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Outline
1. Why light dark matter? 

2. Direct detection of light dark matter 

3. Low-threshold targets for M=meV-MeV 
 
a. absorption in semi/super-conductors  
b. scattering in liquid helium
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Dark matter puzzles

Solar neighborhood: ⇢� ⇡ 0.4 GeV

cm3

Standard Model

Some new particle physics is needed



Directions
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• Standard Model has other 
unresolved questions -  
use as a guide for dark matter. 

• Look more broadly for a dark sector. 
Generically, this would be as rich as 
the Standard Model.



WIMP dark matter
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SM

WIMP (Weakly Interacting Massive Particle)

Relic abundance of dark matter today set by  
weak-scale interactions in the early universe

M = 10 GeV - 10 TeV ?
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Mass scale of dark matter?
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WIMP

GeV     TeVeV10-22 eV

�

� SM

SM

= meV keV MeV

Nuclear recoil in 
direct detection

V (�)

Light bosonic DM

coherent light boson searches 
(e.g. ADMX, CASPEr)

Many recent 
theory ideas

Many proposals 
for detection

+



sub-GeV dark matter
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3 to 2 annihilation, SIMPs

DM

DMDM

DM

DM

Hochberg et al. 2014, 2015

sub-keV non-thermal

V (�)

e.g. Pospelov et al. 2008, Arias et al. 2012 

light mediators

�

� Z’

Z’

e.g. Fayet, Pospelov et al. 2007

asymmetric

e.g. Nussinov, Barr, Kaplan et al. 
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Light thermal 
Asymmetric 

SIMPs 
…

Mass scale of dark matter?
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WIMP

GeV     TeVeV10-22 eV

�

� SM

SM

= meV keV MeV

V (�)

Light bosonic DM

semiconductors
superconductors

helium

see also: graphene, scintillators,  
chemical bonds, …

Nuclear recoil in 
direct detection

coherent light boson searches 
(e.g. ADMX, CASPEr)



2. Direct detection of        
light dark matter
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Direct detection of WIMPs

Energy deposited from  
WIMP in nuclear recoil:
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E
recoil

�

target 
nuclei

�

ER ⇡ 1

2
µ�N v2

⇠ 1� 100 keV

Heat (phonons), 
ionization, scintillation 
from recoiling nucleus

ER ⇠
µ2
�Nv2

mN

v ⇠ 10�3Typical dark matter velocity

WIMP “wind”



Typical threshold in experiment:  > 1 keV recoil energy
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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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Detecting light dark matter

Look for electron recoils 
• Below ~ 1 GeV, inefficient energy transfer to nuclei. 
• Idea applied in: Xenon, semiconductors…
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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.
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Essig, Mardon, Volansky 2011 
Essig et al. 2012, Graham et al. 2012



Electron recoils
• Electron interactions already constrained with 

Xenon10 low-threshold analysis, search for 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 et al. 2012

Eth ⇠ 12 eV



Electron recoils
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~ 10 eV}} ~eV

~ meV gap in 
superconductor (Xe)Ge, SiAl

Electronic band structure



Gapless excitations

• Lattice vibrations in a solid 
 

• Density perturbations in a liquid
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Long wavelength acoustic 
phonons have linear dispersion: ⌦ = cs| ~Q|

speed of sound

cs ⇠ 10�5

cs ⇠ 10�6

in aluminum

in helium



Low-threshold targets
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Semiconductors Superconductors
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 –

• Eth ~ meV, electron+phonon 

• Reach keV DM (scattering)

• Eth ~ eV, electron+phonon 

• Reach MeV DM (scattering)  

• Used in DAMIC, 
SuperCDMS, …

Helium

4/29/16	 D.	McKinsey						CPAD	Workshop	

Concept	#3	

Signal	channels:		
	Phonons		
	Rotons	

	
	
Energies	down	to	~	few	meV	!!		
	
DiscriminaOon	using	roton/phonon	
signal	raOos	likely.	Electron	recoils,	
detector	effects,	nuclear	recoils	
likely	create	different	roton/
phonon	distribuOons.	
	
