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Mass scale of dark matter?

Local dark matter density:

⇢� ⇡ 0.4 GeV

cm3
⌦ch

2 = 0.1199± 0.0027

Average dark matter density:



Mass scale of dark matter?
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WIMP

1 GeV  1 TeV1 eV

Nuclear recoil in 
direct detection 

experiments

Bosonic dark matter

Low-threshold 
(superconducting) 

detectors! 
[Today: meV to 10 eV]
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Ultralight bosonic dark matter

• Candidates:
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�dB ⇠ 2⇡

mDMv v ⇠ 10�3

Occupation number is high:
⇢DM

mDM
� ��3

dB

Local DM density: 0.4 GeV/cm3

• Coherent field below m ~ eV

* Hidden photon 
* Pseudoscalar (axion) 
* Scalar

⇢DM =
1

2
m2

DM�2
0 — field amplitude today�0

• Relic abundance through ``misalignment”   V (�)



Outline
!

• Direct detection of light dark matter 

• Detection with superconducting targets 

• Absorption of light bosonic dark matter
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Direct detection of WIMPs in the halo

• Energy deposited from  
WIMP in nuclear recoil:
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FIG. 2. Observed events in the 2013 LUX exposure of 95 live
days and 145 kg fiducial mass. Points at <18 cm radius are
black; those at 18–20 cm are gray. Distributions of uniform-
in-energy electron recoils (blue) and an example 50 GeV c�2

WIMP signal (red) are indicated by 50th (solid), 10th, and
90th (dashed) percentiles of S2 at given S1. Gray lines, with
ER scale of keVee at top and Lindhard-model NR scale of
keVnr at bottom, are contours of the linear combined S1-
and-S2 energy estimator [19].

by 210Po plated on the wall. The leakage of wall events
towards smaller r depends strongly, via position reso-
lution, on S2 size. The wall population in the fiducial
volume thus appears close to the S2 threshold, largely
below the signal population in S2 at given S1. It is mod-
eled empirically using high-r and low-S2 sidebands in the
search data [33].

Systematic uncertainties in background rates are
treated via nuisance parameters in the likelihood: their
constraints are listed with other fit parameters in Table I.
S1, S2, z and r are each useful discriminants against back-
grounds and cross sections are tested via the likelihood
of the search events in these four observables.

Search data were acquired between April 24th and
September 1st, 2013. Two classes of cuts based on pre-
vailing detector conditions assure well-measured events in
both low-energy calibration and WIMP-search samples.
Firstly, data taken during excursions in macroscopic de-
tector properties, such as xenon circulation outages or
instability of applied high voltage, are removed, consti-
tuting 0.8% of gross livetime. Secondly, an upper thresh-
old is imposed on summed pulse area during the event
window but outside S1 and S2. It removes triggers dur-
ing the aftermath of photoionization and delayed elec-
tron emission following large S2s. The threshold is set
for >99% tritium acceptance and removes 1% of gross
livetime [34]. We report on 95.0 live days. Fig. 2 shows
the measured light and charge of the 591 surviving events
in the fiducial volume.

A double-sided, profile-likelihood-ratio (PLR) statis-
tic [41] is employed to test signal hypotheses. For each
WIMP mass we scan over cross section to construct a
90% confidence interval, with test statistic distributions
evaluated by MC using the RooStats package [42]. At all
masses, the maximum-likelihood value of �n is found to

be zero. The background-only model gives a good fit to
the data, with KS test p-values of 0.05, 0.07, 0.34, and
0.64 for the projected distributions in S1, S2, r, and z

respectively. Upper limits on cross section are shown in
Fig. 3. The raw PLR result lies between one and two
Gaussian � below the expected limit from background
trials. We apply a power constraint [43] at the median
so as not to exclude cross sections for which sensitiv-
ity is low through chance background fluctuation. We
include systematic uncertainties in the nuclear recoil re-
sponse in the PLR, which has a modest e↵ect on the limit
with respect to assuming the best-fit model exactly: less
than 20% at all masses. Limits calculated with the alter-
nate, Bezrukov parametrization would be 0.43, 0.95, and
1.26 times the reported ones at 4, 33, and 1000 GeV c

�2,
respectively. Uncertainties in the assumed dark matter
halo are beyond the scope of this letter but are reviewed
in, e.g., [44].

