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OUTLOOK

▸ What is the challenge for the next decade in searching for 
dark matter? 

▸ Paradigm shift.  Developing new search strategies to 
search for new candidates

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

How to be ready for anything? Hidden Sectors

How do I search for these things?



THEORY AND EXPERIMENT INTERPLAY

▸ When Searching for Dark Matter it helps to know what 
you’re looking for

WIMPsaxions

Both scenarios are fairly predictive in both mass and interaction probability with SM

ADMX XENON

APS Physics Today



THEORY AND EXPERIMENT INTERPLAY

▸ Except when that means that we stop looking …. 
elsewhere10 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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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
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Paradigm Shift

Standard Model
Mp � 1 GeV

Our thinking has shifted

From a single, stable very weakly 
interacting particle .....

(WIMP, axion)

...to a hidden world or 
“hidden valley” with 
multiple states, new 

interactions

Models: Light DM sectors,
Secluded WIMPs, Dark Forces, Asymmetric DM .....

Production: freeze-in, freeze-out and decay, 
asymmetric abundance, non-thermal mechanisms .....

Inaccessibility

En
er

gy
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PANDORA’S BOX?

▸ You might worry that without a theoretical lock (WIMP/
axion tyranny) we have no guidance 

▸ Universe + terrestrial experiments provide substantial 
guidance

BBN
(baryons)

CMB
(curvature)

LSS
(matter)

Supernovae
(DE)

Galaxy curves
(matter)

BBN                CMB           
Not Free Baryons

MACHO searches + Lya
Not Bound BaryonsLSS LSS+Bullet Cluster

Not Modified Gravity

Halo Shapes
Weakly Self-interacting

Direct Probes
Weakly Interacting with Us



PANDORA’S BOX?

▸ You might worry that without a theoretical lock we have 
no guidance 

▸ Universe + terrestrial experiments provide substantial 
guidance

Dark MatterStandard Model Connector
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FIG. 7. Constraints on a sub-GeV scalar mediator, given in terms of the effective scalar-electron coupling
ye. We show terrestrial limits from fifth force searches [68] (orange), accelerator [59, 113, 114] and (g � 2)e

constraints [114, 115] (green), and stellar cooling limits from HB stars [70] (red), RG stars [70] (purple) and
SN1987A (blue). Note that the beam dump constraints, derived in Ref. [114], assume only � ! e+e� and
� ! �� decay modes are present, with negligible branching of � to dark matter. Thermalization of � before
electron decoupling can occur for ye & 10

�9, indicated by the dashed yellow line. The shaded yellow region is
excluded by BBN constraints, as discussed in the text.

where the absence of a coupling to hadrons lifts some of the accelerator and meson decay bounds.
Cosmologically, the most important difference compared to the hadrophilic scalar is that here � can
enter into equilibrium as the universe cools, and furthermore can remain in equilibrium through T <

m⇡. This results in more robust BBN constraints on mediators with mass below a few MeV. We
describe the cosmology further in Section III C.

A. Terrestrial constraints

With only a coupling to electrons, the dominant terrestrial constraints on the mediator are derived
from precision measurements of (g � 2)e [114, 115], and from � direct production in high intensity
e+e� colliders or beam dump experiments. For m� < 2me, � must decay to dark matter or photons,
where the latter decay is suppressed by ↵2/16⇡2. If � either decays invisibly or outside the detector,
we can apply the BaBar mono-photon limits from Ref. [59]. While this constraint is one of the more
robust limits in Fig. 7, it is not competitive with the BBN and stellar constraints, which we discuss
below. When m� & 20 MeV the BaBar dark photon search for e+e� ! �(� ! `�`+) [113] can be used
to set a constraint, provided that � couples to muons and electrons with mass-hierarchical couplings.

22
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TERRESTRIAL EXPERIMENTS

▸ Scale of connector sector fixes terrestrial experiment 

Dark MatterStandard Model Connector
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FIG. 4: Sensitivity to A0 for exclusive experiments seeking visible decay modes A0 ! `+`�. Left:
Experiments capable of delivering results over the next 5 years to 2021. Shaded regions show
existing bounds. Green band shows 2� region in which an A0 can explain the discrepancy between
the calculated and measured value for the muon g � 2. Right: Longer term prospects beyond
2021 for experimental sensitivity. All projections on left plot are repeated in gray here. Note that
LHCb and Belle-II can probe to higher masses than 2 GeV and SHIP can probe to lower values of
✏ than indicated.

F. Summary of ongoing and proposed experiments

The experimental community for dedicated dark sector searches has grown substantially
in the last eight years and as the list above illustrates, the experiments, whether ongoing or
proposed, have expanded to cover a wide range of production modes and detection strate-
gies. Experiments like APEX, A1, HPS, and DarkLight, that take advantage of explicit
final state reconstruction, push deep into the "2 parameter range, with sensitivity in m

A

0

up to a few hundred MeV. In the coming years, experiments like VEPP3, PADME, and
MMAPS will address a more limited parameter range, but as missing mass experiments,
eliminating aspects of model dependence by being fully agnostic as to the final state. Col-
lider experiments allow probes to much higher masses than can be reached in fixed-target
experiments. Some, like Belle-II and LHCb, will have trigger schemes specifically optimized
for dark sector searches. Taken together, the set of existing and planned experiments form
a suite of balanced and complementary approaches, well-suited to the search for new phe-
nomena whose physical characteristics and potential manifestations cannot be predicted in
detail ahead of time.
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DM ABUNDANCE AS A GUIDE