PosiOon	reconstrucOon	using	
signal	hit	pa/erns	
	
		

• Eth ~ meV, phonons 

• Reach keV DM (scattering) 



3a. Absorption of light bosonic dark matter
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with: 
Yonit Hochberg 

Kathryn Zurek 
1604.06800, 1608.01994

X



sub-keV bosonic dark matter

• Candidates:

18

�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

• Non-thermal relic abundance, e.g. ``misalignment” 
V (�)



Absorption

Absorption from halo 
• mono-energetic  
• doesn’t require 

coherent field

19

Solar emission 
• ~keV energies 
• ``axio-electric’’ effect

Photoelectric 
effect:

absorb all of the 
energy of incoming 

dark matter 

X

Dimopoulos, Starkman, Lynn 1986 
Pospelov, Ritz, Voloshin 2008



DM absorption in materials

• Atomic ionization 
• Ex: Xenon, ionization energy = 12 eV  

• Absorption on a crystal/solid 
• Rely on band structure 
• Phonon emission

20

X

k

E
conduction

valence

Relate the DM absorption rate to photon absorption rate: 

 
!

(photon absorption, 
conductivity σ)

hne�absviDM / hne�absvi� = �1

Typical electron in material has k ~ keV. 
Need momentum transfer q ~ 100 mX in absorption.



Conductivity
• Polarization tensor in medium:  

• Related to optical conductivity

21

⇧µ⌫ = e2hJµ†
EM, J⌫

EMi ⇧µ⌫(~q,!) = ⇧(!)
X

i=1,2

✏Tµ
i ✏T⇤⌫

i +⇧(!)✏Lµ✏L⌫

⇧(!) ⇡ �i�̂!~J = �̂ ~E

Conductivity

Real part gives effective mass , imaginary part gives absorption:

Re ⇧(!) ⇡ !2
p = �2! � Im ⇧(!)

!
= �1 = hne�absvi�



Hidden photon dark matter
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Kinetic mixing in vacuum:

Matter coupling:

Aµ ! Aµ � Vµ eVµJ
µ
EM
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Figure 1: Illustration of the dark photon emission process by the electromagnetic current.

restrict the interaction terms in (1) to on-shell V
µ

, using @
µ

V µ = 0 and to leading order in
, @

µ

V µ⌫ = �m2
V

V ⌫ , so that

Lint = �

2
F
µ⌫

V µ⌫ + eJµ

emAµ

on�shell V������! Lint = �m2
V

A
µ

V µ + eJµ

emAµ

. (3)

This expression is of course explicitly gauge invariant under A
µ

! A
µ

+ @
µ

� due to the
current conservation and on-shellness of V

µ

conditions:

@
µ

Jµ

em = 0; @
µ

V µ = 0. (4)

The appearance of m2
V

in the coupling of V
µ

and A
µ

shows that two sectors are decoupled
in m

V

= 0 limit. The most important question in considering the production of V
µ

states
is the scaling of the production rate with m

V

, in vacuum and inside a medium. The exist-
ing literature on the subject [9] and its subsequent follow-up papers claim that in-medium
production decouples as Rate

SM!V

/ 2m4
V

in the small m
V

limit. This inference is wrong.

To demonstrate our point we consider a generic production process i ! f + V due to
(3), where i, f are any initial, final states of the SM particles. A schematic drawing of
such a process is shown in Fig. 1. Without loss of generality we assume that V is emitted
in z-direction, so that its four-momentum k

µ

is given by (!, 0, 0, |~k|), with !2 � ~k2 = m2
V

.
Moreover, we assume that the energy of the emitted V is much larger than its rest mass, ! �
m

V

. Three polarization states can be emitted: two transverse states V
T

with polarization
vectors ✏T = (0, 1, 0, 0, ) and (0, 0, 1, 0), and one longitudinal mode V

L

with polarization
vector ✏L = m�1

V

(|~k|, 0, 0,!). In all cases ✏2
µ

= �1 and ✏
µ

kµ = 0.

We include a boundary-free medium via some conducting plasma, characterized by the
plasma frequency !

p

. We consider two regimes, [almost] vacuum: !
p

⌧ m
V

⌧ !, and

in-medium: m
V

⌧ !
p

⌧ !. The choice of |~k|,! � !
p

is not essential, and we consider all
ranges of ! in the next section. The matrix element for the production process induced by
(3) is given by

M
i!f+VT (L)

= m2
V

[eJem
µ

]
fi

hAµ, A⌫i ✏T (L)
⌫

, (5)

where hAµ, A⌫i stands for the photon propagator with input momentum k
µ

, and [eJµ

em]fi is
the matrix element of the electromagnetic current. We disregard various m

V

-independent
phase factors and normalizations, as our goal in this section is to only consistently follow
the powers of m

V

.