In conclusion, we have improved the WIMP sensitivity
of the 2013 LUX search data, excluding new parameter
space. The lowered analysis thresholds and signal model
energy cut-o↵, added exposure, and improved resolution
of light and charge over the first LUX result yield a 23%
reduction in cross-section limit at high WIMP masses.
Reach is significantly extended at low mass where the
cut-o↵ has most e↵ect on the predicted event rate: the
minimum kinematically-accessible mass is reduced from
5.2 to 3.3 GeV c

�2. These techniques further enhance
the prospects for discovery in the ongoing 300-day LUX
search and the future LUX-ZEPLIN [45] experiment.
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% CL. Observed limit in black,
with the 1- and 2-� ranges of background-only trials shaded
green and yellow. Also shown are limits from the first LUX
analysis [6] (gray), SuperCDMS [35] (green), CDMSlite [36]
(light blue), XENON100 [37] (red), DarkSide-50 [38] (orange),
and PandaX [39] (purple). The expected spectrum of coherent
neutrino-nucleus scattering by 8B solar neutrinos can be fit
by a WIMP model as in [40], plotted here as a black dot.
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Direct detection of light dark matter

• Below ~ 1 GeV, inefficient energy transfer to nuclei 

!

• Nuclear recoils below ~1 keV difficult to observe.
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Figure 3. The scattering of a DM particle with a bound electron. The DM transfers momentum ~q to the target, exciting it
from the ground state X to an excited state X⇤, which can be either a higher-energy bound state or an ionized state.

relation between recoil energy and momentum transfer given in Eq. (3.1). The energy transferred to
the electron, �E

e

, can still be related to the momentum lost by the DM, ~q, via energy conservation:

�E
e

= ��E
�

��E
N

= � |m
�

~v � ~q|2
2m

�

+

1

2

m
�

v2 � q2

2m
N

= ~q · ~v � q2

2µ�N

. (3.2)

Here the �E
N

term accounts for the fact that the whole atom also recoils. In practice this term is
small, which also allows us to replace µ

�N

with m
�

. We thus define

E
e

⌘ �E
e

= ��E
�

(3.3)

as the energy transferred to the electron.2 Since an arbitrary-size momentum transfer is now possible,
the largest allowed energy transfer is found by maximizing �E

e

with respect to ~q, giving

�E
e

 1

2

µ�Nv
2 ' 1

2

eV ⇥
⇣ m

�

MeV

⌘
. (3.4)

This shows that all the kinetic energy in the DM-atom collision is (in principle) available to excite the
electron. For a semiconductor with an O(eV) bandgap, ionization can be caused by DM as light as
O(MeV).

What is the likelihood of actually obtaining a large enough q to excite the electron? This brings
us to the second major difference compared to DM-nuclear scattering: the electron is both the lightest
and fastest particle in the problem. The typical velocity of a bound electron is v

e

⇠ Z
e↵

↵, where
Z
e↵

is 1 for outer shell electrons and larger for inner shells. This is much greater than the typical DM
velocity of v ⇠ 10

�3. The typical size of the momentum transfer is therefore set by the electron’s
momentum,

q
typ

' µ
�e

v
rel

' m
e

v
e

⇠ Z
e↵

↵m
e

' Z
e↵

⇥ 4 keV . (3.5)

Returning to Eq. (3.2), the first term on the right dominates as long as m
�

is well above the bound
in Eq. (3.4). This gives a simple formula for the minimum momentum transfer required to obtain an
energy �E

e

:

q & �E
e

v
⇠ �E

e

4Z
e↵

eV
⇥ q

typ

. (3.6)

2We emphasize that Ee is the energy transferred to the electron, not its kinetic energy. Some of this energy goes
to overcoming the binding energy. As we will discuss further in §5, in semiconductors the remaining energy is rapidly
redistributed by secondary scattering processes, which can produce further electron-hole pairs.

– 10 –

• Electron scattering is more efficient, can be 
observed to lower thresholds.

Ee ⇠ µ�ev
2 ⇠ eV

⇣ m�

MeV

⌘

(But may be possible in superfluid helium!)



Electron scattering
• Electron interactions already constrained with 

Xenon10, via DM ionization signal —  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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

  [Essig, Volansky et al. 2012]

Eth ⇠ 14 eV



Going lower
• Semiconductor targets  

have even smaller gap, ~ eV  
 
— Ge, Si with SuperCDMS  
— Si with DAMIC 

• Access to ~ MeV mass for 
DM-electron scattering
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CDMSlite/SuperCDMS

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 –

[Essig, Volansky et al. 2015] 



Superconducting targets
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Band gaps

11

~ 10 eV}} ~eV

Gapless. 
But excitations 

in metals rapidly 
thermalize!



