 + ⌫ t+
1

2
⌫̇ t2 +

1

6
⌫̈ t3 + ... (1)

where ⌫ is the frequency and ⌫̇, ⌫̈ are its first and second
derivatives. The most stable pulsars have frequencies of
O(kHz) and a spin-down rate of the pulsar, ⌫̇/⌫, ranging
from roughly 10�23

� 10�20 Hz, both of which can be
fit from the data. Empirically, it is found that ⌫̈/⌫ can
be below 10�31 Hz2 [43] and is typically not included in
fits to the data, allowing one to place upper bounds on
processes that would produce a non-negligible ⌫̈. Fur-
thermore, any process which induces a modification of
the phase,

�� ⌘

Z
dt �⌫(t) (2)

can be constrained using pulsar timing measurements.
The quality of pulsar timing data is determined by

three parameters. The first parameter is the root-mean-
square (RMS) timing residual, tRMS. This is determined
after finding the frequency, ⌫fit, and its derivative, ⌫̇fit,
which minimizes the residual between the timing data,
tdatan , and the timing model, tn, where tn is found via the
relation 2⇡n = �(tn) from Eq. (1). This gives

tRMS ⌘

s
1

N

X

n

(tdatan � tfitn )2, (3)

where N is the number of data points, and tfitn is tn with
⌫ = ⌫fit, ⌫̇ = ⌫̇fit and all higher order terms dropped. The
minimized residual is typically tRMS ⇠ µsec. The other
two parameters are the observation time of the pulsar,
T ⇠ 10 years, and the time between measurements, �t ⇠
2 weeks (also known as the cadence). Clearly the pulsars
with the most power to constrain substructure are those
with smaller RMS noise, longer observation times, and
shorter cadence.

Pulsar timing data can probe DM compact objects
since a transit near the timing system will give rise to
a change in the observed frequency of the pulsar. We
consider changes in the observed frequency of the pulsar
due to two e↵ects. First, there can be a gravitational
time delay due to a changing gravitational potential af-
fecting the photon geodesic as it moves along the line of
sight – this is known as a Shapiro time delay, and was
proposed as a probe of dark matter in [44]. Second, the
presence of compact objects can lead to an acceleration
of the Earth or pulsar, also changing the observed pulsar
period – this is the Doppler e↵ect, and was proposed as a
signal of dark matter in [45]. These accelerations are op-
timal for studying smaller masses and are typically more

sensitive than Shapiro delays, though in some parameter
space, as we will explore in detail, Shapiro delays can be
more sensitive due to the long baseline.

The signal from a transiting compact object will look
di↵erent depending on the relevant timescale, ⌧ , associ-
ated with the motion of the compact objects (here we use
this variable schematically but give it an explicit, mass-
dependent meaning in later sections). If we denote the
observation time of a pulsar as T , then dynamic signals
correspond to ⌧ ⌧ T , and will appear as blips in the pul-
sar timing data (analogous to glitches which have been
observed in millisecond pulsar data [46, 47]). Static sig-
nals, with ⌧ � T , will not be observable as blips but
instead as a non-negligible contribution to the second
derivative of the frequency, ⌫̈.

The idea of using pulsar timing to probe dark matter
substructure has a long history. The static contribution
of the Shapiro time delay was suggested as a probe of
PBHs in [48, 49], while searches for dynamic signals were
considered for single events in [44, 45, 50], and multiple
events in [51]. None of these analyses, however, consid-
ered how the signals were related to each other in the
relevant regime of validity. Our results extend, and dif-
fer from, previous results as follows. First, we carry out
the first analysis to correctly consider all forms of tim-
ing signatures, in the dynamic and static limit, and for
both Doppler and Shapiro e↵ects. We comment on the
interplay between these four signals and their comple-
mentary sensitivity in di↵erent mass ranges. The com-
parative analysis has important implications for signals;
for example, in contrast to previous work, we find that
the Doppler signal dominates in the static limit, sub-
stantially modifying the derived constraint. Second, we
perform the first study of the single event ‘blip’ signal
shapes and compute these shapes in three dimensions;
this extends and improves on the previous limits derived
in [45, 50, 52]. Third, we perform projections for cur-
rent and future pulsar timing experiments in all of the
signal regimes, correctly incorporating the impact of the
measurement cadence on the constraint for the first time.
Lastly, we study the impact of the size of compact ob-
jects, parameterized in terms of the profile, on the con-
straints derived. Note that we do not consider a multi-
event (or statistical) signal, as studied in [51]. While
we expect that such an analysis will extend the reach at
the low mass end (below O(10�9 M�) for Doppler signals
and below O(10�4 M�) for Shapiro signals), due to the
more complicated nature of the signal, we reserve study
for future work [53].

The outline of this paper is as follows. In Sec. II we
describe static and dynamic signatures of transiting com-
pact objects, for both Doppler and Shapiro e↵ects, being
careful to delineate the dividing line between the regimes.
Next, in Sec. III, we detail the size of the signals expected
in the dynamic and static regimes for both Doppler and
Shapiro signals. Then we present the analytic and nu-
merical results in Sec. IV, projecting constraints on the
fraction of DM in PBHs (or PBH-like subhalos) which

Talk of Carney



▸ Intermediate range where observation via particle 
interactions with SM is still highly motivated though not 
detectable with traditional WIMP experiments 

▸ Arise generically in top-down constructions — hidden 
sector/valley paradigm

DARK MATTER DETECTION: A FULL COURT PRESS

(Lyman-alpha forest)(deBroglie wavelength of galaxy)

1000 M�10�23 eV 100 GeV

WIMP paradigm

1 meV

Talk of Pyle, Zhang
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(Lyman-alpha forest)(deBroglie wavelength of galaxy)

1000 M�10�23 eV 100 GeV

WIMP paradigm

1 meV

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈
GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

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

13



DARK MATTER DETECTION: A FULL COURT PRESS

▸ Dark sector dynamics are complex and astrophysically 
relevant.   

▸ Abundance may still be set by (thermal) population from 
SM sector
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TOWARDS HIDDEN SECTOR DARK MATTER

▸ Developments in condensed matter make this possible
10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013
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WHY QIS?

▸ Technology for detecting weak fields and single quanta is 
directly connected to technologies for QIS 

▸ Quantum sensing 

▸ For wave DM, that implies utilizing e.g. entanglement 
and squeezing 

▸ For particle DM, that implies sensing single photons, 
electrons and phonons 

▸ SQUIDs (weak magnetic fields), SNSPDs (single 
photons), TES and MKIDs (single electrons, phonons) — 
superconducting sensors

Talk of Noroozian, Nam



WHY QIS?

QuantISED in the Dark-Matter Landscape

10-22 eV                         1 peV 1 eV                          1 GeV                   100 GeV                                 1019 GeV              

Dark-Matter Waves                                                     Dark-Matter Particles

QCD axion                                                                        WIMP   
ADMX-G2

1. Directional detection of WIMPs 
with NV center spectroscopy

4. Nanowire single-photon detectors for hidden photons
5. Qubits and Rydberg atoms for QCD axions

8. Lumped resonators for QCD axions

9. Nuclear spins for QCD axions

7. Photon upconverters for QCD axions (needed for 
nuclear spins and lumped resonators)

10. Clocks / cold atoms for scalar dark matter

2. Quantum sim/optimization for 
WIMP nuclear-recoil response

3. LHe and GaAs for calorimetry for 
hidden-sector DM

6. Qubits and ultrahigh-Q cavities for hidden photons

From K. Irwin



WHY QIS?