3

X

A V

i

f

Figure 1: Illustration of the dark photon emission process by the electromagnetic current.
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shows that two sectors are decoupled
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= 0 limit. The most important question in considering the production of V
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production decouples as Rate
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limit. This inference is wrong.

To demonstrate our point we consider a generic production process i ! f + V due to
(3), where i, f are any initial, final states of the SM particles. A schematic drawing of
such a process is shown in Fig. 1. Without loss of generality we assume that V is emitted
in z-direction, so that its four-momentum k

µ
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plasma frequency !
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in-medium: m
V

⌧ !
p

⌧ !. The choice of |~k|,! � !
p

is not essential, and we consider all
ranges of ! in the next section. The matrix element for the production process induced by
(3) is given by

M
i!f+VT (L)

= m2
V

[eJem
µ

]
fi

hAµ, A⌫i ✏T (L)
⌫

, (5)

where hAµ, A⌫i stands for the photon propagator with input momentum k
µ

, and [eJµ

em]fi is
the matrix element of the electromagnetic current. We disregard various m

V

-independent
phase factors and normalizations, as our goal in this section is to only consistently follow
the powers of m
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.
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Semiconductor targets

• Existing experiments already use Germanium, Silicon targets. 

• Current Eth~50 eV electron recoil. 

• Eth~eV could be reached in the near future.
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Figure 1. Cross-sectional diagram of the CCD described in this work.

2. FULLY-DEPLETED CCD PHYSICS AND OPERATION

Figure 1 shows a cross-sectional diagram of the fully-depleted, back-illuminated CCD. A conventionally-processed,
three-phase CCD is fabricated on a high-resistivity, n-type silicon substrate. We have fabricated CCD’s on both
100 mm and 150 mm diameter high-resistivity silicon substrates. The resistivity of 100 mm wafers is as high as
10,000–12,000 �-cm, while the initial work on 150 mm wafers has been on 4,000–8,000 �-cm silicon.

The thickness of the CCD results in improved near-infrared sensitivity when compared to conventional thinned
CCD’s.1 This is due to the strong dependence of absorption length on wavelength at photon energies approaching
the silicon bandgap.4 Figure 2 shows measured quantum e�ciency (QE) versus wavelength for a fully-depleted,
back-illuminated CCD operated at �130�C. The QE is especially high at near-infrared wavelengths. The CCD
shown in Figure 2 has a two-layer anti-reflection (AR) coating tuned for good red response. It consists of 60 nm
of indium tin oxide (ITO) and 100 nm of silicon dioxide (SiO2).

Thick, fully-depleted CCD’s also greatly reduce the problem of “fringing” at near-infrared wavelengths.5

Fringing occurs when the absorption depth of the incident light exceeds the CCD thickness. Multiple reflections
result in fringing patterns that are especially a problem in 10–20 µm thick CCD’s used in spectrographs.

A unique feature of the CCD shown in Figure 1 is the use of a substrate bias to fully deplete the substrate.
For a thick CCD fabricated on high-resistivity silicon the channel potential is to first order independent of the
substrate bias.1 This is because for typical substrate thicknesses and doping densities considered here only
a small fraction of the electric field lines from the depleted channel terminate in the fully-depleted substrate.
Hence the vertical clock levels can be set to optimize operating features such as well capacity and CTE while
the substrate bias is used to deplete the substrate.

The substrate bias also plays a role in the point-spread function of the CCD. For light absorbed near the
back surface of the CCD the lateral charge spreading during transit of the photogenerated charges through the
fully-depleted substrate to the CCD collection wells is described by an rms standard deviation given by1, 6

�od �

�

2
kT

q

yD
2

(Vsub � VJ )
(1)

where k is Boltzmann’s constant, T is absolute temperature, q is the electron charge, yD is the thickness of
the depleted substrate, Vsub is the applied substrate bias voltage, and VJ is an average potential near the
CCD potential wells due to the channel potentials. Vsub � VJ is the voltage drop across the region where
the photogenerated holes are drifted by the electric field. This result is a simplified asymptotic form that is
independent of the substrate doping and is valid for high electric fields in the substrate. Therefore in this case
the PSF is directly proportional to yD,