▸ If DM abundance is related to its coupling to the SM in 
any way, can lead to a predictive framework 

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].
Acknowledgments. We thank Feliciano Giustino,

Sinead Gri�n, Harikrishnan Ramani, and Dan McKin-
sey for useful discussions and Sinead Gri�n comments
on the manuscript and for collaboration on future work.
SK and KZ are supported by the DoE under contract
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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
q
max

= 2mXv

v ⇠ 10�3cq, ED



LIGHTER TARGETS FOR LIGHTER DARK MATTER

3

of outgoing electrons are found by numerically solving
the radial Schrödinger equation with a central potential
Z
e↵

(r)/r. Z
e↵

(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 l0, 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, n

e

, (unobserved)
scintillation photons, n

�

, and heat. To calculate n
e

, 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, N

i

, and
a number of excited atoms, N

ex

, whose initial ratio is
determined to be N

ex

/N
i

⇡ 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, f

R

, is essentially zero at low energy,
resulting in n

e

= N
i

and n
�

= N
ex

. The fraction, f
e

,
of initial quanta observed as electrons is therefore given
by f

e

= (1 � f
R

)(1 + N
ex

/N
i

)�1 ⇡ 0.83 [21]. The total
number of quanta, n, is observed to behave, at higher
energy, as n = E

er

/W , where E
er

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 f

R

and N
ex

/N
i

, 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 N

ex

/N
i

= 0.2, f
R

= 0 and W = 13.8 eV to give
central limits, and to illustrate the uncertainty we scan
over the ranges 0 < f

R

< 0.2, 0.1 < N
ex

/N
i

< 0.3,
and 12.4 < W < 16 eV. The chosen ranges for W and
N

ex

/N
i

are reasonable considering the available data
[9, 18, 19, 22]. The chosen range for f

R

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(E

er

/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 n

e

= n0

e

+ n00

e

, where n0

e

represents the
primary electron and is thus 0 or 1 with probability f

R

or (1 � f
R

), respectively, and n00

e

follows a binomial dis-
tribution with n(1) + n(2) trials and success probability
f
e

. 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 F

DM

= 1 are shown in Fig. 2
(top). The width of the bands arises from scanning over
f
R

, N
ex

/N
i

and W , as described above, and illustrates
the theoretical uncertainty.

RESULTS. Fig. 2 (bottom) shows the exclusion limit in
the m

DM

-�
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
(F

DM

= 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.
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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
q
max

= 2mXv
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LOOKING BEYOND BILLIARD BALLS

▸ Experimental Panorama
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NEUTRINO DETECTION

▸ Good energy resolution detectors also make good solar 
neutrino detectors

Figure 2. Di↵erential rate in units of dR⌫/d log
10

ED for the solar neutrino coherent nuclear scattering
background on various target nuclei as well as the expected radiogenic background from cosmogenic
3H spallation of the absorber during fabrication and from U/Th/K contamination of the SuperCDMS
SNOLAB cryostat.

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

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

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

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

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

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

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

recoil signals.

3 Dark matter scattering in a Fermi-degenerate medium

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

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

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

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

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

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

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

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

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

– 15 –
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FIG. 7. Discovery limits for DM-electron scattering in silicon (top), germanium (middle), and xenon (bottom). The panels
on the left (right) assume the scattering is mediated by a heavy (light) particle, i.e. FDM = 1 (FDM = ↵2m2

e/q
2). Exposures of

0.1, 1, 10, 100, and 1000 kg-years are shown in purple, red, green, blue, and yellow, respectively. The solid line shows the
results assuming the fiducial ionization e�ciency, while the shaded bands denote the range between the high and low ionization
e�ciencies. The dashed lines show the background-free 90% C.L. sensitivities. Note that when the background assuming
the fiducial ionization e�ciency is negligible, the solid line and the dashed line are indistinguishable, making the dashed line
disappear. The gray shaded region shows the current direct-detection limits on DM-electron scattering from [19].
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COUPLING TO COHERENT MODES

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

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

▸ Coherent excitations = phonon modes 

▸ Applied to superfluid helium, semiconductors, 
superconductors, polar materials 

▸ Details depend on nature of coherent modes in target 
material



PHONONS IN MATERIALS

▸ Properties of materials are characterized by  

▸ a) their dispersion  

▸ b) “Dynamic structure factor” — the amplitude of the 
response at a given momentum transfer and energy 
deposition 



▸ Superfluid helium is an optically weak material already 
considered for nuclear recoils.  McKinsey group, UC 
Berkeley. 

▸ To detect lighter DM, couple to phonon modes. 

▸ Viable?  At first glance — no 

▸ Next glance -- yes!

HELIUM

ED ⇠ csq

cs ⌧ vX
vs

Schutz, KZ 1604.08206, Knapen, Lin, KZ 1611.06228

ED ⇠ vXq

ED ⇠ csq

cs ⌧ vX



SUPERFLUID HELIUM

Multiple Acoustic Phonon
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FIG. 2. 95% confidence level sensitivity expected with a 1 kg-year exposure of superfluid helium. We show both two-excitation
processes in the superfluid (labeled 2X) as well as ordinary nuclear recoils (labeled NR), with 1 meV energy resolution in the
detectors. The results are computed analytically via the formula Eq. 11 (dashed), as well as tabulated from Ref. [40] (solid); we
have stopped these curves once the scattering begins to probe kinematic regions beyond that tabulated in Ref. [40]. Also shown
are benchmarks based on couplings that are consistent with current limits. For the massive mediator, we assume ↵X = 10�5

for all three curves, while for the light mediator we set ↵X = 10�19.

where ⇢
X

is the local DM density 0.3 GeV/cm3, ⇢0 is
the density of liquid helium, and f

MB

is the Maxwell-
Boltzmann distribution of DM in the Milky Way halo,

f
MB

(v
X

) =
4⇡v2

X

e�v

2
X/v

2
0⇥(v

esc

� v
X

)�
erf(z) � 2ze�z

2/
p

⇡
�
⇡3/2v30

(16)

with z = v
esc

/v0 and where ⇥ denotes the Heaviside step
function. Here we take the root-mean-square velocity
v0 to be 220 km/s and the escape velocity v

esc

to be
500 km/s [44]. For both massive and light mediators,
the rate is peaked at low !.