Phonons
• Quantized lattice vibrations 

• Electron-phonon interaction  
→ thermalization, resistivity. 

• (Later) also essential for 
absorption of very light DM  

• Attractive force leading to 
superconducting phase
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Cooper pairing

• Weak attractive force due to phonons:
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BCS superconductors
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Advances in Condensed Matter Physics 5
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Figure 3:The density of electronic states in the close vicinity of the Fermi energy !!. (a) For a normal metal, the density of states is basically
constant.The dark colored area indicates the occupied states according to the Fermi-Dirac statistic at finite temperature. (b) In the case of a
superconductor, an energy gap opens around !!; it grows continuously as the temperature is reduced below "". The dotted arrow indicates
possible excitations of the occupied states above the gap [first term in (1)], leading to a quasiparticle peak at# = 0. For the electronic excitations
shown by the solid arrow, a minimum energy of 2Δ is required; their contribution is captured by the second term in (1).The dark shaded area
up to |Δ(") + ℏ#| indicates states that can contribute to the conductivity by absorption of photons of arbitrary energy ℏ#. (c)The full size of
the superconducting energy gap is given by 2Δ 0 for " = 0. No quasiparticle peak is present, leading to absorption only above ## = 2Δ/ℏ.The
states removed from the gap area are pilled up below and above the gap, leading to a !/√!2 − Δ20 divergency.
factor relevant for these excitations.The so-called coherence
factor ((Ek,Ek!) describes the scattering of a quasiparticle
from a state k with energyEk to a state k$ = k+qwith energy
Ek! = Ek + ℏ# upon absorption of a photon with energy ℏ#
and momentum q. If summed over all k values, it reads [41–
43, 46] ( (Δ,E,E$) = 12 (1 + Δ2EE$) . (5)

Only for energies below the gap 2Δ, this factor is appreciable:( ≈ 1 for ℏ# ≪ 2Δ. For ℏ# ≥ 2Δ, the coherence
factors are reversed, and ( vanishes in the present case. For
large energies, the coherence effects become negligible since
E,E$ ≫ 2Δ and ( ≈ 1/2. Hence the coherence peak is
seen as a maximum in 11(") in the low-frequency limit;

it becomes smaller with increasing frequency and shifts to
higher temperatures.The height of the peak has the following
frequency dependence:

(111%)max
∼ log {2Δ (0)ℏ# } . (6)

The peak disappears completely for ℏ# ≥ Δ/2 (well below2Δ). At " = 0 and # < 2Δ/ℏ the complex part of the
conductivity12/1% describes the response of the Cooper pairs
and is related to the gap parameter through the expression12 (")1% ≈ 7Δ (")ℏ# tanh{Δ (")29&"} ≈ lim'→ 07Δ (0)ℏ# . (7)
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SuperconductorMetal

� =
3

2
Tc ⇡ 0.3meV in aluminum

Because of gap, excitations (broken Cooper 
pairs) take a long time to recombine



Why superconductors?
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• Small band gap (< meV) 

• Long-lived electron (quasiparticle) excitations 

• Cooper pairs decoupled from thermal noise  

• Large electron velocity (vF ~ 10-2) in metal can help 
to extract DM kinetic energy



Detection schematic
• Energy deposited from DM 

• Excitations propagate and 
scatter with long lifetime 

• Small collection fins for 
excitations 

• Measurement by sensitive 
bolometer (TES)

16

Superconducting Substrate (Al)

Insulating layer

 TES and QP collection antennas (W) 

SuperConducting Bias Rails (Al)

Superconducting Substrate (Ta)

Insulating layer

 TES and QP collection antennas (W) 

Athermal Phonon Collection Fins (Al)

Figure 1. Schematic designs for superconducting detectors that are sensitive to DM-electron scattering.
Left: Quasiparticles produced by a recoiling e� in a large aluminum arbsorber are collected by tungsten
quasiparticle collection fins and then their energy is sensed by a TES.Right: Athermal phonons produced
by a recoil e� in a large tantalum absorber are collected by aluminum collection fins and then their energy
is sensed by a TES.

athermal phonons and quasiparticles have very long lifetimes, and as such can potentially be

collected before they thermalize. Thus in the systems we consider, detection of DM operates via

the breaking of Cooper pairs in a superconducting target. We consider this idea in more detail

next.