▸ Highlight three:  

1. single electron excitation in silicon by DM and detection 
with CCDs 

2. single optical phonon excitation by DM in polar materials 
and detection with superconducting sensors (TESs) 

3. quantum material design



NEW IDEAS IN DARK MATTER DETECTION

▸ Experimental Panorama
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DM ABUNDANCE AS A GUIDE

▸ If DM abundance is related to its coupling to the SM in 
any way, that provides a guide where to look 

X �

e e

q Q

k k0

X �

e e

q Q

k k0

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
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FIG. 3. Sensitivity to DM scattering via an ultralight dark
photon, for kg-yr exposure on GaAs. On the orange line the
relic abundance can be explained by freeze-in [19–21]. The
reach for mX < MeV is from scattering into LO phonons.
For mX > MeV, the reach comes from considering GaAs as a
scintillator for DM-electron scattering [10]. The blue region
indicates stellar and BBN constraints [22, 57], while the green
region is a Xenon10 limit [7]. Projections for various exper-
imental proposals are from Refs. [24, 28, 58] (dotted lines).

Scalar-mediated nucleon scattering. Finally we
consider the case of sub-MeV DM with coupling to nu-
cleons only, similar to what was explored in Ref. [26, 27]
for multiphonon production in superfluid helium. GaAs
improves over helium for several reasons: first, DM can
scatter by exciting a single ⇠ 36 meV optical phonon,
rather than going through higher-order multiphonon in-
teractions. Second, the speed of sound is ⇠ 20 times
higher in GaAs, such that the energy of acoustic phonons
is higher and better matched to DM kinematics.

The di↵erential DM scattering rate is

d2�

dqd!
=

4⇡

Vcell

q

mXpi
S(q, !), (9)

where pi is the initial DM momentum, Vcell is the primi-
tive cell volume, and S(q, !) is the dynamical structure
factor, defined in the same way as for neutron scattering
(see e.g. [59]). In the long-wavelength limit, S(q, !) is
given by

S(q, !) =
1

2

X

⌫

|F⌫(q)|2
!⌫,q

�(!⌫,q�!) (10)

where ⌫ sums over the various phonon branches. The
phonon form factor is

|F⌫(q)|2 =

�����
X

d

b̄dp
md

e�Wd(q)
q · e⌫,d,qe�iq·rd

�����

2

(11)

where d sums over atoms in the primitive cell with mass
md and position rd. b̄d is the scattering length, e⌫,d,q is

FIG. 4. Sensitivity of GaAs to scattering o↵ nucleons via a
scalar mediator, with kg-yr exposure. We consider the pro-
jected reach due to production of LO phonons (! = !LO ⇡ 36
meV) and that due to production into LA phonons as well,
with an even lower threshold ! > meV. Also shown is the
reach from multiphonon production in superfluid helium [26].

the phonon eigenvector of branch ⌫ and atom d at mo-
mentum q, and Wd the Debye-Waller factor of atom d.
Summing over the phonon eigenmodes requires a dedi-
cated software tool; we reserve this and a derivation of
Eq. (10) for future work [29].

Here we estimate the rate in the isotropic and long-
wavelength limit where Wd ⇡ 0:

|F⌫(q)|2 ⇡ b̄2
n

2mn

q2

���
p

AGae
irGa·q ±

p
AAse

irAs·q
���
2

(12)

with mn the nucleon mass, b̄n the DM-nucleon scatter-
ing length and AGa (AAs) the mass number of Ga (As).
The + (�) sign applies to the LA (LO) branch, where
both atoms are in phase (anti-phase). For a rough esti-
mate when mX ⌧ MeV, the phase factors in (12) can be
neglected.

For scattering via a massless mediator, we also in-
clude a (mXv0/q)4 form factor and express the reach
in terms of the cross section per nucleon at a reference
qref = mXv0, �n ⌘ 4⇡[b̄n(qref)]2. The result is shown in
Fig. 4, where we find a competitive reach with superfluid
helium. The astrophysical and cosmological constraints
on this scenario are rather tight but model dependent
and hence not shown; see Refs. [22, 23] for details. The
large di↵erence in sensitivity for the optical and acoustic
modes is due to the near cancellation in (12) for the op-
tical modes, since AGa ⇡ AAs. The phase factor in (12)
also induces a directional dependence for producing op-
tical phonons, which we will explore in future work [29].
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LIGHTER TARGETS FOR LIGHTER DARK MATTER

▸ Nuclear recoil experiments; basis of enormous progress in 
direct detection

=) ED ⇠ 100 keVv ⇠ 300 km/s ⇠ 10�3c

ED =
q2

2mN

qmax = 2mXv

v ⇠ 10�3cq, ED



LIGHTER TARGETS FOR LIGHTER DARK MATTER (1)
3

of outgoing electrons are found by numerically solving
the radial Schrödinger equation with a central potential
Ze↵(r)/r. Ze↵(r) is determined from the initial electron
wavefunction, assuming it to be a bound state of the same
central potential. We evaluate the form-factors numeri-
cally, cutting o↵ the sum at large l

0
, L once it converges.

Only the ionization rates of the 3 outermost shells (5p,
5s, and 4d, with binding energies of 12.4, 25.7, and 75.6
eV, respectively) are found to be relevant.

The energy transferred to the primary ionized electron
by the initial scattering process is ultimately distributed
into a number of (observable) electrons, ne, (unobserved)
scintillation photons, n� , and heat. To calculate ne, we
use a probabilistic model based on a combined theoreti-
cal and empirical understanding of the electron yield of
higher-energy electronic recoils. Absorption of the pri-
mary electron energy creates a number of ions, Ni, and
a number of excited atoms, Nex, whose initial ratio is
determined to be Nex/Ni ⇡ 0.2 over a wide range of ener-
gies above a keV [18, 19]. Electron–ion recombination ap-
pears well-described by a modified Thomas-Imel recombi-
nation model [20, 21], which suggests that the fraction of
ions that recombine, fR, is essentially zero at low energy,
resulting in ne = Ni and n� = Nex. The fraction, fe,
of initial quanta observed as electrons is therefore given
by fe = (1 � fR)(1 + Nex/Ni)�1

⇡ 0.83 [21]. The total
number of quanta, n, is observed to behave, at higher
energy, as n = Eer/W , where Eer is the outgoing energy
of the initial scattered electron and W = 13.8 eV is the
average energy required to create a single quanta [23].
As with fR and Nex/Ni, W is only well measured at en-
ergies higher than those of interest to us, and thus adds
to the theoretical uncertainty in the predicted rates. We
use Nex/Ni = 0.2, fR = 0 and W = 13.8 eV to give
central limits, and to illustrate the uncertainty we scan
over the ranges 0 < fR < 0.2, 0.1 < Nex/Ni < 0.3,
and 12.4 < W < 16 eV. The chosen ranges for W and
Nex/Ni are reasonable considering the available data
[9, 18, 19, 22]. The chosen range for fR is conserva-
tive considering the fit of the Thomas-Imel model to low-
energy electron-recoil data [20].