Integrating over deposited energies, in Fig. 2 we show
the expected sensitivity of a 1 kg-year exposure of super-
fluid helium to a two-excitation process, assuming a min-
imum energy sensitivity of 1 meV, and a dynamic range
of the sensor up to 10 meV. We compute the rate utilizing
the analytic formula, Eq. 11 (dashed), as well as tabu-
lated from Ref. [40] (solid). The two are in good agree-
ment, except at masses approaching an MeV, where the
tabulated S(q, !) also includes a contribution from single
phonon emission. We also show the expected constraints
from ordinary nuclear recoils in the fluid, this time allow-
ing for a larger energy deposit (up to 10 eV) in order to
capture the full sensitivity to ⇠ 100 MeV dark matter.
When showing our results, we constrain �

p

in the case
where f

p

= f
n

, and consider both a light (m
�

⌧ v0mX

)
and heavy (m

�

� v0mX

) mediator. The solar neutrino
background is small on Helium (see Fig. 3 of [24]), so
that the 95% confidence level from a one-sided Poisson
distribution corresponds to 3 events. Other sources of
noise can be controlled by the requirement that there be
two back-to-back excitations in the final state, though we
note that this will be less e↵ective at higher DM masses.
As can be seen from the plot, two-excitation processes
and nuclear recoils provide highly complementary modes

of DM detection, with sensitivity in distinct regions of
parameter space. With 1 meV energy resolution TESs,
we can therefore employ a single multimodal liquid he-
lium experiment to constrain dark matter masses over
five orders of magnitude.

We also show scattering cross-sections corresponding
to fixed ↵

X

, ↵
p

for a given mediator mass. These fixed
couplings are chosen to broadly satisfy terrestrial, cos-
mological and astrophysical constraints. The constraints
applied are described in general terms for DM-electron in-
teractions in [23], and are outlined in great detail in [24].
Existing constraints on DM-nucleon interactions are sim-
ilar for models of interest here (or in some cases weaker,
for instance constraints from big bang nucleosynthesis are
weaker in models with DM coupling only to nucleons),
so we simply make use of these parameters to emphasize
that dark matter models satisfying all terrestrial, astro-
physical, and cosmological constraints are within reach
of the class of experiments we propose. The implications
of a superfluid helium experiment for various DM models
will be explored in future work [31].
Conclusions. We have proposed a new method of

detecting DM using the quantum fluid dynamics of super-
fluid helium. With a kg-year exposure, we have demon-
strated that a superfluid helium experiment would com-
plement recently-proposed superconductor experiments
in detecting low-mass DM scattering on nucleons instead
of electrons. Superfluid helium has additional benefits:
(1) the kinematics of the two-excitation process provide
a coincidence gate for controlling backgrounds for DM
lighter than ⇠1 MeV, and (2) the same experiment can
also search for DM via nuclear recoils o↵ helium nucleii,
extending the range of DM masses that can be probed.
With the benchmarks outlined in this letter, we antici-
pate that the ability to probe DM as light as the ⇠keV
warm DM limit will motivate further development of the

Superfluid Helium: Schutz, KZ 1604.08206 
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Excitations in Superfluid Helium. We begin by
using quantum fluid dynamics to parameterize second-
quantized density and velocity excitations,

⇢ = ⇢0 + V � 1
2

P
k

ei(
~

k·~r�!kt)⇢
~

k

, (1)

~v = V � 1
2

P
k

ei(
~

k·~r�!kt)~v
~

k

(2)

where V is a reference volume and ⇢0 is the mean back-
ground density. Free perturbations satisfy the continuity
equation ~v

~

k

= �~k !
k

⇢
~

k

/⇢0k
2 and the corresponding har-

monic oscillator Hamiltonian in Fourier space,

H0 =
1

2

X

k

⇣
⇢0v

~

k

v�~

k

+ �
k

⇢
~

k

⇢�~

k

⌘
, (3)

where �
k

is the second functional derivative of the en-
ergy density with respect to the background density.
The force constant �

k

is related to the frequency by
!2
k

= ⇢0k
2�

k

and the frequency of perturbations is given
by !

k

= k2/2mHeS(k). Here S(k) is the static struc-
ture factor in units of the mean number density, related
to the two-point correlation function of perturbations in
the liquid, m2

HeS(k) = h⇢
k

⇢�k

i. This function scales lin-
early for k . 1 keV giving a linear dispersion relation,
and levels o↵ to 1 at high k & 5 keV, giving the typical
free-particle dispersion relation [26].

