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Does dark matter interact with us?

WIMP “wind”

Key discovery mode for dark matter:
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Z-mediated DM scattering

Higgs-
mediated

Dark matter mass [GeV]

Active program of WIMP searches. 
Important to cast a wider net!

Neutrino floor

See WG talks
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Xenon1T 

…

GeV-scale DM
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…

Direct detection
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TeVkeV MeV GeV

Dark matter mass

What lives here?

Can we detect

low mass DM?

Unexplored territory
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TeVkeV MeV GeV

Dark matter mass
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Bosonic DM

Absorption

Unexplored territory
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Energy deposited from  
WIMP in nuclear recoil:
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Typical threshold in experiment:  > 1 keV nuclear recoil
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Goal: sensitivity to ~meV 
recoils for keV dark matter scattering.

Electron recoils
Sensitivity to MeV-scale DM 

with Xenon10, Xenon100

figure from Essig, Volansky, Yu 2017 
see also: 1108.5383, 1206.2644
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FIG. 2. Observed number of events versus photoelectrons
(PE) in XENON10 (top) [22] and XENON100 (bottom) [23].
DM spectra are shown form� = 10 MeV (blue) & 1 GeV (red)
with a cross section fixed at our derived 90% C.L. limit (we
assume fiducial values for the secondary ionization model).
Insets show spectra in bins of 27PE (20PE), the mean number
of PE created by one electron in XENON10 (XENON100).

coil events at current and upcoming xenon experiments,
we have fixed �

e

to specific values that are allowed by
simple and predictive benchmark models [1, 5, 34–40] and
further below. We consider the DM (a Dirac fermion or
complex scalar �) to be charged under a broken U(1)

D

gauge force, mediated by a kinetically-mixed dark pho-
ton, A

0, with mass m

A

0 . The A

0 mediates DM-electron
scattering, and F

DM

(q) = 1 (↵2

m

2

e

/q

2) for a heavy (ul-
tralight) dark photon. The left axis for top (bottom) plot
of Fig. 1 shows the event rate for �

e

fixed to the maxi-
mum value allowed by current constraints for m

A

0 = 3m
�

(m
A

0 ⌧ keV), while the right axis of the top (bottom)
plot fixes �

e

so that scalar (fermion) DM obtains the cor-
rect relic abundance from thermal freeze-out (freeze-in).
Clearly, a large number of DM events could be seen in
upcoming detectors. These results are easily rescaled to
other DM models that predict DM-electron scattering.

New XENON10 and XENON100 bounds. We now
recalculate the bounds from XENON10 data [2] (15 kg-
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FIG. 3. 90% C.L. limit on the DM-electron scattering cross
section from XENON10 data (blue) and XENON100 data
(red) for FDM = 1 (top) & FDM = ↵2m2

e/q
2 (bottom). Dot-

ted black lines show XENON10 bounds from [2].

days), including for the first time events with n

e

& 4, as
well as from XENON100 data [23] (30 kg-years). Since
the experimental observable is the number of photoelec-
trons (PE) produced by an event, we convert n

e

to PE.
An event with n

e

electrons produces a gaussian dis-
tributed number of PE with mean n

e

µ and width
p

n

e

�,
where µ = 27 (19.7) and � = 6.7 (6.2) for XENON10
(XENON100). We multiply the signal with the trigger
and acceptance e�ciencies from [2, 23] and then bin both
the signal and data in steps of 27PE (20PE), starting
from 14PE (80PE) for XENON10 (XENON100). The
first bin for the XENON100 analysis is 80-90PE, corre-
sponding to roughly half an electron. We require that
the resulting signal is less than the data at 90% C.L. in
each bin. For XENON10, the 90% C.L. upper bounds
on the rates (after unfolding the e�ciencies) are r

1

<

15.18, r

2

< 3.37, r

3

< 0.95, r

4

< 0.35, r

5

< 0.35, r

6

<

0.15, r

7

< 0.35 counts kg�1 day�1, corresponding to
bins b

1

= [14, 41], b

2

= [41, 68] . . . , b
7

= [176 � 203] PE;
for XENON100, we find r

4

< 0.17, r

5

< 0.24, r

6

<

0.17 counts kg�1 day�1 corresponding to bins b

4

=
[80, 90], b

5

= [90, 110], b

6

= [110, 130] PE.