�
T , and 1/

�
(Vsub � VJ ). The PSF for a CCD of this type can be

improved by reducing the substrate thickness and operating the CCD at high substrate bias. PSF measurements
are described in more detail in Section 5.
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(b) WIMP detection in a CCD

Figure 1. a) Cross-sectional diagram of a 15 µm ⇥ 15 µm pixel in a fully depleted, back-illuminated CCD.
The thickness of the gate structure and the backside ohmic contact are 2 µm. The transparent rear window,
essential for astronomy applications, has been eliminated in the DAMIC CCDs. b) Dark matter detection in
a CCD. A WIMP scatters with a silicon nucleus producing ionization in the CCD bulk. The charge carriers
are then drifted along the z-direction and collected at the CCD gates.
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(a) Portion of a DAMIC image

2.11.81.51.20.90.60.30
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X-ray absorption

pe from Si 
fluorescence X-
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(b) Emission of Si fluorescence X-ray

Figure 2. a) 50⇥50 pixel portion of a CCD image, taken when the detector was at ground level. Different
kinds of particles are recognizable (see text). For better contrast, only pixels with deposited energy >0.1 keV
are represented in color. b) Event with two nearby clusters detected after illuminating the CCD with a 55Fe
source. The 1.7 keV cluster is a photoelectron (pe) from the absorption of a Si fluorescence X-ray, emitted
following photoelectric absorption of the incident 5.9 keV Mn Ka X-ray in a nearby site.

transit time. Charge produced by interactions closer to the back of the CCD will have longer transit
times, leading to greater lateral diffusion. The lateral spread (width) of the charge recorded on
the CCD x-y plane may be used to reconstruct the z-coordinate of a point-like interaction [2]. For
extended tracks, e.g. from electrons and muons, this effect leads to a greater width when the track
is closer to the backside, which provides information on the track orientation.

– 3 –
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Figure 4. Scissor corrected band structure for silicon (left) and germanium (right) as calculated with Quantum

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

)

��2 , (3.13)

where ⇢
�

' 0.4 GeV/cm3 is the local DM density, E
e

is the total energy deposited, and N
cell

=

M
target

/M
cell

is the number of unit cells in the crystal target. (M
cell

= 2 ⇥ m
Ge

= 145.28 amu =

135.33 GeV for germanium, and M
cell

= 2 ⇥ m
Si

= 56.18 amu = 52.33 GeV for silicon.)
We have written this in such a way that the first line gives a rough estimate of the rate, about
29 (11) events/kg/day for silicon (germanium) for ⇢

�

= 0.4 GeV/cm3, m
�

= 100 MeV, and �
e

'
3.6 ⇥ 10

�37 cm2 (the current limit from XENON10 [31]), while every factor in the second line is a
roughly O(1) number for the preferred values of q and E

e

.
All the necessary details of the target’s electronic structure are contained in the dimensionless

crystal form factor, f
crystal

(q, E
e

), which is a property purely of the target material and is independent
of any DM physics. The computation of this form factor is one of the main results of this paper.

Crystal form factor. In the periodic lattice of a semiconductor crystal, each electron energy level is
labelled by a continuous wavevector ~k in the first Brillouin Zone (BZ), and by a discrete band index
i. The wavefunctions of these states can be written in Bloch form,

 
i

~

k

(~x) =
1p
V

X

~

G

u
i

(

~k +

~G)ei(
~

k+

~

G)·~x , (3.14)
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Stellar, Xenon10 constraints: 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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, Zhao, and Zurek 2015  
Hochberg, Pyle, Zhao, and Zurek 2015

Measurement 
 by sensitive  

bolometer (TES) T = 10mK

5 mm

Aluminum 
(Type I superconductor)

Tc = 1.2 K

• Must improve 
substantially on current 
energy resolution 
~50-100 meV 

• Noise is going to be an 
issue, backgrounds at 
low energies unknown. 