From the commutation relation between the density
and velocity [27], writing ⇢ and ~v in terms of the usual
creation and annihilation operators, we find

⇢
~

k

= mHe

p
S(k)(a

~

k

� a†
�~

k

) (4)

~v
~

k

= � ~

k

2mHe

p
S(k)

(a
~

k

+ a†
�~

k

). (5)

Then, expanding the Hamiltonian to the next (third) or-
der in perturbations, we find, similar to [28, 29],

H3 =

Z
d3r

✓
1

2
~v · ⇢~v +

1

3!

��
k

[⇢0]

�⇢0
⇢3
◆

. (6)

At small k, �
k

[⇢0] = c2
s

/⇢0, implying ��
k

[⇢0]/�⇢0 =
c2
s

(2u0 � 1)/⇢20, where u0 ⌘ (⇢0/c
s

)(�c
s

/�⇢0) = 2.84, as
measured by [30]. Beyond this regime, the inclusion of
the ⇢3 term varies between di↵erent treatments in the
literature and we therefore will drop it for the remainder
of this work. We note that this may cause the computed
rate to be di↵erent by O(1) factors and will address self-
consistent inclusion of the ⇢3 term in future work [31].

This simple picture of quantum fluid perturbations is
substantially complicated by the fact that superfluid he-
lium is an interacting Bose fluid. Excitations with a
wavelength much larger than the interatomic spacing
involves many atoms, implying that a correct descrip-
tion of scattering at low momentum transfer (q . 1 Å)
must include interatomic correlations. Feynman and Co-
hen [32] introduced a correction to the ground state
wavefunction, “backflow,” which accounts for the posi-
tions of the other atoms. The method of correlated ba-
sis functions (CBF) [33] is another natural extension of

�
�pi �pf

�q

�k1

�k2VXN

V3

FIG. 1. The two-excitation process we consider and the cor-
responding kinematics. The dashed lines denote excitations,
while solid lines denote dark matter.

the theory that systematically allows one to compute
the response of the fluid to one or more excitations.
Here we will denote one and two excitation states by
|~ki = ⇢†

~

k

|0i and |~k1~k2i = ⇢†
~

k1
⇢†
~

k2
|0i, respectively. Due to

interactions in the fluid, these states are not orthogonal,
h~k1~k2|~k1 + ~k2i 6= 0, and they must be orthonormalized.
The orthonormalized two-excitation state (denoted with
a rounded bracket) is (see for example the discussion in
[34, 35])

|~k1~k2) =
⇢
~

k1
⇢
~

k2
� h~k1+~

k2|~k1
~

k2i
h~q |~q i ⇢

~

k1+~

k2

h~k1~k2|~k1~k2i1/2
|0i. (7)

One can then compute the matrix element to create two
excitations:

(~k1~k2|H3|~q) = � 1

2mHe(S(q)S(k1)S(k2))1/2
⇥ (8)

⇣
~q · ~k1U(k1) + ~q · ~k2U(k2) + q2U(k1)U(k2)

⌘
,

where U(q) = S(q) � 1 and where we emphasize again
that we are only including the kinetic term in the Hamil-
tonian [34, 36]. Results with similar energy and momen-
tum scalings are obtained from the method of collective
coordinates [37], as well as in the dielectric formulation
[38]. We refer the reader to Ref. [35] for a review of these
results, and leave a more detailed discussion for future
work [31].
Multi-Excitation Scattering Rates. We now turn

to calculating the rate of the interaction shown in Fig. 1.
DM with initial momentum ~p

i

interacts with a helium
nucleus initially at rest, transferring momentum ~q and
energy ! to the nucleus. In an ordinary nuclear recoil,
the maximum momentum transfer is qmax = 2m

X

v
X

,
and a typical energy deposition on the target nucleus
! ' 10�9 eV(m

X

/keV)2.
As suggested above and depicted in Fig. 1, more energy

can be deposited via nuclear targets when energy and mo-
mentum (!, ~q) are deposited on a mediating o↵-shell ex-
citation. This excitation can come back on shell when the
interaction characterized by the Hamiltonian in Eq. (8)
leads to a splitting into two excitations carrying momen-
tum ~k1 and ~k2. When ! � c

s

qmax, these excitations
must be nearly back-to-back in order to conserve mo-
mentum. This configuration has suppressed phase space,

Multiple Acoustic Phonon
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SEMI- AND SUPER-CONDUCTORS
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FIG. 2. Estimated reach of a germanium (green lines) and silicon (blue lines) target at 90% CL for 1-kg-year exposure,
assuming solar neutrino backgrounds only, for absorption of kinetically mixed hidden photon dark matter. For absorption of
halo DM (solid lines), we show the reach considering multi-phonon excitations for mV = 0.01�0.2 eV, and electron excitations
for mV > 0.6 eV. The dashed lines show the reach for absorption of dark photons emitted from the sun. Our recast of constraints
from CDMSlite (germanium) for mV > 56 eV and DAMIC (silicon) for mV > 100 eV are indicated by the shaded green and
blue regions, respectively. We also show bounds from Xenon10 and Xenon100, including those from Ref. [21] (lighter shaded
red) and our own updated Xenon100 limits for 50-700 eV (darker shaded red); the projected reach for 1-kg-year exposure of
an aluminum superconducting target (grey line) [23]; and stellar emission constraints (shaded orange) [21, 46].

the strong 4 dependence of the signal, this reach is rel-
atively weak compared to existing constraints. We note
that a ton-scale xenon experiment can achieve a similar
sensitivity to semiconductors only if the electronic energy
threshold of the former can be lowered to ⇠100 eV.