We extend this model to DM-induced ionization as fol-
lows. We calculate the di↵erential single-electron ion-
ization rate following Eqs. (1–3). We assume the scat-
tering of this primary electron creates a further n

(1) =
Floor(Eer/W ) quanta. In addition, for ionization of the
next-to-outer 5s and 4d shells, we assume that the pho-
ton associated with the de-excitation of the 5p-shell elec-
tron, with energy 13.3 or 63.1 eV, can photoionize, cre-
ating another n

(2) = 0 (1) or 4 quanta, respectively, for
W > 13.3 eV (< 13.3 eV). The total number of detected
electrons is thus ne = n

0
e + n

00
e , where n

0
e represents the

primary electron and is thus 0 or 1 with probability fR

or (1 � fR), respectively, and n
00
e follows a binomial dis-

tribution with n
(1) + n

(2) trials and success probability
fe. This procedure is intended to reasonably approxi-
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FIG. 2: Top: Expected signal rates for 1-, 2-, and 3-electron
events for a DM candidate with �e = 10�36 cm2 and FDM = 1.
Widths indicate theoretical uncertainty (see text). Bottom:
90% CL limit on the DM–electron scattering cross section
�e (black line). Here the interaction is assumed to be in-
dependent of momentum transfer (FDM = 1). The dashed
lines show the individual limits set by the number of events
in which 1, 2, or 3 electrons were observed in the XENON10
data set, with gray bands indicating the theoretical uncer-
tainty. The light green region indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).

mate the detailed microscopic scattering processes, but
presents another O(1) source of theoretical uncertainty.
The 1-, 2-, and 3-electron rates as a function of DM mass
for a fixed cross section and FDM = 1 are shown in Fig. 2
(top). The width of the bands arises from scanning over
fR, Nex/Ni and W , as described above, and illustrates
the theoretical uncertainty.

RESULTS. Fig. 2 (bottom) shows the exclusion limit in
the mDM-�e plane based on the upper limits for 1-, 2-,
and 3-electrons rates in the XENON10 data set (dashed
lines), and the central limit (black line), corresponding
to the best limit at each mass. The gray bands show the
theoretical uncertainty, as described above. This bound
applies to DM candidates whose non-relativistic inter-
action with electrons is momentum-transfer independent
(FDM = 1). For DM masses larger than ⇠15MeV, the
bound is dominated by events with 2 or 3 electrons, due
to the small number of such events observed in the data
set. For smaller masses, the energy available is insu�-
cient to ionize multiple electrons, and the bound is set
by the number of single-electron events. The light green
shaded region shows the parameter space spanned by

Prospects for Upcoming DM–Electron Scattering Searches
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Figure 1. Selected near-term projections for the
DAMIC (green curves) and SuperCDMS-silicon (dark
red curves) experiments, for different ionization thresh-
olds and (background-free) exposures, as indicated. Solid
curves show the 95% C.L. exclusion reach from sim-
ple counting searches, while dashed curves show the
5�-discovery reach from annual modulation searches.
The gray shaded region shows the current XENON10
bound [31], while the shaded green region shows the es-
timated (much weaker) bound from 2012 DAMIC data
with a ⇠11-electron-hole pair threshold. The projections
for SuperCDMS-germanium (not shown) are comparable
to silicon. See §6.5 for more details. The three plots show
results for the different indicated DM form factors, corre-
sponding to different DM models.

expands on the previous calculation in [9]. Higher recoil energies for the scattered electron allow
a larger number of additional electron-hole pairs to be promoted via secondary scattering. Using
a semi-empirical understanding of these secondary scattering processes, we convert our calculated
differential event rate to an estimated event rate as a function of the number of observed electron-hole
pairs. These results will allow several experimental collaborations, such as DAMIC and SuperCDMS,
to calculate their projected sensitivity to the DM-electron scattering cross-section, given their specific
experimental setups and thresholds. It will also allow them to derive limits on this cross section in the
absence of a signal, or the preferred cross section value should there be a signal, in forthcoming data.

– 4 –
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▸ In insulators, like xenon 

▸ In semi-conductors, like Ge, Si

Tightly bound; ionize for signal

Excite electron to conduction band

Gap = DM Kinetic Energy

ED =
q2

2me

qmax = 2mXv



ELECTRON EXCITATION IN SEMICONDUCTORS (1)

▸ Silicon semiconductors lend themselves well to light dark 
matter detection above an MeV

When calculating rates, we assume a Maxwell-Boltzmann distribution with a sharp cutoff (we
describe this in more detail, and give analytic formulas for ⌘(vmin), in Appendix B). The requirement
of energy conservation is captured by vmin(q, Ee), the minimum speed a DM particle requires in order
for the electron to gain an energy Ee with momentum transfer q (note that Ee was also denoted as
�Ee in §3.1). This is given by

vmin(q, Ee) =
Ee

q
+

q

2m�
. (3.12)

Figure 4. Scissor corrected band structure for silicon (left) and germanium (right) as calculated with Quantum

ESPRESSO [69] with a very fine k-point mesh. The horizontal dashed line indicates the top of the highest valence band. The
four bands below the horizontal dashed line are the valence bands while the bands above the dashed line are the conduction
bands. We also show the density-of-states (DOS) as a function of the energy for a very fine k-point mesh (blue) and for our
243 k-point mesh (red). A Gaussian smearing of 0.15 eV was used to generate a smooth function.

Differential rate. As we show in Appendix A.4, the differential electron scattering rate in a semi-
conductor target (with the approximation of a spherically symmetric DM velocity distribution) can be
written as

dRcrystal

d lnEe
=

⇢�
m�

Ncell �e ↵

⇥
m2

e

µ2
�e

Z
d ln q

✓
Ee

q
⌘
�
vmin(q, Ee)

�◆
FDM(q)2

��fcrystal(q, Ee)
��2 , (3.13)

where ⇢� ' 0.4 GeV/cm3 is the local DM density, Ee is the total energy deposited, and Ncell =

Mtarget/Mcell is the number of unit cells in the crystal target. (Mcell = 2 ⇥ mGe = 145.28 amu =

135.33 GeV for germanium, and Mcell = 2 ⇥ mSi = 56.18 amu = 52.33 GeV for silicon.)
We have written this in such a way that the first line gives a rough estimate of the rate, about
29 (11) events/kg/day for silicon (germanium) for ⇢� = 0.4 GeV/cm3, m� = 100 MeV, and �e '

– 13 –

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
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U.S. Cosmic Visions 2017



ELECTRON EXCITATION IN SEMICONDUCTORS (1)

▸ Silicon semiconductors lend themselves well to light dark 
matter detection above an MeV
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FIG. 3. Spectra of the recorded events for the continuous-readout (left) and periodic-readout (right) data. For the
continuous-readout data, we show the spectra recorded by the three working amplifiers. The widths of the charge distributions
depend on the amplifier design. The periodic-readout spectrum corresponds to the total number of events found in the eight
double-quadrant images used to constrain the rate of events containing two and more electrons. There are no events with
measured charge greater than 2.5 electrons in either data. Exposures include all e�ciencies except for “Cut 1” from Table I.

amplifier taken over 3.8 days, corresponding to 0.27 g-
day, which we use to constrain the rate of events con-
taining three to 100 electrons.

Despite the excess events being produced by the am-
plifier, we can fiducialize the images by removing pixels
that are too close to the amplifier and find the optimal
constraint on the three-electron event rate. To do this,
we must remove several columns close to the amplifier.
We design the optimal column-cut (after masking) using
Fig. 1. We assume that the excess events produced by
the amplifier follows a Poisson distribution, and predict
the number of three-electron events that would remain
in the entire dataset as a function of the column index.
We find that the minimum column indices for the three
amplifiers that maximize the total exposure time and pre-
dict not more than 0.5 three-electron events are 55, 10,
and 53, respectively. After applying these column-cuts,
we unblind and find the spectra shown in Fig. 3 (left).
We find zero events with three (or more) electrons in the
unblinded data. The final exposures after all data cuts
(in g-day) for each quadrant are 0.058, 0.067, and 0.052,
respectively, for a total of 0.177 g-day.