Fig. 2 shows the two data sets in PE and two sam-
ple DM spectra. Fig. 3 shows the strongest XENON10
and XENON100 limit combined across all bins, and a
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FIG. 2. Observed number of events versus photoelectrons
(PE) in XENON10 (top) [22] and XENON100 (bottom) [23].
DM spectra are shown form� = 10 MeV (blue) & 1 GeV (red)
with a cross section fixed at our derived 90% C.L. limit (we
assume fiducial values for the secondary ionization model).
Insets show spectra in bins of 27PE (20PE), the mean number
of PE created by one electron in XENON10 (XENON100).

coil events at current and upcoming xenon experiments,
we have fixed �

e

to specific values that are allowed by
simple and predictive benchmark models [1, 5, 34–40] and
further below. We consider the DM (a Dirac fermion or
complex scalar �) to be charged under a broken U(1)

D

gauge force, mediated by a kinetically-mixed dark pho-
ton, A

0, with mass m

A

0 . The A

0 mediates DM-electron
scattering, and F

DM

(q) = 1 (↵2

m

2

e

/q

2) for a heavy (ul-
tralight) dark photon. The left axis for top (bottom) plot
of Fig. 1 shows the event rate for �

e

fixed to the maxi-
mum value allowed by current constraints for m

A

0 = 3m
�

(m
A

0 ⌧ keV), while the right axis of the top (bottom)
plot fixes �

e

so that scalar (fermion) DM obtains the cor-
rect relic abundance from thermal freeze-out (freeze-in).
Clearly, a large number of DM events could be seen in
upcoming detectors. These results are easily rescaled to
other DM models that predict DM-electron scattering.

New XENON10 and XENON100 bounds. We now
recalculate the bounds from XENON10 data [2] (15 kg-
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FIG. 3. 90% C.L. limit on the DM-electron scattering cross
section from XENON10 data (blue) and XENON100 data
(red) for FDM = 1 (top) & FDM = ↵2m2

e/q
2 (bottom). Dot-

ted black lines show XENON10 bounds from [2].

days), including for the first time events with n

e

& 4, as
well as from XENON100 data [23] (30 kg-years). Since
the experimental observable is the number of photoelec-
trons (PE) produced by an event, we convert n

e

to PE.
An event with n

e

electrons produces a gaussian dis-
tributed number of PE with mean n

e

µ and width
p

n

e

�,
where µ = 27 (19.7) and � = 6.7 (6.2) for XENON10
(XENON100). We multiply the signal with the trigger
and acceptance e�ciencies from [2, 23] and then bin both
the signal and data in steps of 27PE (20PE), starting
from 14PE (80PE) for XENON10 (XENON100). The
first bin for the XENON100 analysis is 80-90PE, corre-
sponding to roughly half an electron. We require that
the resulting signal is less than the data at 90% C.L. in
each bin. For XENON10, the 90% C.L. upper bounds
on the rates (after unfolding the e�ciencies) are r

1

<

15.18, r

2

< 3.37, r

3

< 0.95, r

4

< 0.35, r

5

< 0.35, r

6

<

0.15, r

7

< 0.35 counts kg�1 day�1, corresponding to
bins b

1

= [14, 41], b

2

= [41, 68] . . . , b
7

= [176 � 203] PE;
for XENON100, we find r

4

< 0.17, r

5

< 0.24, r

6

<

0.17 counts kg�1 day�1 corresponding to bins b

4

=
[80, 90], b

5

= [90, 110], b

6

= [110, 130] PE.

Fig. 2 shows the two data sets in PE and two sam-
ple DM spectra. Fig. 3 shows the strongest XENON10
and XENON100 limit combined across all bins, and a

See talk by P. Sorensen 
for future prospects



Detecting low mass dark matter

9See WG talks

Ideas

~10 eV}} ~eV

Electronic band structure

~meV in 
superconductor

Electron recoils with 
small gap materials

See talks by D. Mei, C. Tully, P. Privitera,  
J. Tiffenberg, T. Yu, Y. Zhao, J. Liu

Many refs; see WG talks



Detecting low mass dark matter

10See WG talks

Ideas

Electron recoils with 
small gap materials

Gapless modes (phonons), 
vibrational modes

Long wavelength 
phonons [~meV]:

⌦ = cs| ~Q|

cs ⇠ 10�5

cs ⇠ 10�6

in solid

in helium

vibrational modes 
[~meV-eV]