Existing limits on absorption of halo DM from
Xenon10 and Xenon100 data are shown in Fig. 2
for masses above the ionization threshold in xenon of
12 eV. We include constraints obtained from Ref. [21],
which used 15 kg-day of Xenon10 data [51] for mV =
12 eV�1 keV and the Xenon100 solar axion search [52]
for mV > 1 keV. In addition, we have recast the recent
Xenon100 low-threshold analysis [53], which had a total
exposure of 30 kg-year, to obtain updated limits in the
mass range 50 � 700 eV. Ref. [53] provides their data
in the form of observed photoelectrons (PE) for each
event. For a deposited energy of mV , we obtain the dis-
tribution in PE using Refs. [54, 55], which gives a sig-
nal peaked at (mV /13.5eV)⇥ 20 PE and with a width of
� ⇡ p

mV /13.5eV⇥7 PE. Accounting for the experimen-
tal e�ciency, we compare the signal with the observed
counts in a bin of size 4� to obtain the 90% CL limit. Our
result is roughly an order of magnitude stronger than the
Xenon10 limit from Ref. [21], and is shown as the dark
red shaded region in Fig. 2.

For comparison, we demonstrate that existing semi-
conductor targets already start to probe new parameter
space for DM mass down to 100 eV. Re-interpreting re-
cent results from CDMSlite [24], with 70 kg-day exposure
on germanium, and DAMIC [25], with 0.6 kg-day expo-
sure on silicon, we obtain limits on absorption of DM in
the halo, shown as the shaded green and blue regions in
Fig. 2.

For DAMIC, we derive 90% CL limits by comparing
the DM signal with the observed counts in a single energy
bin of width 100 eV. For the mono-energetic absorption
signal, we apply the given experimental e�ciency and
also account for the finite energy resolution of the exper-
iment. Following Ref. [25], we model the energy resolu-
tion by a Fano model, �2(E) = �2

0 + (3.77eV)FE with
F = 0.133 ± 0.005. With typical total energy resolution
of ⇠ 50 eV, this introduces an additional O(1) e�ciency
for the DM signal to fall in a single bin. Assuming the
best-fit background of ⇡0.5 events/bin, we then obtain
upper limits of the DM signal following Ref. [58], as de-
picted in Fig. 2.

We follow a similar procedure to obtain 90% CL lim-
its from CDMSlite. Here we model the energy resolu-
tion with a modified Fano model [43], given by �2(E) =
�2
0+↵E+�E2. We fit these constants to the measured en-

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

k k0

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�abs

v
rel

i , (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�abs

v
rel

i =

Z
d3Q

(2⇡)3
h|M|2i

16E
1

E
2

E
3

E
4

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|2i 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|2i 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)
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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�abs

v
rel

i� = � 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�abs

v
rel

i� , (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

▸ Absorption of axions and dark photons
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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

k k0

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�abs

v
rel

i , (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
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(2⇡)4�4(k + q � k0 � Q)

⇥ f(E)(1 � f(E0)) ,

where h|M|2i 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|2i 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
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| ~Q|4
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. (7)

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

v
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i� = � 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�abs

v
rel

i� , (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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FIG. 3. Estimated reach of a germanium (green lines) and silicon (blue lines) target at 90% CL with a 1-kg-year exposure,
assuming solar neutrino backgrounds only, for absorption of pseudoscalar dark matter. The solid lines show the reach for
absorption of halo DM, while the dashed lines are for absorption of pseudoscalars emitted from the sun. The reach of an
aluminum superconducting target is given by the solid grey line [23]. We show constraints from absorption of solar axions
in Xenon100 (shaded red) [52] and stellar emission from white dwarfs (shaded orange) [56]. The range of couplings for the
QCD axion is indicated by the shaded grey region. Constraints on pseudoscalar decays into photons (shaded blue) assume the
coupling in Eq. (12), and come from a line search for ma = 4.5� 7.5 eV [57] as well as from the extragalactic background light,
early reionization, and x-rays [48].

ergy resolutions given in Table I of Ref. [24] and include
an extra data point for the baseline energy resolution,
�2(0) = (14 eV)2. For mV > 100 eV, we then set con-
servative limits using the observed counts within single
100 eV bins, making no assumption for the background
model. For DM masses closer to the experimental thresh-
old, mV = 56�100 eV, we instead use the 90% CL upper
limit on the rate in the lowest energy bin from Table I of
Ref. [24]. Our result is shown in Fig. 2

In Fig. 2, we also show existing Xenon10 limits on ab-
sorption of solar hidden photons, along with other stellar
cooling constraints from the sun, horizontal branch stars,
and red giant stars, assuming the dark photon obtains
its mass via the Stuckelberg mechanism [21]. (For stellar
constraints in the case that the dark photon mass arises
from a dark Higgs mechanism, see Ref. [46].)

We learn that semiconductor targets, such as germa-
nium and silicon, are powerful probes of hidden photon
DM with mass in the meV�keV range, finding a reach
that can supersede all existing terrestrial and astrophys-
ical bounds, with only mild exposure.

B. Pseudoscalars

Next, we consider a pseudoscalar a that couples to elec-
trons:

L � gaee
2me

(@µa)ē�
µ�5e . (9)

This pseudoscalar may be an axion-like particle, see
for example Ref. [48]. For comparison, we will show
the relation between the mass ma and coupling con-
stant for the QCD axion in our results: then the e↵ec-
tive coupling can be written as gaee = Ceme/fa, with
(0.60 meV/ma) = (fa/1010 GeV), and we take Ce = 1/3
as an upper bound.