Eth ~ meV goal
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• Small band gap (< meV) 

• Long-lived quasiparticle 
(electron) excitations 

• Cooper pairs decoupled 
from thermal noise
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Cooper pairing:



Superconductors

31

Advances in Condensed Matter Physics 5

En
er

gy

EF = 0

Single-particle density of states

T > Tc

(a)

En
er

gy

EF = 0

Δ(T) + ℏ#
Δ(T)

−Δ(T)
−Δ(T) − ℏ#

Single-particle density of states

0 < T < Tc

(b)

En
er

gy EF = 0

−Δ(T = 0)

Δ(T = 0)

Single-particle density of states

T = 0

(c)

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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Because of gap, excitations (broken Cooper 
pairs) take a long time to recombine!
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Why superfluid Helium?
• Long-lived quasiparticle excitations 

• Potential detection of meV energy depositions
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FIG. 1. (left) We compare the the measured dispersion curve for single excitations in superfluid

helium (solid black line) with the Bijl-Feynman relation for excitations, q2/(2mHeS(q)) (solid red line).

The measured dispersion curve comprises the phonon modes at low q and the maxon and roton at

high q, but does not include the broad multi-excitation response centered around the free-particle

dispersion at high q. In the Bijl-Feynman theory, which does track the free-particle dispersion at

high q (shown as the dotted blue line), these high q modes are treated as single-particle resonant

excitations. (right) S(q) data from neutron scattering experiments (cite). We also show S(q) for a

dilute Bose gas, which misses both the roton/maxon excitations and also has the incorrect behavior

at high q. [TL: It might be confusing if we include calculations with this S(q), since it

gives a much lower rate and doesn’t capture the region where the rate is largest due to

missing the rotons/maxons).]

the same figure. We see that they are in quantitative agreement at long wavelengths (in the

phonon region); as the curve reaches a maximum and begins to turn over (the maxon and

roton regions), the agreement no longer persists, and is not even qualitatively correct as the

dispersion curve reaches a plateau.

The Bijl-Feynman theory contains in it, however, only the single resonance response. More

generally, the dynamic structure factor will contain both the single pole, with strength Z(q)

and a continuum component, Sm:

S(q, !) = Z(q)�(! � ✏(q)) + Sm(q, !). (7)

The continuum component results from multi-excitation production in the medium. These

5

Phonon Roton



Detector concept
• Operation at 10-100 mK 

• Evaporation and amplification 
x10-40 down to 0.6 meV! 

• Measure scintillation at 
energies ≳ 100 eV 

• Superfluid helium used for 
ultracold neutrons, etc.  

• Easy to obtain and purify
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Scattering in Helium
• Neutron scattering:

38

Dynamic structure factor:

2

I PRELIMINARIES

To do:

• Reproduce DM scattering calculation for hard-sphere scattering, and compare with neutron scat-
tering in a similar kinematic regime. Check whether low-momemtum/high-! behavior of S(Q,!)
matches with the literature, with the data, and whether various sum rules are satisfied.

• Calculate DM scattering with hidden photon mediator, taking into account polarizability of the
material.

• Calculate absorption of hidden photons on helium nucleus, possibly with emission of photon in the
final state. This calculation could be generalized for Xenon.

A Superfluid helium

Normal liquid helium (He I) has a phase transition to superfluid helium (He II) at a temperature of
2.17 K.

• The critical velocity for superfluid flow is about 20 cm/s. Note that is on the order of the phase
velocity of the rotons, 58 cm/s. In terms of a helium nucleus, the critical velocity translates to a
momentum of about p = mv =2.5 eV or E = 8⇥ 10�10 eV.

• The speed of sound for longitudinal long-wavelength phonons is

cs = 298 m/s ⇠ 10�6 (1)

B Conventions and numbers

Here we will use mn for the neutron mass and MN for the helium nucleus mass.
Discretization. Some relations for translation between discrete and continuous variables:

X

k

! V

Z
d3k

(2⇡)3
, (2)

�k,k0 ! (2⇡)3

V
�(3)(k� k0) (3)

II THEORY OF SUPERFLUID HELIUM

A Neutron scattering and dynamic structure factor

Neutron-scattering experiments measure the cross section:

d2�

d!d⌦
⌘ �n

4⇡

kf
ki

S(Q,!) (4)

response of the fluid to a density perturbation 
with momentum transfer Q, energy ω

S(Q,!) =
1

n0

X

F

|hF |nQ|Ii|2�(EF � EI � !)

• Apply directly to dark matter scattering

2

I PRELIMINARIES

To do:

• Reproduce DM scattering calculation for hard-sphere scattering, and compare with neutron scat-
tering in a similar kinematic regime. Check whether low-momemtum/high-! behavior of S(Q,!)
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A Superfluid helium
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2.17 K.