𝜒

See talks by R. Budnik, S. Knapen, 
G. SIedel, S. Hertel, 

see also: Hochberg, TL, Zurek 2016 
Essig, Slone, Mardon, Volansky 2016  

Bunting, Gratta, Melia, Rajendran 2017



Detecting low mass dark matter

11See WG talks

Ideas

Electron recoils with 
small gap materials

Higher order processes

Schutz and Zurek 2016 
Knapen, TL, Zurek 2016 

McCabe 2017 
Kouvaris and Pradler 2016, …

Probing sub-GeV Dark Matter with conventional detectors

Chris Kouvaris1, ⇤ and Josef Pradler2, †

1CP3-Origins, University of Southern Denmark, Campusvej 55, DK-5230 Odense, Denmark
2Institute of High Energy Physics, Austrian Academy of Sciences, Nikolsdorfergasse 18, 1050 Vienna, Austria

The direct detection of Dark Matter particles with mass below the GeV-scale is hampered by soft
nuclear recoil energies and finite detector thresholds. For a given maximum relative velocity, the
kinematics of elastic Dark Matter nucleus scattering sets a principal limit on detectability. Here we
propose to bypass the kinematic limitations by considering the inelastic channel of photon emission
from Bremsstrahlung in the nuclear recoil. Our proposed method allows to set the first limits on
Dark Matter below 500MeV in the plane of Dark Matter mass and cross section with nucleons. In
situations where a Dark Matter-electron coupling is suppressed, Bremsstrahlung may constitute the
only path to probe low-mass Dark Matter awaiting new detector technologies with lowered recoil
energy thresholds.

Introduction. Weakly interacting massive particles
(WIMPs) are among the theoretically best motivated and
experimentally most sought particle candidates for Dark
Matter (DM) [1, 2]. The e↵orts are driven by a broad ex-
pectation that physics beyond the Standard Model (SM)
should enter near the electroweak scale, with interactions
that are not too di↵erent from the weak interactions.

There has been a significant amount of experimental
e↵ort to push the sensitivity of direct detection experi-
ments to masses below a few GeV. The e↵orts are ham-
pered by the fact that light DM induces soft nuclear re-
coils that are di�cult to detect unambiguously. In the
non-relativistic scattering of a DM particle � and target
nucleus N with mass mN , the three-momentum trans-
fer q = p

0
� � p� determines the kinetic recoil energy

of the nucleus, ER = |q|2/(2mN )  2µ2

Nv2/mN , where
µN is the DM-nucleus reduced mass and v is the rela-
tive velocity, bounded by the finite gravitational poten-
tial of the galaxy. New avenues have therefore been sug-
gested to probe DM below the GeV-scale, such as looking
for DM-electron scattering [3] in existing data [4], em-
ploying semiconductor targets [5–7], using superconduc-
tors or superfluids [8–11], nanotubes [12], 2D graphene-
like targets [13] and exploiting a non-virialized velocity-
component of DM [14].

In this letter we propose a method of probing sub-
GeV DM in direct detection by going to the inelastic
channel of photon emission from the nucleus in form
of Bremsstrahlung1—an irreducible contribution that ac-
companies the elastic reaction,

�+N ! �+N(ER) (elastic), (1a)

�+N ! �+N(E0
R) + �(!) (inelastic). (1b)

The virtue of considering (1b) is that the available photon
energy is bounded by the energy of the relative motion

1
Photon emission from the excitation of low-lying nuclear levels

has been considered in [15–18]. The process requires considerable

momentum transfer and concerns electroweak scale DM masses.

�

i

�

f

�

n

�

i

�

f

�

n

FIG. 1. Photon emission resulting from DM-nucleus scatter-
ing. The thick line represents the nucleus in the atomic initial
(final) state i (f) with intermediate state n, represented by
the thin solid line.

of DM and the target, !  µNv2/2, so that we observe
a hierarchy for light dark matter,

ER,max

= 4(m�/mN )!
max

⌧ !
max

(m� ⌧ mN ). (2)

As we will see, the larger energy deposition in photon
emission allows to lower the sensitivity to nuclear re-
coils to the sub-GeV DM mass regime in present-day
detectors. The signal will be be part of the “electron
recoil-band” and subject to backgrounds, yet amply de-
tectable: whereas, say, ER = 0.5 keV, is experimentally
easily missed, a photon of energy ! = 0.5 keV is hardly
ever missed.
Cross section. It is well known that in the limit of

soft photon emission o↵ an electromagnetically charged
particle the matrix element for Bremsstrahlung factor-
izes into the matrix element of elastic scattering M

el

times a manifestly gauge invariant piece. For this to
hold in the non-relativistic limit of the emitting parti-
cle, the three momentum transfer q in the elastic scat-
tering must be much larger than the change of it due
to the additional emission of the photon with momen-
tum k, �q = (p0