For non-relativistic halo DM, the leading
matrix-element-squared for absorption of the
pseudoscalar is related to photon absorption by
|M|2 ⇡ 3(gaee/2me)2(ma/e)2|M� |2 [22, 23]. Then
the rate for pseudoscalar absorption is related to the
measured conductivity by

R ' 1

⇢

⇢DM

mDM

3m2
a

4m2
e

g2aee
e2

�1(ma) . (10)

The expected 90% CL reach for pseudoscalar DM is
shown in Fig. 3, for germanium and silicon targets with
1 kg-year exposure. Here we consider only the reach from

SEMI- AND SUPER-CONDUCTORS
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POLAR MATERIALS

▸ Optical phonons — what are 
they? 

▸ Optical phonons arise in 
materials with more than 
one type of atom 

▸ Atoms oscillate in anti-phase 

▸ Out of phase oscillations 
give rise to an oscillating 
dipole moment; dipole 
moment couples strongly to 
photon
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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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FIG. 5. Reach for dark photon mediated scattering in GaAs and sapphire, assuming one kg-year exposure. For
sapphire, we indicate the sensitivity if one requires a 2� observation of the daily modulation (see Sec. III C). For
GaAs, we also show the result using the analytic approximations in [34] (dashed line), which is nearly identical
to the full numerical result. GaAs can also be operated as scintillator for dark matter masses above 1 MeV [57],
as indicated by the dashed purple lines. Existing constraints and other proposed experiments are described
further in the text.

we express the result in terms of

�̄e =

4e02↵µ2
Xe

(↵me)
4

. (26)

which corresponds to the typical cross section of dark matter with a bound electron, e.g. in a
semiconductor-based experiment. µXe is the DM-electron reduced mass, ↵ is the fine-structure
constant and me is the electron mass. The result is shown in Fig. 5 for both GaAs and sapphire. For
GaAs, we compare the isotropic limit with the numerical result including phonon eigenmodes and find
excellent agreement. Also shown are existing stellar cooling [58], BBN [59] and Xenon10 [60] con-
straints, as well as the projected reach of other experimental proposals [12, 26, 28, 50]. Interestingly,
we find that as little as a gram-month exposure would suffice to reach the freeze-in benchmark. In
the sub-MeV range, an experiment based on a Dirac material [28] is currently the only other proposal
which could compete with polar materials. Given that Dirac materials have not yet been fabricated
in the quantities needed for a dark matter detector, we expect that the polar material concept could
be realized on a substantially shorter timescale. Also shown in Fig. 5 (dashed blue) is the expected
sensitivity for sapphire if one requires a daily modulation signal at 2�. We elaborate on the daily
modulation in the next section.
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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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DIRAC MATERIALS

▸ Exotic electronic structure 
allows one to do other cool 
things 

▸ Materials can be “quantum 
engineered” 

▸ Correlation between 
electrons gives rise to a 
unique band structure 

▸ Hamiltoanian looks like 
free QED near Dirac point

Weyl semimetals = “3D Graphene”

• Smaller Fermi velocity = more phase space 
• Bulk material = more exposure 
• Topological confinement of current  

(“Fermi arcs” and Landau levels) 

Advantages over graphene:

8

FIG. 6. Fermi velocity of various classes of Dirac materials. Com-
puted Fermi velocity at the Dirac cone (averaged over the two in-
tersecting linear-dispersion) of the four Weyl orbital semimetals pre-
dicted here are compared with various other experimentally verified
Dirac materials. All SOC induced Dirac fermions in heavy-elements
have Fermi velocity almost an order of magnitude lower than that of
the Weyl orbital semimetals, and graphene. The horizontal coordi-
nate gives the average atomic number (Z̄) of the elements contribut-
ing to the Dirac cone. Gray and yellow shadings separate the two
families of Dirac materials without and with SOC, respectively. The
Fermi velocity data are taken for the surface states of the 2D topo-
logical insulator HgTe/CdTe from Ref. [38], for the 3D topological
insulator Bi

2

Se
3

from [39], and for the topological crystalline insu-
lators (Pb,Sn)Te from Ref. 40 and 41, �-Ag

2

Te from Ref. 42. The
Fermi velocity at the 3D Dirac cone of the Weyl semiletals Cd

3

As
2

is taken from Ref. 14 and 15, and for Na
3

Bi from Ref. 17 and 18.
The data for the non-SOC induced Dirac cone in graphene is taken
from Ref. 1. The inset figure schematically shows the possibility of
obtaining orbitally polarized electronic current with an anisotropic
phase difference, �

k

, protecting their quantized currents.

Appendix A: Parameter sets for Fig. 2

We use Dirac matrices of the form �

1,2,3

= �
1

⌦�
1,2,3

, and
�

4

= I ⌦ �
3

, where �
i

are the Pauli matrices and I is 2⇥2
unity matrix.

For the demonstration of the emergence of Dirac or Weyl
ferminons, we take a simple and minimal set of parameters for
tn, µn, and tnm: tn=1,2

j

= ±150 meV, and tn 6=m

jl

= 150 meV
is taken to be same for all orbitals n, m and along any di-
rections j, l. The chemical potential can be chosen in a way
that ⇠�k banishes at the � point (µn

= �6tn) or at any other
discrete momenta (µn

= �6tn± �, where � is a tunable num-
ber). In Fig. 1 of main text, we take µ1,2

= ⌥0.9 eV for
the Dirac point at the �, and µ1,2

= ⌥0.7 eV otherwise. All
tight-binding parameters are kept same for all plots in Fig. 1.