2.2 Detector design with milli-eV sensitivity

Our detector concept is based on collecting and concentrating long lived athermal excitations

from DM interactions in a superconducting target absorber onto a small volume (and thus highly

sensitive) sensor. The collection and concentration of long lived excitations is a general concept

that has been a core principle of detector physics, from ionization in semiconductor CCDs to

athermal phonon collection in CDMS. Here we propose that this general detection philosophy be

applied in large volume (very pure, single crystal) superconductors to search for DM with mass

as low as the warm DM limit of a keV using standard superconducting sensor technology that

has been pushed to its ultimate theoretical sensitivity. A schematic of two proposed detector

concepts for light dark matter, that we describe in greater detail through the remainder of this

section, is shown in Fig. 1.

Detection of dark matter in such detectors is comprised of a three part process:

• Dark Matter Scattering on Target Absorber and Subsequent Excitation Production. A DM

particle scatters o↵ an e� in the target metal or superconducting absorber. In subse-

quent interactions, the recoil energy is converted into long lived athermal phonons and

quasiparticles.

• Collection of Excitations. The resulting excitations must be collected and concentrated

onto a small volume (and thus very sensitive) sensor; this is typically done via ‘collection

– 6 –

Hochberg, Pyle, Zhao, and Zurek 2015

[Must improve substantially on current 
energy resolution~50-100 meV!]

T = 10mK

5 mm
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FIG. 2: Left: Upper bounds on direct detection cross section for light dark matter scattering o↵ electrons, for very light
mediators. Constraints arise from stellar cooling processes [20, 21], bullet-cluster and halo shapes [22–26], as well as kinetic
decoupling during recombination epoch [28]. Right: Direct detection cross section between light dark matter and electrons,
for several benchmarks of heavy mediators. These are A: m� = 1 MeV, ge = 10�5e, ↵X = 0.1; B: m� = 10 MeV, ge = 10�5e,
↵X = 0.1; and C: m� = 100 MeV, ge = 10�4e, ↵ = 0.1. These depicted parameters obey all terrestrial and astrophysical
constraints, though sub-MeV DM interacting with SM through a massive mediator may be strongly constrained by BBN; see
text for details. The Xenon10 electron-ionization data bounds [34] are plotted in thin dashed gray. In both panels, the black
solid (dashed) curve depicts the sensitivity reach of the proposed superconducting detectors, for a detector sensitivity to recoil
energies between 1 meV�1 eV (10 meV�10 eV), with a kg·year of exposure. For comparison, the gray dot-dashed curve depicts
the expected sensitivity utilizing electron ionization in a germanium target as obtained in Ref. [10].

kink in the colored curves as mX increases arises when
the stellar constraints evolve from cooling dominated by
direct emission of � to the Higgstrahlung process (fac-
toring in self-interaction constraints on ↵X at each mX).
For mediator masses between an eV and ⇠ 10 keV, di-
rect detection cross sections are low on account of stellar
emission constraints. These constraints are released as
the mediators become more massive than the tempera-
ture of the star; supernova constraints instead become
relevant, though trapping removes them for su�ciently
large couplings.

Moving to heavy mediators, we focus on m� ⇠> MeV.
A plethora of constraints exists in the literature for this
mass range, see e.g. [29–32] in the context of kinetically
mixed hidden photons. In the right panel of Fig. 2, we
select several benchmark points, labeled A-C, that sur-
vive all terrestrial (e.g. beam dump) and stellar cooling
constraints, and plot the resulting direct detection cross
section of Eq. (3), �̃heavy

DD

. Large couplings to electrons
ge ⇠> 10�6 are possible despite stellar constraints due
to trapping e↵ects, and beam dump constraints may be
evaded by decaying to additional particles in the dark
sector. These statements hold regardless of the vec-
tor/scalar nature of the heavy mediator. However, for
values of ↵X and ge as large as these benchmark points,
DM and/or the mediator will be brought into thermal
equilibrium with the SM plasma. The chief constraint on
these models is thus BBN and Planck limits on the num-
ber of relativistic species in equilibrium (see e.g. [33]).