N � pN � k) � (p0
N � pN )!=0

. Hence,
imposing |�q| ⌧ |q| yields the soft-photon limit, ! ⌧
|q|v =

p
2mNERv ' O(10 keV)

q
A
130

q
ER

1 keV

, where A is

the atomic mass number of N . The latter condition holds
well away from the kinematic endpoint of minimum mo-
mentum transfer, |q

min

| ' !/v, and the soft photon limit
will be respected. Since !

max

' µNv2/2 . |q
max

|v holds
parametrically, we can further take the approximation
E0

R ' ER in (1b).
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Three-body final states

….

Gapless modes (phonons), 
vibrational modes See talk by S. Knapen
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Backgrounds
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See WG talks
See talks by P. Sorensen, L. Strigari, M. Pyle 

coherent scattering of solar neutrinos

Events from solar ν with O(kg-year) 



Detecting low mass dark matter
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Backgrounds

coherent scattering of solar neutrinos 


background of O(1-10)/kg-yr/10 eV 
(based on DAMIC, SuperCDMS)


coherent photon scattering 
O(1-10)/kg-yr/eV


…
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1610.07656

1610.00006, 1607.07410

See WG talks
See talks by P. Sorensen, L. Strigari, M. Pyle 



Benchmarks
1. Scattering of keV-GeV dark matter 

- scalar mediator 
- hidden photon mediator 

2. Absorption of meV-keV dark matter 
- hidden photons 
- pseudoscalars/scalars

14



Light dark matter and light mediators

15

� �

A’/𝜙

Mass scale of mediator similar to 
(lighter than) 𝛘 : 

 
- same physics may generate both masses


 
- annihilation is sufficiently large in the early 

universe (thermal candidate)

gD

e�e�

p p

Dark matter scatteringMotivation: low mass dark matter as the  
lightest stable particle in a dark sector 



Constraints from cosmology

16

DM self-interactions gives a bound on gD:

Annihilation of sub-GeV DM is bounded by CMB measurements

Neff from CMB, BBN also important (model-dependent)

TL Yu Zurek 2011  
Boehm Dolan McCabe 2013


� �

gD

� �

gD

\

�T ⇡

8
<

:

4⇡↵2
Dm2

�

m4
A0

, mA0 � m�v (massive mediator)

16⇡↵2
D

m2
�v

4 ln

m�v
2

2m�↵D
, mA0 ⌧ m�v (massless mediator)

,

See talks by A. Peter, M. Kaplinghat, H. Yu

See talk by T. Slatyer
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Coupling to nuclei or electrons

�

N, e

�

N, e

�

Example: nucleon coupling

see e.g. 	 Hochberg, Pyle, Zhao, Zurek 2016 
	 	 Green, Rajendran 2017, Krnjaic 2015 
	 	 Knapen, TL, Zurek (work in progress)



100 101 102 103 104 105 106
10-45

10-42

10-39

10-36

10-33

mc HkeVL

s
p
Hcm

2 L

mf
mc
=10-3

Neff

CRESST
II

SN1987a

5t
h F
orc
e

PRELIMINARY

Scalar mediator

18

Coupling to nuclei or electrons

see e.g. 	 Hochberg, Pyle, Zhao, Zurek 2016 
	 	 Green, Rajendran 2017, Krnjaic 2015 
	 	 Knapen, TL, Zurek (work in progress)

Example: nucleon coupling
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Massive mediator
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�41
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2
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�42
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2

FIG. 7. (left) The DM scattering rate via a massive mediator is computed using the S(q, !) obtained

from CKL15. (right) Here we used the leading order result in Eq. (30), with the Bijl-Feynman

dispersion for single-excitations. There are significant differences 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 2.