PERIODIC-READOUT DATA ANALYSIS.
We took five sets of 120k-second-exposure, double-
quadrant-readout data. After applying the data-quality
cuts, each dataset is divided into three images of 200
rows each. To constrain the one-electron event rate,
we apply additional data-selection criteria, which were
determined from analyzing other 120k-seconds-exposure
data. First, we remove all five images that were read
out last, since these have the longest exposure to the
amplifier during readout. We then calculate the rate
of events containing five or fewer electrons inside the
masked regions of the remaining ten images, which we

found in commissioning data to be positively correlated
with the one-electron event rate outside the masked re-
gions. We took the four images with the lowest rate in
the masked region, and then measured their average one-
electron event rate outside the masked regions, finding
(3.51±0.10)⇥10�3 events/pixel/day, with a 90% CL up-
per limit of 3.68⇥ 10�3 events/pixel/day.
To constrain the two-electron event rate, we take the

observed number of one-electron events in each of the
ten images closest to the amplifier, and calculate the ex-
pected number of two-electron events in each of these
images, assuming a Poisson distribution. We find that
including the eight images with the lowest one-electron
rate yields the lowest expected 90% CL limit on the two-
electron event rate, and an expected ⇠6.5 two-electron
events. After unblinding these eight images, we find
21 events and a two-electron event rate of (3.18+0.86

�0.55) ⇥
10�5 events/pixel/day. This is more than expected,
which we find is attributable to an insu�cient masking
of these high-occupancy images. Nevertheless, we include
all observed two-electron events to find a 90% CL upper
limit of 4.27 ⇥ 10�5 two-electron-events/pixel/day. The
measured exposure (after all cuts) is 0.069 g-day. The
observed spectrum of events from these eight images is
shown in Fig. 3 (right). We see no events with three
to 100 electrons, and add this periodic-readout data
to the continuous-readout data to constrain DM that
produces three to 100 electrons, for a combined exposure
of 0.246 g-day.
DARK MATTER RESULTS. In Fig. 4, we show

90% CL upper limits on the DM-electron scattering cross
section [2, 3] and dark-photon dark matter absorp-
tion [6–8]. We assume a local DM density of ⇢DM =
0.3GeV/cm3 [21], a standard isothermal Maxwellian ve-

SENSEI Collaboration, 1901.10478

5

FIG. 4. The 90% CL constraints (cyan shaded regions) from a SENSEI prototype detector located underground near the
MINOS cavern at FNAL. We show constraints on the DM-electron scattering cross-section, �e, as a function of DM mass, m�,
for two di↵erent DM form factors, FDM(q) = 1 (left) and FDM(q) = (↵me/q)

2 (middle), and constraints on the kinetic-mixing
parameter, ✏, versus the dark-photon mass, mA0 , for dark-photon-dark-matter absorption (right). The thick blue and red lines
use the one- and two-electron-rate constraints from the periodic-readout data, respectively, while the green line combines
the three-electron-rate constraints from the continuous-readout and periodic-readout data. Constraints are also shown
from the SENSEI surface run [13], XENON10 and XENON100 [17], DarkSide-50 [18], and CDMS-HVeV (without Fano-factor
fluctuations) [19] for the left and middle plots, and from the SENSEI surface run [13], DAMIC [20], XENON10, XENON100,
and CDMSlite [7] for the absorption limits on the right plot.

locity distribution [22] with a DM escape velocity of
544 km/s, and a mean local velocity of 220 km/s. To
be conservative, we do not include Fano-factor fluctua-
tions.

For DM-electron scattering, m� . 1 MeV (1 MeV .
m� . 4 MeV) is constrained most stringently by
the observed one-electron (two-electron) event rate
in the periodic-readout data, while the combined
continuous-readout and periodic-readout data pro-
vides the best SENSEI constraint form� > 0.4 MeV from
observing no three-electron events. These results provide
the most stringent direct-detection constraints on DM-
electron scattering for 500 keV . m� . 5 MeV. For
DM absorption, SENSEI now provides the world-leading
constraint for some range of masses below 12.4 eV.

OUTLOOK. The SENSEI Collaboration is procuring
⇠ 100 grams of new Skipper-CCDs and custom-designing
electronics for an experiment at SNOLAB. We expect
these new sensors to have an improved noise performance
and lower dark-count rate due to the use of higher-quality
silicon. We are implementing mitigation strategies for
amplifier-induced events based on a combination of op-
timizing the exposure time, readout-stage voltages, and
fiducialization, and exploiting the elongated form factor
of new detectors.
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EXCITING COLLECTIVE MODES (2)

▸ Once DM drops below an MeV, its deBroglie wavelength is longer 
than the inter particle spacing in typical materials 

▸ Therefore, coupling to collective excitations in materials makes sense! 

▸ Collective excitations = phonon modes, spin waves (magnons) 

▸ Can be applied to just about any material  

▸ (partial) calculations exist for superfluid helium, semiconductors, 
superconductors, polar materials 

▸ Details depend on  

▸ 1) nature of collective modes in target material  

▸ 2) nature of DM couplings to target



▸ Number of collective modes: 
3 x number of ions in unit cell 

▸ 3 of those modes describe in 
phase oscillation — acoustic 
phonons — and have a 
translation symmetry 
implying gapless dispersion 

▸ When these gapped modes 
result from oscillations of 
more than one type of ion, it 
sets up an oscillating dipole 

▸ Polar Materials

NATURE OF COLLECTIVE MODES (2)
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FIG. 2. Phonon band structures for GaAs (left) and sapphire (right) as computed with phonopy [38]. The x-axis
traces out a path in the Brillouin zone. As is conventional in the condensed matter literature, the points in the
Brillouin zone with high symmetry are indicated with Roman and Greek characters (see Fig. 14 in Appendix A),
where � always refers to the origin of the Brillouin zone q = (0, 0, 0).

wave which stores a finite amount of energy.
A priori, the dark matter can excite both the optical and acoustic modes, but the energy deposited

in the acoustic modes is much smaller and is only detectable in the most optimistic circumstances.
Concretely, for mX . MeV, the DM momentum mXv . keV is sufficiently small that it is only possible
to excite a phonon mode within the first Brillouin zone. Consider a DM scattering with momentum
transfer q and energy deposition !, which excites a single acoustic phonon; the phonon must absorb
all of the energy and momentum transferred. This leads to the scaling

! = cs |q| . 2 cs v mX ⇠ 7 meV ⇥
mX

100 keV
. (1)

with v ⇠ 10�3 the DM velocity and assuming the speed of sound for sapphire. The threshold for near
future devices will be at best in the 10 � 100 meV range, which means that single acoustic phonon
excitations from light DM will be difficult or impossible to detect, depending on mX . However, the
scaling in (1) does not apply for the optical modes since they have an energy of ! ⇠ 30 meV or more
as |q| ! 0, as is evident from Fig. 2.