• The critical velocity for superfluid flow is about 20 cm/s. Note that is on the order of the phase
velocity of the rotons, 58 cm/s. In terms of a helium nucleus, the critical velocity translates to a
momentum of about p = mv =2.5 eV or E = 8⇥ 10�10 eV.

• The speed of sound for longitudinal long-wavelength phonons is
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Fig. 1.6. The broad high-energy multiparticle (or multiphonon) structure in
S(Q,co) at intermediate Q at 1.1 K and SVR The "peak" position and its
width are indicated [Source: Cowley and Woods, 1971].

Woods (1971), in the region up to about g ^ 2.5 A 1 there is always
an additional broad "multiparticle" structure centred around ~20-25 K,
with an intensity which increases with Q. This is obvious from results
such as those shown in Fig. 1.5. This multiparticle (or multiphonon)
spectrum shown in Fig. 1.6 makes it very difficult to clearly separate
out the quasiparticle peak - especially as we go to higher temperatures
(T ^ 1.3 K) where it becomes increasingly broadened. To carry out
this separation, we must have some theoretical guidance as to what the
quasiparticle and the multiparticle structure involve. The same kind of
problem occurs with extracting the phonon frequencies from the S(Q,a>)
data in solid Helium, as we discuss in Chapter 11.

These sorts of questions force us to search for a more fundamental
understanding of the elementary excitations of superfluid 4He and their
relation to the structure exhibited by 5(Q,co).
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FIG. 21. The figure shows a comparison between our S(k,!ω)
(solid line) and the experimental one [9] (stars) at a momentum trans-
fer of k = 2.4 Å

−1
. The experimental values have been normalized

to satisfy the m0 sum rule.

properties of 4He are quite encouraging. But, it should be clear
that all approximations become more delicate at higher den-
sities. Therefore, whether the appearance of a plateau below
the maxon will happen at exactly the predicted density, or at
a somewhat lower or higher density, is not completely deter-
mined by our theoretical calculations. The experimental data at
the pressure of 2 MPa [8] indicate a maxon energy of 1.3 meV,
which is close to twice the roton energy of 0.636 meV. Our the-
oretical results are consistent with this; therefore, one should
expect that a plateau will appear around a pressure of 2 MPa.

There is also some interest in the form of the spectrum
at higher energies and wave numbers (see, e.g., Ref. [9]). At
higher energies, multiparticle processes become increasingly
important and, because of the multitude of processes, it
becomes impossible to disentangle the physics. Our approach
has included all processes where a phonon splits into two
phonons, which may again split, etc., but eventually they
recombine into the same phonon (see Fig. 4). Processes such as
the one shown in Fig. 5 are not included. Since all of these have
a different kinematics, one would expect that the multitude of
all multiparticle excitations have the tendency to smooth the
spectrum out. This is actually seen quite well in Figs. 21 and 22:
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FIG. 22. Same as Fig. 21 for a momentum transfer of k =
3.6 Å

−1
. The experimental values have been normalized to generate

rough overall agreement with our theoretical results.

Our theoretical values show, as expected, more structure than
the experiments, but the overall strength distribution is the
same.

There are also experimental data at higher pressures [7];
our conclusion on these data is the same. The overall strength
distribution is reasonably well represented by our theory,
but because of the multitude of different excitations and
decay channels, it is impossible to identify individual physical
mechanisms. Therefore, we refrain from a further discussion
of these data.

We conclude this section with a brief discussion on the
new physics described by multiparticle fluctuations compared
to earlier work containing only pair fluctuations. We stress
here that these findings are generically due to multiparticle
fluctuations and not due to the approximation for the two-
phonon hybridization vertex (4.11); the reader is reminded
that a full HNC evaluation of the self-energy at the two-body
fluctuation level [4] leads to negligible improvement of the
description of the dynamics.

Technically, the essential improvement of the dynamics is
due to the self-consistency between the self-energy on the
left-hand side of (4.10) and the energy denominator. While
such a self-consistency could be expected, the precise form of
the energy/momentum dependence of the self-energy must be
determined from the equations of motion or by the summation
of sufficiently high-order BW diagrams as carried out in
Eq. (5.4).
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FIG. 2. (left) Self-consistent calculation of the dynamic structure factor S(q, !), obtained from

Ref. [1]. For a given q, the onset of the response at a minimum ! clearly shows the one-excitation

component of S(q,!). The response at larger ! corresponds to the multi-excitation component, where

the structures at 2 meV and above arise from multi-excitations of rotons/maxons. In the experimental

data these structures are less prominent, which is expected once additional interactions are included

(see figures 21-22 and discussion in Ref. [1].) (right) We show that the q-dependence follows q4 at

low q.