The Planck constraints can be evaded; for instance cou-
pling to �/e through the time that the DM becomes
non-relativistic will act to reduce the e↵ective number
of neutrinos at CMB epoch. On the other hand, dur-
ing BBN, the helium fraction constrains the Hubble pa-
rameter, which is sensitive to all thermalized degrees of
freedom. DM must then be either a real scalar or heav-
ier than a few hundred keV in such simple models [33].
It follows that part of the depicted curves of benchmarks
A-C in the low-mass region may not be viable; a detailed
study of the viable parameter space is underway [18]. For
completeness, we show the Xenon10 electron-ionization
bounds [34] in the thin gray dashed curve. (The Xenon10
bounds on light mediators are not depicted in the left
panel of Fig. 2 as they are orders of magnitude weaker
than the parameter space shown.)
For comparison, we show the expected sensitivity using

electron-ionization techniques with a germanium target
as obtained in Ref. [10], translating their result into �̃

DD

of Eq. (3). These results are depicted by the dot-dashed
gray curves in Fig. 2 for both the light (left panel) and
heavy (right panel) mediator cases. For heavy media-
tors and mX larger than a few hundred keV, our de-
tection method is less sensitive than the projected one
using germanium, while for lighter mX , where electron
ionization methods lose sensitivity, the superconducting
devices win. (Indeed, this comparison between the de-
tection methods is our main aim in presenting the right
panel of Fig. 2.) In contrast, light mediators highlight the

Potentially reach  
“warm dark matter” 

limit of keV
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Absorption
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Photoelectric effect:

absorb all of the mass-energy of 
incoming dark matter, excite electrons 

X



Absorption kinematics
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(~ki + ~q)2

2me
=

~k2i
2me

+ !

Non-relativistic electron absorbing particle with energy ω≅m: 

Typical ki ~ kF = 3.5 keV in aluminum

The required momentum transfer to the electron is: 

|~q| ⇠ !
me

|~ki|
⇠ !

vF
⇠ 100 !

Not possible for cold dark matter, with q ~ 10-3ω



Phonon emission
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X �

e e

q Q

k k0

X �

e e

q Q

k k0

The electron must recoil against the lattice:

Debye model for phonons:

Energy: ⌦ = cs| ~Q|

The phonon can carry large momentum, with small energy.

Speed of sound in aluminum

cs ' 6320 m/s ⇠ 2⇥ 10�5

Maximum value for |Q|, 
set by the lattice spacing

⌦
max

= !D ⇡ 0.036 eV



Absorption rate
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R =
1

⇢

⇢X
mX

hne�absvreli

Rate per unit time per unit mass of the detector:

mono-energetic  
signal

4 1. Introduction
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Figure 1.1: (a), Schematic of pair-breaking in a superconductor. A photon with an energy

hf > 2� breaks a Cooper pair and excites two additional quasiparticles. (b), Simplified circuit

diagram of a microwave resonator, which is capacitively coupled to a readout line. The change

in the number of quasiparticles and Cooper pairs induces a change in the kinetic inductance

and resistance of the resonator. (c), The microwave transmission as a function of frequency in

an aluminium microwave resonator. Upon absorption of pair-breaking radiation, the resonant

frequency shifts (inductance) and the depth of the resonance dip decreases (resistance). The

legend gives the applied radiation power at 1.54 THz.

temperatures. In the field of circuit quantum electrodynamics, superconducting qubits

are used as the building blocks of a quantum computer. Not only the building blocks,

but also the embedding circuitry is superconductor based [11]. Quasiparticle excitations

are detrimental to the coherence time of the qubit state and need to be eliminated to

preserve the qubit state long enough to perform useful computations. Other devices

based on low temperature superconductors su↵er from excess quasiparticles as well,

such as single-electron transistors [12]. For solid-state refrigeration based on supercon-

ducting junctions, excess quasiparticles could deteriorate the cooling power and limit

the temperature to which a superconducting system can be cooled down [13].

1.2 Detection of radiation with superconducting res-

onators

The number of quasiparticle excitations can be measured in several ways. An estab-

lished method is by measuring the current arising from photo-excited quasiparticles

through a tunnel barrier (STJ) [14]. These detectors have to be tuned individually,

which is an important drawback for use in large arrays. The number of quasiparticles

can also be measured by monitoring the charge of a Cooper pair box, coupled to an

absorber by tunnel-junctions, the quantum capacitance detector (QCD) [15]. QCDs

can potentially be used in large arrays, because they can be embedded in microwave

resonators and they have recently proven high sensitivity [16].