The gapped dispersion of optical phonons is a particularly appealing feature, as it allows nearly the
maximum amount of DM kinetic energy to be extracted in the scattering, even when the momentum
transfer is much less than a keV. This is in contrast to recoils off free nuclei, where the energy deposited
from light DM is much less than the initial DM kinetic energy. The presence of optical phonons is also
advantageous compared to a material such as superfluid helium. Superfluid helium does have gapped
quasiparticle excitations (rotons), but they only occur at high q and are much lower energy that
the optical phonons in a solid. Since single phonon production in superfluid helium is undetectable
in the foreseeable future, one must resort to multi-phonon production to break the relation in (1),
as was demonstrated in Refs. [30, 31]. However, the rate is suppressed since this is a higher order
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KINEMATICS OF COLLECTIVE MODES (2)

▸ First element to enter is the kinematics 

▸ Better coupling to gapped modes

vs

ED ⇠ vXq

ED ⇠ csq

cs ⌧ vX

� X W � L
0

5
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�
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)

LO

TO

TA

LA

GaAs

FIG. 2. Phonon band structures for GaAs (left) and sapphire (right) as computed with phonopy [38]. The x-axis
traces out a path in the Brillouin zone. As is conventional in the condensed matter literature, the points in the
Brillouin zone with high symmetry are indicated with Roman and Greek characters (see Fig. 14 in Appendix A),
where � always refers to the origin of the Brillouin zone q = (0, 0, 0).

wave which stores a finite amount of energy.
A priori, the dark matter can excite both the optical and acoustic modes, but the energy deposited

in the acoustic modes is much smaller and is only detectable in the most optimistic circumstances.
Concretely, for mX . MeV, the DM momentum mXv . keV is sufficiently small that it is only possible
to excite a phonon mode within the first Brillouin zone. Consider a DM scattering with momentum
transfer q and energy deposition !, which excites a single acoustic phonon; the phonon must absorb
all of the energy and momentum transferred. This leads to the scaling

! = cs |q| . 2 cs v mX ⇠ 7 meV ⇥
mX

100 keV
. (1)

with v ⇠ 10�3 the DM velocity and assuming the speed of sound for sapphire. The threshold for near
future devices will be at best in the 10 � 100 meV range, which means that single acoustic phonon
excitations from light DM will be difficult or impossible to detect, depending on mX . However, the
scaling in (1) does not apply for the optical modes since they have an energy of ! ⇠ 30 meV or more
as |q| ! 0, as is evident from Fig. 2.

The gapped dispersion of optical phonons is a particularly appealing feature, as it allows nearly the
maximum amount of DM kinetic energy to be extracted in the scattering, even when the momentum
transfer is much less than a keV. This is in contrast to recoils off free nuclei, where the energy deposited
from light DM is much less than the initial DM kinetic energy. The presence of optical phonons is also
advantageous compared to a material such as superfluid helium. Superfluid helium does have gapped
quasiparticle excitations (rotons), but they only occur at high q and are much lower energy that
the optical phonons in a solid. Since single phonon production in superfluid helium is undetectable
in the foreseeable future, one must resort to multi-phonon production to break the relation in (1),
as was demonstrated in Refs. [30, 31]. However, the rate is suppressed since this is a higher order

7



OPTICAL PHONONS IN POLAR MATERIALS (2)

Single Optical Phonon, Single Acoustic Phonon

Polar Materials: Lin, Knapen, Pyle, KZ 1612.06598

Griffin, Inzani, Trickle, Zhang, KZ, 1910.10716
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Figure 1. Projected reach from single phonon excitations (dashed) and electron transitions (solid) for DM scattering mediated
by a kinetically mixed light dark photon (the smallest-gap target InSb su↵ers from slow convergence in the electronic transition
calculation at m� < 1MeV, for which we show results of the two most accurate runs with solid and dotted curves, see
Appendix A 1 for details). Nuclear recoils (not shown) can also probe this model, but the conclusion on which targets are
superior is the same as for the light hadrophilic mediator model. A detector threshold of 1meV is used for the phonon
calculations, and all transitions with energy deposition greater than the band gaps are included in electron excitations. The
freeze-in benchmark is taken from Refs. [12, 79], corrected by including plasmon decay for sub-MeV DM [80]. Stellar constraints
are from Ref. [81] and currently, the strongest direct detection constraints are from DAMIC [61] and Xenon10 [14, 21].

Thus materials having low energy optical phonon modes
are desirable to search for light dark matter; CsI, for
example, has particularly low-lying optical phonon exci-
tations, and its sensitivity to the lightest DM masses is
seen in Fig. 1.

We can also see that at higher masses, single optical
phonon production rates vary widely between materials.
This can be understood analytically. Consider first the
simplest case of a diatomic polar crystal (e.g. GaAs).
The dominant contribution to the q integral in Eq. (20)
is well within the 1BZ and therefore we can set G = 0,
Wj ' 0, and g(q,!) / q�1. Approximating Z⇤

j
' Z⇤

j
1,

and noting that Z⇤
1
= �Z⇤

2
⌘ Z⇤, we see that the rate

is dominated by the longitudinal optical (LO) mode, for
which one can show ✏LO,k,1 and ✏LO,k,2 are anti-parallel,
and |✏LO,k,j | =

p
µ12/mj in the limit k ! 0, where µ12 is

the reduced mass of the two ions. Further approximating
the phonon dispersion as constant and "1 ' "1 1, the

rate simplifies to

R /
q4
0

mcell

⇢�
m�

�e

"21!LO

Z⇤2

µ2
�e
µ12

log

✓
m�v20
!LO

◆

/
Z⇤2

A1A2"21

✓
meV

!LO

◆
⌘ Q . (25)

We call Q a quality factor, since it is the combination
of material-specific quantities that determines the direct
detection rate. A higher-Q material has a better reach
in the high mass regime. More concretely, we find

R '
1

kg yr

✓
Q

10�7

◆✓
me

m�

◆✓
m2

e

µ2
�e

◆✓
�e

10�39 cm2

◆

⇥ log

✓
qmax

qmin

◆
. (26)

Note that although we have focused on the special case
of diatomic polar crystals in order to derive analytic esti-
mates, similar considerations apply for more complicated
crystals. For example, it is not surprising that larger
Born e↵ective charges and lighter ions are helpful. When



COMMON R&D PATH 

▸ Sensor can be coupled 
to multiple targets 

▸ Zero-field read-out of 
phonons 

▸ For a polar crystal target 
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QUANTUM MATERIALS AND DM DETECTION (3)

▸ Dark matter interaction is sensitive to material type 

▸ Dirac semi-metals versus ordinary metals 

▸ Consider dark photon mediated dark matter: 

▸ Metals have very strong optical response, and hence weak 
coupling to dark photons

basis can be identified by diagonalizing the kinetic terms in Eq. (2.1), and can serve as either the

DM itself or as a mediator of the interactions between the Standard Model and the DM which

comprises the dark current J
µ
DM.

Due to the induced coupling of the dark photon to the electromagnetic field strength, dark

photon interactions are modified in an optically responsive medium. The e↵ects of the medium on

the dark photon coupling can be derived by considering the e↵ects of the medium on an ordinary

photon, where the propagator is modified via its interactions with the medium. One finds [53] that

the transverse and longitudinal dark photon fields Ã0T,L
µ interact with the electromagnetic current

with reduced coupling:

L � "e
q
2

q2 � ⇧T,L
Ã0T,L

µ J
µ
EM . (2.2)

Here, ⇧T,L are the transverse and longitudinal components of the in-medium polarization tensor,

⇧µ⌫ = ⇧T
P

i=1,2 ✏
Tµ
i ✏

T⇤⌫
i + ⇧L✏

Lµ
✏
L⌫

, with ✏
L = 1p

q2
(|q|, !

q
|q|) and ✏

T
1,2 = 1p

2
(0, 1, ±i, 0) . As

a result of Eq. (2.2), dark photon interactions inside a medium depend on the electromagnetic

response of the medium, parameterized by ⇧T,L (see detailed discussion in Ref. [53]). In this

section, we describe the behavior of an ordinary photon in an optically responsive medium. We

review the optical properties of Dirac materials in Section 2.1 and compare the results to that of

metals in Section 2.2. We will use these results to model dark photon scattering and absorption

processes in later sections of the paper.