A. Reach for dark matter scattering

Having obtained the dynamic structure factor S(q, !) by several methods, in this section we

apply our knowledge to obtain the rate for dark matter scattering. We discuss in greater detail

the derivation of the rate given in [3], considering our new numerical calculations of S(q, !)

and updating a few technical details along the way. The results of this section are applicable

to models of dark matter interacting coherently with helium atoms via a new mediator, where

we consider both the heavy mediator and light mediator limits. In contrast, the helium atom

does not have a net charge at q ! 0 for a new mediator such as a dark photon. We will discuss

signals related to the dark photon in Section IV.

7
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FIG. 3. In the left panel, the DM scattering rate via a massive mediator is computed using the

numerical S(Q, !) obtained in Ref. [? ]. (Any smearing due to experimental energy resolution is not

included here.) In the right panel, we use a semi-analytic method which assumes the Bijl-Feynman

dispersion for single-excitations. [TL: Use Glyde matrix element with Bijl-Feynman, and

taking measured S(k).] There are significant di↵erences in the structure of the spectrum between

the two methods, due to the incorrect energies given by the Bijl-Feynman dispersion. However, we

find the total integrated rate is similar to within a factor of [TL: 2?].

used in Ref. [? ], with more weight at higher initial velocities. This leads to a factor of few

larger scattering rate.)

We rewrite the dark matter scattering rate for producing two excitations in terms of the

dynamic structure factor S(q, !), similar to the case for neutron scattering. Applying Fermi’s

golden rule to the matrix element for this process gives the rate � = n0h�vi:

� =
1

2(2⇡)5

Z
d3k1d

3k2d
3pf

|M|2
16m2

�m2
He

�(3)(k1 + k2 � q) �(!k1 + !k2 � !), (26)

where k1,k2 are the momenta of the two helium excitations, and pf is the final momentum of the

dark matter after scattering. [TL: Extra factor of 2 compared to our earlier calculations

- need to account for the final states being identical boson excitations.]

When the mediator is massive, the scattering cross section has the same q�dependence as

neutron scattering. Using the relation d3pf = d! dq 2⇡q mX/pi, the rate is given by

!
dR

d!
=

1

mHe

⇢�

m�

Z
d3vf(v)

Z pi+pf

|pi�pf |
dq

q

2kim�

�N(q)S(q, !). (27)
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Two-phonon scattering rate

Dominant scattering into two rotons Extends reach to lower mass DM! 
(~10 meV resolution)
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FIG. 5. Reach for DM scattering into multi-excitations in superfluid helium for a 1 kg-year exposure, for the

massive mediator (left) and massless mediator (right) limits defined in Eq. 34. We assume the optimistic case of

zero backgrounds and where experimental sensitivity down to ! =meV can be achieved, and use the integrated

rate for ! 2 [1 � 10] meV to obtain the reach.

[TL: Discuss regular nuclear recoils. Impose a minimum energy of about 3-4 meV so

that we don’t go into the single-excitation regime.]

In the same plots, we also show the reach if regular nuclear recoils can be observed down to ⇠ 3 meV.

(Below ⇠ 3 meV, we know that the only modes available are quasiparticle (phonon or roton/maxon)

modes – see Fig. 1.)

IV. DARK PHOTON MEDIATED PROCESSES

[SK: Fix up conventions and notation to agree with section II]

A dark photon is a very well motivated component of many dark matter models, either as the

dark matter itself or as a mediator. Such a dark photon couples to the standard model through the

operator

L � �

4
Fµ⌫F 0

µ⌫ (35)

with  the mixing parameter and F 0
µ⌫ the dark photon field strength. For a sub-eV dark photon,

its interaction with superfluid helium is similar to that of a regular photon: for !, q . 1 eV, the

wavelength of the dark photon exceeds the radius of the Helium atoms and the dark photon is therefore

insensitive to the electric charge of the individual nuclei and electrons. Instead, the leading coupling



Conclusions
• Current direct detection experiments focus on WIMP 

dark matter at or above 1 GeV 

• New ideas (for models and detection) explore many 
orders of magnitude in mass!
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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].
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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 –