At energies 
far above the 

gap Δ, the  
conductivity 
is just that of 

a metal:

[Mattis-Bardeen theory]

Using (17), we see that g(−k′,−k) = −g(k,k′) and this becomes

W = 2π
∑

k,k′

g2(k,k′) [uk′vk − ukvk′ ]2 δ(Ek + Ek′ − !ω). (21)

Following the same approach as we used to calculate the tunnelling rate, this can be written (when expressed
as the ratio of the tunnelling rates in the superconducting and normal phases) as

Ws

Wn
=

σs

σn
=

1

!ω

∫ !ω−∆

∆

dE
E(!ω − E)−∆2

√
E2 −∆2

√

(!ω − E)2 −∆2
. (22)

Plotting the results of this integration in Fig. 3 reveals that there is no optical response at T = 0 below 2∆,
a feature seen in early experiments [1]. (See also Ref. [3] for more refined measurements).

0 1 2 3 4 5 6 7 8 9100

1

h!Ω"2Π#"2#

Σ
s"
Σ
n

Figure 3: BCS prediction for the ratio of the optical conductivities in the superconducting and normal states at
T = 0.

The absence of any spectral weight (in an s-wave superconductor) below twice the gap can understood
as a simple manifestation of the fact that a photon cannot excite any excitations if its energy is below twice
the gap (the factor of two derives from the fact that quasiparticles are always excited in pairs—see (18) for
instance.) Finally, combining the Drude result in Fig. 5 with this leads to the picture in Fig. 1. Namely, the
disappearance of spectral weight below 2∆ when the temperature is lowered below Tc and the appearance
of a Dirac delta function to make up the difference.
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* Compute rate near Fermi surface 
* Use photon absorption rate for larger energy



Photon Absorption

23

10�3 10�2 10�1 100 101

! [eV]

10�2

10�1

100

101

102

103

�
1

[e
V

]

Normal

Superconductor

Match onto low-temp data  
[Benbow & Lynch 1975]Drude theory with !(ω)

Ph
ot

on
 a

bs
or

pt
io

n 
ra

te

Energy We use this to get 
DM absorption rate.



Models

24



Hidden photon dark matter
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Pseudoscalar dark matter
• Coupling:  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Scalar dark matter
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�ēe

photon  
absorption



10�3 10�2 10�1 100 101

m� [eV]

105

106

107

108

109

1010

1011

d �
ee HB stars

Fifth
Force

Fifth
Force

�
!

�
�

Al superconductor

Scalar dark matter

1 kg-day

1 kg-yr

29
L � d�ee

p
4⇡

me

Mpl
�ēe
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Conclusions
• New ideas for direct detection of 

(ultra)light DM 

• Absorption of DM w/ meV to 10 eV mass 

• Proposed superconducting detectors 
competitive with 1 kg-day to 1 kg-year 

• Future work: semiconductor & other 
targets

30
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Figure 1.1: (a), Schematic of pair-breaking in a superconductor. A photon with an energy

hf > 2� breaks a Cooper pair and excites two additional quasiparticles. (b), Simplified circuit

diagram of a microwave resonator, which is capacitively coupled to a readout line. The change

in the number of quasiparticles and Cooper pairs induces a change in the kinetic inductance

and resistance of the resonator. (c), The microwave transmission as a function of frequency in

an aluminium microwave resonator. Upon absorption of pair-breaking radiation, the resonant

frequency shifts (inductance) and the depth of the resonance dip decreases (resistance). The

legend gives the applied radiation power at 1.54 THz.

temperatures. In the field of circuit quantum electrodynamics, superconducting qubits

are used as the building blocks of a quantum computer. Not only the building blocks,

but also the embedding circuitry is superconductor based [11]. Quasiparticle excitations

are detrimental to the coherence time of the qubit state and need to be eliminated to

preserve the qubit state long enough to perform useful computations. Other devices

based on low temperature superconductors su↵er from excess quasiparticles as well,

such as single-electron transistors [12]. For solid-state refrigeration based on supercon-

ducting junctions, excess quasiparticles could deteriorate the cooling power and limit

the temperature to which a superconducting system can be cooled down [13].

1.2 Detection of radiation with superconducting res-

onators

The number of quasiparticle excitations can be measured in several ways. An estab-

lished method is by measuring the current arising from photo-excited quasiparticles

through a tunnel barrier (STJ) [14]. These detectors have to be tuned individually,

which is an important drawback for use in large arrays. The number of quasiparticles

can also be measured by monitoring the charge of a Cooper pair box, coupled to an

absorber by tunnel-junctions, the quantum capacitance detector (QCD) [15]. QCDs

can potentially be used in large arrays, because they can be embedded in microwave

resonators and they have recently proven high sensitivity [16].
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