We explicitly write down the combinations of ⇠
a,b,c

chosen
in Fig. 1 of the main text. In the following cases, we assume
Dirac or Weyl cones are present in the k

j

and k
l

plane, and k
n

is the perpendicular axis. For Fig. 1E, the d-vectors are taken
to be d

j

= �i⇠
a

(k
j

), where j = 1, 2, 3 corresponding to k
j

,
k
l

and k
n

direction, or their various combinations. The choice
of d-vector components are

For Fig. 1(f) : d
1

+ id
2

=

1

2

⇠
b

(k
j

, k
l

), d
3

=

1

2

⇠
c

(k
j

, k
l

),

or d
3

= �i⇠
a

(k
n

), or d
3

= � i

2

[⇠
b

(k
j

, k
l

) + ⇠
b

(k
n

, k
l

)] .

For Fig. 1(g) : d
1

+ id
2

= ⇠
a

(k
l

), d
3

=

1

2

⇠
c

(k
j

, k
n

).

For Fig. 1(h) : d
1

+ id
2

= ⇠
a

(k
n

), d
3

=

1

2

⇠
c

(k
j

, k
l

),

or d
1

+ id
2

=

i

2

⇠
c

(k
j

, k
l

), d
3

= �i⇠
a

(k
n

). (A1)

The above three cases give Weyl cones along the zone axis.
We also provide two other cases, where Weyl cones appear
along other directions when a point-group symmetry is bro-
ken. In these cases, both inter-basis hoppings between 1 to 3
and 2, 3 are taken to have same sign, violating the symmetry
associated with the �

3

term. Such Weyl cones are probably
not as stable as others.

For Fig. 1(i) : d
1

+ id
2

= [⇠
a

(k
n

) + i⇠
a

(k
j

)] ,

d
3

= ±i⇠
a

(k
l

).

For Fig. 1(j) : d
1

+ id
2

= � i

2

⇠
c

(k
j

, k
l

),

d
3

= ±i [⇠
a

(k
j

)� ⇠
a

(k
l

)] . (A2)

Appendix B: Cohesive energy calculation

Cohesive energy of a composition, M=A
x

B
y

C
z

, is defined
as

E
coh

= E
M

� xE
A

� yE
B

� zE
C

. (B1)

E
M

is the total energy of the primitive cell of bulk M, while
E
A

and E
B

and E
C

are the total energy per atoms of A, B, and
C species, respectively, in their bulk form. x, y, and z are the
numbers of A, B and C atoms, respectively, assembled in the
primitive cell of M. In case of a binary material M=A

x

B
y

the
last term in Eq (B1) is omitted. Cohesive energy of considered
materials are listed in supplementary Table SII.

[1] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov,
A. K. Geim, The electronic properties of graphene,, Rev. Mod.

Phys. 81, 109 (2009).
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FIG. 4. (a) The calculated band structure of Na3Bi is shown for the P 3̄c1 space group. Results are very similar for the
P63cm structure. (b) The Brillouin zone for the crystal structure in (a) is depicted with Dirac nodes marked by the two red
points along ��A. (c,d) The projected orbital-characters of the bands are shown for s, p

y

, p
z

, and p
x

orbitals along the ��A
momentum direction as well as through the Dirac node parallel to the ��M direction, denoted by �̄� M̄ . Bands are plotted
as blue lines, overlayed by dotted red lines with thickness proportional to the weight of the orbital character. The orbital
character of the bands along the �̄ � K̄ direction is very similar to that along �̄ � M̄ . Panel (c) shows the lack of s-orbital
character of the Dirac cone heavy Bi-like band as well as the lighter Na-like band in the vicinity �, which causes the optical
transition matrix elements associated with the Lifshitz gap region to be suppressed. (e-f) Fermi velocities of the two Dirac
bands are plotted along ��A and �̄� M̄ for the P 3̄c1 space group; velocities for the P63cm structure are identical. Velocity
plots along �̄� K̄ and �̄� M̄ are similar.

The reflectance over this entire spectral region continu-
ally decreases with temperature, but precipitously drops
in the temperature range between 125K and 150K.

As mentioned previously, three crystal structures con-
sidered in this study have nearly the same ground state
energy to within a few meV.38 This suggests that a phase
change may occur as a function of temperature. How-
ever, the IR active phonons shows no anomalous behav-
ior. Also, band structure calculations were performed for
the three candidate crystal symmetries in which the lat-
tice spacing was varied to simulate temperature changes.
No discernable changes in the electronic structure or or-
bital characters were identified that correlated to the ob-
served behavior.

Thermal occupation e↵ects of a band with a large den-
sity of states within ⇡150K/2 ⇠ 20 meV of the chemical
potential provides a plausible explanation of the observed
behavior. At these high temperatures, the chemical po-
tential is expected to be near the Dirac point. Based
on the band structure calculations in Figs. 4(a-d), the
only conduction band that is in the vicinity of 20 meV of

the Dirac node is the Dirac cone conduction band saddle
point, which has only p-orbital character.

A candidate valence band with s-orbital character ex-
ists at the �-point, but lies ⇠ 750 meV below the Dirac
node as shown in Fig. 4(c). Band structure calculations
show that the energy of this band is very sensitive to
the spin-orbit coupling strength. Decreasing the spin-
orbit coupling by a factor of two does not significantly
alter the Dirac cone bands, but pushes the s-band up
in energy by about a factor of two. The optical results
together with band structure calculations may therefore
provide a sensitive method to determine the spin-orbit
coupling strength.