2.1 Optical Properties of Dirac Materials

In Lorentz gauge, the in-medium photon propagator is written as

G
µ⌫
med(q) =

P
µ⌫
T

⇧T � q2
+

P
µ⌫
L

⇧L � q2
, (2.3)

where q = (!,q) is the 4-momentum transfer, q2 = !
2
�q

2, and PL,T are longitudinal and transverse

projection operators, respectively (see e.g., Ref. [72] for a complete derivation). From Eq. (2.3), we

see that the photon can develop an e↵ective mass in-medium if the real part of ⇧T,L(q) contains

terms that do not vanish at q
2 = 0. In general, ⇧T,L(q) may be a complicated function of q with no

simple interpretation as an e↵ective mass, but large ⇧T,L will generally suppress electromagnetic

interactions. The imaginary parts of ⇧T,L determine the probability of photon absorption.

The transverse and longitudinal components of the in-medium polarization tensor are linked to

the optical response of the medium through the complex permittivity ✏r by

⇧L = q
2(1 � ✏r) and ⇧T = !

2(1 � ✏r) . (2.4)
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OPTICAL RESPONSE OF “SEMI-METALS (3)

▸ Band structure can be 
“quantum engineered” 

▸ Instead of a spherical Fermi 
surface as in a metal, the 
electrons have a cone 
structure 

▸ Linear dispersion implies a 
Dirac equation, like QED  

▸ In QED, gauge invariance 
protects photon from 
obtaining a mass

Inter-band scattering Absorption
|q| � ! |q| ⌧ !

Figure 1: Cartoon of the two dark matter-initiated processes in Dirac materials that we consider
in this paper: inter-band (valence to conduction) scattering (left) and absorption by valence-band
electrons (right).

mediator for DM-electron scattering processes or as the DM itself which is absorbed. In the case of

superconductors, the dark photon takes on a large e↵ective mass in the medium, suppressing the

DM interaction rate. For helium, the leading interaction is through the polarizability of the atom,

which is small.

In this paper, we propose Dirac materials as a new class of electron targets for DM scattering or

absorption. We define Dirac materials as three-dimensional (3D) bulk substances whose low-energy

electronic excitations are characterized by a Dirac Hamiltonian [60–62],

H` =

 
0 vF ` ·� � i�

vF ` ·� + i� 0

!
, E

±
` = ±

q
v
2
F `

2 +�2. (1.1)

Here, ` is a lattice momentum measured from the location of the point of the Dirac cone (e.g., the

Dirac point) in reciprocal space, � is analogous to the mass term in the Dirac equation giving rise

to a band gap 2�, the Fermi velocity vF plays the role of the speed of light c, and the positive and

negative dispersion relations correspond to the conduction and valence bands, respectively.2 The

desired signal is a DM-induced inter-band transition from the valence to the conduction band, where

for DM scattering the momentum transfer |q| is typically much larger than the energy deposit !,

with the opposite being true for absorption of non-relativistic DM. A cartoon of these two processes

is illustrated in Fig. 1. As we will show, the dynamics of the photon interacting with Dirac fermions

mimic those of ordinary relativistic QED: the Ward identity keeps the photon massless in a Dirac

material, leading to excellent detection reach in models of DM involving dark photons.

When � = 0, the low-energy degrees of freedom in a Dirac material correspond to two Weyl

fermions of opposite chiralities. Materials with this feature are classified as either Dirac or Weyl

2
Real materials typically have anisotropic Fermi velocities, but this complication does not a↵ect the thrust of our

arguments; we treat this case in Appendices A and B.
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COMPARISON OF METAL AND SEMI-METAL (3)
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FIG. 4: Projected reach of dark matter scattering in Dirac semimetals through a light kinetically-
mixed dark photon mediator with in-medium e↵ects included. We assume a 3-event sensitivity
with 1 kg-yr exposure. For the two curves labeled “Dirac,” we assume an ideal gapless (� = 0)
or gapped (� = 2.5 meV) isotropic semimetal with vF = 2 ⇥ 10�4,  = 40, g = 1, ⇤ = 1 keV,
ne = 5⇥ 1024/kg, and Vuc = 60 Å3. The curve labeled “ZrTe5” uses the parameters calculated in
Appendix D. [YK: Fill in info and curve when we have it, re-run curve with these parameters.]
For comparison we show also the reach of superconductors with a meV threshold, and the projected
single-electron reach of SuperCDMS-G2+Si [71]. Semimetals can probe the entire freeze-in region
below 1 MeV.

interactions are with the electron or proton, it gives rise to a prediction for the scattering

cross section in a direct detection experiment. For example, a process for producing the dark

matter through a massless dark photon via e
+
e
� annihilation gives rise to a relic abundance

Y� ⇠ "
2
g
2
D/me if m� < me. If the direct detection process happens through that same

ultralight [YK: was “massless,” is this change ok?] dark photon, the scattering cross-

section similarly scales with ✏gD, fixing �̂e for a given m�. For example, at m� = 50 keV,

✏gD ' 10�12 and �̂e ' [YK: ???]. This benchmark is shown in Fig. 4. [YK: I am confused

about these numbers, make sure they match plot.]

The constraints on this model depend on whether the dark photon is exactly massive

or just ultralight. In the former case, � carries an electric millicharge, and bounds on

millicharged particles apply [72]. Constraints from big bang nucleosynthesis, supernovae,

red giants, and white dwarves are shown in grey in Fig. 4. In the latter case, self-interaction

constraints apply. [YK: Kathryn continue discussion.]
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Abstract

We propose the use of Dirac semimetals as targets for direct detection of sub-MeV

dark matter. Semimetals are bulk materials characterized by a small bandgap of

O(meV) and a linear dispersion for low-energy excitations. Dark matter at the

keV scale carrying kinetic energy as small as an meV can scatter and excite an

electron across the gap. Alternatively, bosonic dark matter as light as a meV can

be absorbed on the electrons in the semimetal. We develop the formalism for dark

matter scattering and absorption in Dirac semimetals and calculate the experimental

reach of these target materials. We find that Dirac semimetals can play a crucial role

in detecting dark matter in the keV to MeV mass range that scatters with electrons

via a kinetically mixed dark photon, as the dark photon does not develop an in-

medium e↵ective mass. The same target materials provide excellent sensitivity to

absorption of light bosonic relics in the meV to eV mass range, superior to all other

existing proposals.
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MAGNONS AND SPIN EXCITATIONS

▸ Some types of particle interactions have dominant interactions 
with spin 

▸ Collective (electron) spin-waves = magnons 

▸ Magnetically ordered materials (ferro- or ferri-magnets) 

▸ Strong coupling to axions because gradient of axion behaves like 
magnetic field

2

Magnetic dipole DM L =
g�
⇤�

�̄�µ⌫�Vµ⌫ + geē�
µe Vµ Ô

↵
� =

4g�ge
⇤�me

�
�↵�

�
q↵q�

q2

�
Ŝ�
� �̄e =

g2�g2e
⇡

6m2
�+m2

e

⇤2
�(m�+me)2

Anapole DM L =
g�
⇤2
�
�̄�µ�5�@⌫Vµ⌫ + geē�

µe Vµ Ô
↵
� =

2g�ge
⇤2
�me

✏↵��iq�Ŝ�
� �̄e =

g2�g2e
⇡

3↵2µ2
�e

2⇤4
�

Pseudo-mediated DM L = g��̄��+ geē i�
5e� Ô

↵
� = �

g�ge
q2me

iq↵1� �̄e =
g2�g2e
4⇡

µ2
�e

↵2m4
e

TABLE I. Dark matter models with SD interactions considered in this work. � is a spin-1/2 DM particle, and V , � are
ultralight (typically ⌧ eV) spin-1, spin-0 mediators, respectively. Ô

↵
� (with ↵ = 1, 2, 3 denoting the Cartesian coordinates) is

the nonrelativistic operator that couples to the electron spin, as defined in Eq. (4). q ⌘ |q| is the momentum transfer, and
Ŝ↵
� = �↵/2 is the DM spin operator. �e is the reference cross section defined in Eq. (11) that we will use to present the reach.