In this picture, transitions at low temperature between
this s-character valence band and the p-character Dirac
cone conduction band give rise to allowable transitions
in the vicinity of the �-point with a large joint density
of states, provided that E

F

< ECB

LS

. As the tempera-
ture is raised and the chemical potential lowers toward
the Dirac point, these transitions remain active until the
thermal broadening is large enough that a copious num-
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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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DIRAC MATERIALS

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

▸ Optical response behaves 
exactly as charge 
renormalization in QED
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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 v

F

` ·� � i�

v
F

` ·� + i� 0

!
, E±

` = ±
q

v2
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 v
F

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

2Real 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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the optical response of the medium through the complex permittivity ✏
r

by

⇧
L

= q2(1 � ✏
r

) and ⇧
T

= !2(1 � ✏
r

) . (2.4)

In the regime |q2| ⇠ q2 � !2, which is relevant for DM scattering, ⇧
L

dominates over ⇧
T

.

Conversely, in the case of DM absorption where q2 ⇠ !2 � q2, ⇧
L

' ⇧
T

.

For Dirac materials with a band gap, it is simplest to determine the complex permittivity ✏
r

by

borrowing the expression for the one-loop polarization function in massive QED in 3+1 dimensions

(see e.g., Ref. [74]). In doing so, we substitute c ! v
F

and ↵
EM

! e↵, where v
F

is the Fermi velocity

and e↵ is the e↵ective fine-structure constant in the medium:

e↵ = ↵
EM

⇥ g

v
F

, (2.5)

with  the background dielectric constant, ↵
EM

= e2/4⇡, and g = g
s

g
C

is the product of spin and

Dirac cone degeneracy [75]. In the MS scheme, to leading order in e↵, the complex permittivity (at

zero temperature and doping) is therefore given by:

(✏
r

)
Dirac

= 1+
e2g

4⇡2v
F

Z
1

0

dx

⇢
x(1 � x) ln

����
(2v

F

⇤)2

�2 � x(1 � x)(!2 � v2
F

q2)

����

�

+ i
e2g

24⇡v
F

s

1 � 4�2

!2 � v2
F

q2

✓
1 +

2�2

!2 � v2
F

q2

◆
⇥(!2 � v2

F

q2 � 4�2) , (2.6)

where ⇤ is a UV cuto↵, defined as the momentum distance from the Dirac point at which the

dispersion relation deviates from linear.5 The spin degeneracy in Dirac materials is g
s

= 2;

taking g
C

= 1 (hence g = 2) corresponds to a single massive Dirac fermion in QED. The complex

permittivity of isotropic semimetals can be recovered from Eq. (2.6) by taking � ! 0 and redefining

⇤ ! exp(�5/6)⇤ to absorb the finite q-independent piece. This yields the familiar formula [75–81]:

(✏
r

)
semimetal

= 1 � e2g

24⇡2v
F

1

q2

⇢
�q2ln

����
4⇤2

!2/v2
F

� q2

���� � i⇡q2⇥(! � v
F

|q|)
�

, (2.7)

which can also be derived directly from the Lindhard formula, as demonstrated in Appendix A.

5Here we are e↵ectively setting the renormalization scale µ̃ at the cuto↵, µ̃ = 2v
F

⇤, which is perhaps unusual from
a high-energy physics perspective. The unphysical parameter µ̃ can be removed from physical quantities by matching
to a measurement of the electric charge e. In QED, one typically thinks of the electric charge as being defined by
a t-channel scattering process, e.g. e� + e� ! e� + e�. However, the inter-band transition in a Dirac material is
analogous to pair production, which is an s-channel process. DM scattering in Dirac materials can be described by
� +N ! � +N + � followed by � ! e� + h+, where the lattice N provides the necessary recoil for the creation of
an electron-hole pair. Therefore, we use the vertical transition rate with (!,q) = (2v

F

⇤, 0) to measure the charge.
At the cuto↵ ⇤, deep inside the band structure and far from the Dirac point, we assume that the electrons behave as
in an ordinary insulator and that the e↵ective charge is e2

0

⌘ e2(eµ) = 4⇡↵
EM

/.
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DIRAC MATERIALS

▸ Coupling of dark photon to 
electrons depends on the 
size of the optical response 

▸ Meaning: weaker optical 
response is stronger 
sensitivity to dark photon

1708.08929basis 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 Jµ

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
q2

q2 � ⇧
T,L

Ã0T,L
µ

Jµ

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
q

2

(|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

Gµ⌫

med

(q) =
Pµ⌫

T

⇧
T

� q2
+

Pµ⌫

L

⇧
L

� q2
, (2.3)

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

= q2(1 � ✏
r

) and ⇧
T

= !2(1 � ✏
r

) . (2.4)
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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 v

F

= 2 ⇥ 10�4,  = 40, g = 1, ⇤ = 1 keV,
n
e

= 5⇥ 1024/kg, and V
uc

= 60 Å3. The curve labeled “ZrTe
5

” 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
�

⇠ "2g2
D

/m
e

if m
�

< m
e

. 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 ✏g
D

, fixing �̂
e

for a given m
�

. For example, at m
�

= 50 keV,

✏g
D

' 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.]



LOOKING BEYOND BILLIARD BALLS

▸ Experimental Panorama
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EXPERIMENTAL PROGRESS

▸ These experiments are becoming funded (and new call 
from DoE for small projects expected early next year)

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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THE CHALLENGE

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

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

▸ Target diversity essential.  graphene, superconductors, 
semiconductors, helium, polar crystals, Dirac or Weyl 
materials …. 

▸ Leverage progress in materials and condensed matter 
physics 

▸ 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?