Here l, l
0 label the magnetic unit cells, and j, j

0 label the
magnetic atoms/ions inside the unit cell. Depending on
the sign of the exchange coupling Jll0jj0 , the spins Slj

and Sl0j0 tend to align or anti-align. The low energy ex-
citations are obtained by applying the Holstein-Primako↵
transformation to expand the spins around the ordered
ground state in terms of bosonic creation and annihila-
tion operators â†, â. The quadratic part of the Hamilto-
nian can then be diagonalized via a Bogoliubov transfor-
mation (see Appendix for details),

 
âj,k

â
†
j,�k

!
=

 
Uj⌫,k Vj⌫,k

V⇤
j⌫,�k U⇤

j⌫,�k

! 
b̂⌫,k

b̂
†
⌫,�k

!
, (2)

H =
nX

⌫=1

X

k21BZ

!⌫,kb̂
†
⌫,kb̂⌫,k , (3)

so that b̂†, b̂ are creation and annihilation operators of the
canonical magnon modes, which are collective excitations
of the spins. For a system with N magnetic unit cells
and n magnetic atoms/ions in the unit cell, there are n

magnon branches, labeled by ⌫, with N modes on each
branch, labeled by momentum vectors k within the first
(magnetic) Brillouin zone (1BZ). The n⇥ n matrices U,
V can be calculated for each k.

Magnon excitation from dark matter scattering — If
the DM couples to the electron spin,1 it can scatter o↵ the
target material and create magnon excitations. Suppose
the nonrelativistic e↵ective Lagrangian takes the form

L = �

3X

↵=1

Ô
↵
�(q)Ŝ

↵
e , (4)

where ↵ denotes the Cartesian coordinates, and q is the
momentum transfer from the DM to the target. The
operators Ô� for the three DM models we consider are

1
The spins in the lattice model may also contain orbital angular

momentum components. In that case, deriving the DM-lattice

spin coupling requires a careful matching calculation, which we

leave for future work. Here we assume negligible orbital angular

momentum, noting that this is the case for many familiar mate-

rials where 3d electrons are responsible for the magnetic order.

listed in Table I. Focusing on transitions from the ground
state to single magnon states |⌫,ki, we obtain the matrix
element as (see Appendix for details)

M
sisf
⌫,k (q) = �q,k+G

1
p
N⌦

3X

↵=1

hsf |Ô
↵
�(q)|sii ✏

↵
⌫,k,G , (5)

where ⌦ is the volume of the magnetic unit cell, G de-
notes a reciprocal lattice vector, and |si,f i are the initial
and final DM spin states. ✏⌫,k,G is the analog of polar-
ization vectors for the magnon modes,

✏⌫,k,G =
nX

j=1

r
Sj

2

�
Vj⌫,�kr

⇤
j +U⇤

j⌫,krj
�
e
iG·xj , (6)

where r↵j ⌘ R
↵1
j +iR

↵2
j parameterize the spin orientations

in the ground state,

S
↵
lj =

X

�

R
↵�
j S

0�
lj , {hS

01
lj i, hS

02
lj i, hS

03
lj i} = {0, 0, Sj} ,

(7)
and xj ⌘ xlj �xl is the position of the jth site within a
magnetic unit cell. As a simple example, a ferromagnet
with one magnetic ion per unit cell (n = 1) has r =
(1, i, 0), U = 1, V = 0, and thus, ✏ =

p
S/2 (1, i, 0) for

all k and G, reminiscent of a photon polarization vector.
From Eq. (5) we see that for any given q, only the

magnon modes with a definite momentum k within the
1BZ that satisfies q = k + G, for some G, can be ex-
cited, as a consequence of lattice momentum conserva-
tion. Summing over sf and averaging over si, we obtain

|M⌫,k(q)|2 =
�q,k+G

N⌦2
tr
�
⇢̂�Ô

↵
�(q)Ô

†�
� (q)

�
✏
↵
⌫,k,G✏

⇤�
⌫,k,G ,

(8)
where ⇢̂� = 1

2S�+112S�+1 is the density matrix for the

spin of the incoming DM. The total event rate per unit
target mass R is then obtained as

R =
1

⇢T

⇢�

m�

Z
d
3
v� f(v�)

X

⌫

X

k21BZ

�⌫,k(v�) , (9)

�⌫,k(v�) = 2⇡
X

q=k+G

|M⌫,k(q)|2 �
�
E�i � E�f � !⌫,k

�
,

(10)

Zhengkang “Kevin” Zhang (UC Berkeley) Fermilab/KICP, Jun. 2019

Magnons: what they are and how they couple to DM

❖ Technically, we need to expand the spins in terms of bosonic creation/annihilation 
operators via the Holstein-Primakoff transformation…

❖ … and then diagonalize the Hamiltonian via a Bogoliubov transformation…
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where

global coordinates local coordinates (ground state spin points in +z direction)

canonical magnon modes
(quanta of collective precession patterns)

Mitridate, Trickle, Zhang, KZ
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SEARCHING FOR AXIONS AND OTHER ULTRALIGHT PARTICLES

▸ Rather than depositing kinetic energy, entire mass 
energy can be deposited 

▸ Typically requires inelastic processes on the lattice to 
absorb momentum

2

same way that superconductors and metals are excellent
absorbers of electromagnetic fields. For instance, we find
that a kg-day exposure on a superconducting target is
su�cient to exceed the stellar constraints for a hidden
photon whose mass is obtained via the Stuckelberg mech-
anism.

The outline of this paper is as follows. In Section IIA
we discuss how metals can be e�cient absorbers of low
mass particles. The process we consider involves ab-
sorbing all the mass-energy of the DM particle via an
electron recoil, with emission of an athermal phonon to
conserve momentum. We then describe in Sections II B
and II C our method to determine the DM absorption
rate from the optical properties of a metal. In Section III
we present the reach of superconducting detectors for ul-
tralight DM that couples to electrons, including hidden
photons, pseudoscalars, and scalars. We conclude in Sec-
tion IV.

II. DARK MATTER ABSORPTION WITH
SUPERCONDUCTORS

We begin by describing the DM absorption process, be-
fore computing its rate in a superconductor. We compare
our results for consistency against the standard Drude
theory for low-energy photon absorption in metals. Then,
in order to obtain accurate predictions at higher (& 0.1
eV) energies, we relate the DM absorption rate to mea-
sured photon absorption rates.

A. General Principle: Phonon emission

Absorption of low energy particles in a superconductor
can proceed when the energy of the absorbed radiation
(in this case the mass of the DM particle) exceeds the su-
perconducting gap. In the absorption process, a Cooper
pair is broken, and a pair of excitations is created. These
excitations have a long recombination and thermalization
time (of order a few milliseconds in aluminum), which al-
lows for their collection and measurement, as described
in Refs. [23, 24]. Once the energy of the absorbed par-
ticle significantly exceeds the superconducting gap, the
absorption process is identical in the superconducting
and normal phases of a metal. There are several ways
to absorb a particle (be it a photon or DM) in a metal.
One way is via impurities, where an o↵-shell electron pro-
duced in the absorption process becomes on-shell through
interaction with an impurity. In the case of interest here,
however, the target superconductor must be ultrapure in
order to enable the collection and measurement of the
created athermal excitations, and so this possibility is
not viable.

Instead, we make use of another process – that of par-
ticle absorption on electrons through the emission of an
athermal phonon in the final state, as shown in Fig. 1.
The emitted phonon is required for momentum conser-

X �

e e

q Q

k k0

X �

e e

q Q
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FIG. 1. Absorption process on electrons for an incoming relic
particle X, where a phonon � is emitted in the final state:
X(q) + e(k) ! e(k0) + �(Q).

vation of the target material. Consider an electron with
initial momentum ~ki and energy Ei = ~k2

i /(2me). Assum-
ing the electron absorbs a single particle of energy !, the
final momentum of the electron is ~kf = ~ki +~q and energy
conservation gives

(~ki + ~q)2

2me
=

~k2
i

2me
+ !. (1)

(Note that momentum on the lattice is conserved up to an
additive reciprocal lattice vector, ~K. For electrons, the
typical energy scale associated with transitions involving
~K is K2/2me ⇠ 10 eV, which is above the energies con-
sidered here.) Then the required momentum transfer to

the electron is |~q| ⇠ !(me/|~ki|) ⇠ !/vF ⇠ 100 !, where
vF is the Fermi velocity. This cannot be satisfied for an
on-shell DM particle in the halo, which carries momen-
tum ⇠ 10�3!. However, energy and momentum can still
be conserved if a phonon with momentum ⇠ �~q is emit-
ted by the electron in the final state; in other words, the
electron recoils against the lattice. The emitted phonon
carries away a fraction of the excitation energy, but can
balance the large recoil momentum of the electron.

In the Debye model, the dispersion relation of a phonon
with 4-momentum (⌦, ~Q) is given by

⌦ = cs| ~Q| (2)

where the speed of sound in aluminum is cs '

6320 m/sec ⇠ 2 ⇥ 10�5 in natural units. There is a
maximum frequency !D = cskD for phonons, where the
maximum wavevector for lattice vibrations kD ⇠ 1/a
is set by the lattice spacing a. For aluminum, !D ⇡

0.037 eV; therefore the maximum phonon energy is rel-
atively low, but the maximum momentum can be much
higher, !D/cs ⇡ keV.

B. Dark Matter Absorption

We now turn to computing the rate of DM absorption
in a material. The total DM absorption rate per unit
mass per unit time R is

R =
1

⇢

⇢X
mX

hne�absvreli , (3)

3

where �abs is the absorption cross section on electrons,
⇢ is the mass density of the target material, and ⇢X =
0.3 GeV/cm3 is the local mass density of DM.

Treating the target as a free electron gas with Fermi
energy EF , the rate for the 2 ! 2 process of X(q) +
e(k) ! e(k0) + �(Q) (with � a phonon) is given by

hne�absvreli =

Z
d3Q

(2⇡)3
h|M|

2
i

16E1E2E3E4
S(q, Q) , (4)

S(q, Q) = 2

Z
d3k

(2⇡)3
d3k0

(2⇡)3
(2⇡)4�4(k + q � k0

� Q)

⇥ f(E)(1 � f(E0)) ,

where h|M|
2
i is the averaged and summed matrix-

element-squared for the process. The functions f(E) are
electron occupation numbers, with (1 � f(E0)) charac-
terizing Pauli blocking e↵ects. The four-momentum of
the absorbed particle is q = (!, ~q), while the emitted
phonon has Q = (⌦, ~Q) with ⌦ = cs| ~Q|. For T = 0
and |~q| ⌧ ! ⌧ EF , the integral over the initial and fi-
nal electron phase space S(q,Q) ⇡ S(!, ~Q) reduces to
a simple Heaviside theta function of allowed kinematic
configuration, with amplitude

S(!, ~Q) ' (m⇤
e)

2(! � ⌦)/(⇡| ~Q|) . (5)

Here m⇤
e is the e↵ective electron mass in the metal.

For each of the DM models we consider in Sec. III, we
compute h|M|

2
i for DM absorption via phonon-emission,

treating the phonon as a scalar field � and assigning the
electron-electron-phonon vertex with the dimensionless
coupling

y� = C�| ~Q|/
p

⇢ (6)

(we refer the reader to Appendix J of Ref. [26] for a
derivation of this result). The parameter C� has units of
energy and is of order EF , but must be determined by
matching onto data.

In order to check the validity of this procedure and to
fix the electron-phonon coupling using existing data, we
must turn to photon absorption. Photon absorption pro-
ceeds by a similar 2-to-2 process as DM absorption, and
has been measured in aluminum over a range of energies.
By comparing the data with the photon absorption rate
computed with Eq. (4), we can then obtain the coupling
constant C�. Equivalently, we will find that the DM
absorption rate can be written in terms of the photon
absorption rate, and this relation holds even at larger
!, where the free-electron approximation breaks down.
We note that although the spatial momenta |~q| of mas-
sive DM di↵ers from that of the photon, this di↵erence
is unimportant for the absorption process. The reason
is that the momentum of both the absorbed photon and
DM particle is negligible compared to the electron mo-
menta.

We first calculate the rate for photon absorption at low
energies. Summing over the diagrams shown in Fig. 1,

and averaging over incoming electron spin and photon
polarizations, we find the matrix-element-squared in the
limit of ! ⌧ | ~Q| is given by

|M� |
2

⇡
4e2

3

C2
�

⇢

| ~Q|
4

!2
. (7)

The total rate for photon absorption is then (for ! ⌧ EF ,
where EF = 11.7 eV in aluminum)

hne�absvreli� '
nee2

m⇤
e !2

✓
2⇡

!

Z
d⌦(! � ⌦)⌦4

3 (2⇡)4
C2

�

c6s⇢

m⇤
e

ne

◆

⌘
nee2

m⇤
e!

2

1

⌧(!)
. (8)

The integral over ⌦ is restricted to energies either below
! (due to energy conservation) or below !D (due to the
cuto↵ in phonon momenta), whichever is smaller. Above
we have suggestively defined the !-dependent parameter
⌧(!) as the quantity in parenthesis in the first line of
Eq. (8), in order to compare this result to the standard
theory for absorption of EM fields in metals, the Drude
theory. We will see next that ⌧(!) is a time-scale for
phonon emission.

C. Photon Absorption and Superconductor
Response

In order to make a connection between our calculation
of the photon absorption rate, Eq. (8), and the Drude
theory, we begin by noting that the absorption rate of
photons can be related to the polarization tensor of the
EM field ⇧ via the optical theorem:

hne�absvreli� = �
Im ⇧(!)

!
, (9)

where in the local limit of |~q| ⌧ ! the transverse and
longitudinal modes of the polarization tensor are of equal
size, which we denote by ⇧(!). This ⇧ is related to
the complex conductivity �̂(!) ⌘ �1 + i�2, describing
the frequency-dependent response of electrons to an EM
perturbation, by

⇧(!) ⇡ �i�̂! . (10)

(See Appendix A and e.g. Ref. [24] for further details.)
As is evident, the real part of the conductivity �1 is the
absorption rate for excitations of energy !, and is related
to the absorption cross section of photons by

�1 = hne�absvreli� , (11)

making clear from Eq. (3) that large non-zero �1 is crucial
for absorption.

We can now compare the rate in Eq. (8) to the conduc-
tivity derived from the Drude model. The Drude model
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THE CHALLENGE

▸ Now is not the time for narrowing our search for 
Invisibles; the playing field is still wide open 

▸ Leverage progress in quantum sensing, materials, 
condensed matter, AMO 

▸ Moving beyond nuclear recoils into phases of matter 
crucial to access broader areas of DM parameter space 

▸ Realizing program 5-10+ years into the future



THE OUTLOOK

▸ We are not without tools!

The universe is dominated by invisibles!
WIMP or (axion)

How to be ready for anything? Hidden Sectors

How do I search for these things?