FIG. 8. Same as Fig. 7, but for DM scattering via a massless mediator.

are similar once the rate is integrated over the energy range ! 2 [1.2, 8.6] meV, despite the
significant differences in the spectrum. In the same plots, we show the reach if only regular
nuclear recoils can be observed down to ⇠ 3 meV (gray line). (Below ⇠ 3 meV, we know that
the only modes available are quasiparticle (phonon or roton/maxon) modes – see Fig. 2.) In our

21

Multi-phonon production in 
superfluid helium

See talk by S. Knapen



Hidden photon mediator
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Kinetically mixed hidden photon A’  
 
 

couples to electrons, nuclei
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Hidden photon mediator
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� �

A’
✏

gD

e

e�e�

p p

Kinetically mixed hidden photon A’  
 
 

couples to electrons, nuclei

✏eA0
µJ

µ
EM

�̄e ⌘
16⇡µ2

�e↵✏
2↵D

(mA0)4

Electron scattering cross section:

massive limit
mA0 ⌧ keV

�̄e ⌘
16⇡µ2

�e↵✏
2↵D

(↵me)4

massless limit Lower thresholds 
preferred

q: momentum transfer

Recoil 
spectrum dR / �̄e

q4



Massive hidden photon mediator

20

Targets 
 

Scalar: thermal relic 
 

Fermion: asymmetric freeze-out

!

(other mechanisms possible) 

Essig et al., 1509.01598, 
updated with Essig, Volansky, Yu 2017

• mA’ > 2 m𝛘 (this plot)


• mA’ < 2 m𝛘

Complementary accelerator 
sensitivity, depending on mass ratio 
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Massive hidden photon mediator
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Targets 
 

Scalar: thermal relic 
 

Fermion: asymmetric freeze-out

!

(other mechanisms possible) 

Essig et al., 1509.01598, 
updated with Essig, Volansky, Yu 2017

• mA’ > 2 m𝛘 (this plot)


• mA’ < 2 m𝛘

Complementary accelerator 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“Freeze-in”

e.g. mχ = 100 MeV,  correct relic abundance for

build up DM 
abundance as 

Universe cools

can generate correct DM 
relic density by “freeze-in”

Aʹ
�

�SM

SM

χ

χ

(~independent of mAʹ)

1108.5383

1112.0493

Hall et.al. (0911.1120)

Ultralight hidden photon mediator
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Asymmetric 
thermal freeze-out

“Freeze-in” 
from SM thermal bath

Targets 

�̄e ⌘
16⇡µ2

�e↵✏
2↵D

(↵me)4

Electron scattering cross section:

Essig Mardon Volansky 2011, 
Essig et al., 1509.01598



Benchmarks
1. Scattering of keV-GeV dark matter 

- scalar mediator 
- hidden photon mediator 

2. Absorption of meV-keV dark matter 
- hidden photons 
- pseudoscalars/scalars
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sub-keV bosonic dark matter

• Candidates:
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sub-keV bosonic dark matter

• Candidates:
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Hidden photon 
Pseudoscalar 
Scalar

One of the simplest  
renormalizable 

couplings to SM: 

�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

Generalization of  
QCD axion

L � �

2
Fµ⌫V

µ⌫



Relic abundance
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⇢DM =
1

2
m2

DM�2
0

— average field today�0

Non-thermal relic abundance 
by misalignment mechanism: V (�)

Graham, Mardon, Rajendran 2015


Correct relic abundance can be achieved via inflationary 
production of hidden photon (massive vector):

mV ⇡ 10�5 eV⇥
✓
1014 GeV

Hinf

◆4

Hubble scale of inflation

A
xi

on
F
ie

ld
�

Hubble
ma/2

100 101 102

Scale Factor a/ai

�1

0

1

E
qu

at
io

n
of

S
ta

te
w

100 101 102

Scale Factor a/ai

Exact Density
Approx. Density

Figure 4: Evolution of various quantities in the exact solution to the background evolution
of an ALP, Eq. (58), for a radiation-dominated universe (p = 1/2). Dimensionful quanti-
ties have arbitrary normalization. Vertical dashed lines show the condition defining aosc..
Further discussion of this choice, and the approximate solution for the energy density, is
given in the text.
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Scale factor a

CDM

figure from Marsh 2015




DM absorption
Mono-energetic signal from halo DM 
 
	 - doesn’t require coherent field 
	 - low thresholds needed 
	 - (coupling)2


Emission from the sun + absorption 
 
	 - 10-100 eV thresholds sufficient 
	 - (coupling)4

25

X

Both electron recoils, 
phonon modes can be used 

to detect DM absorption!
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Mono-energetic signal from halo DM 
 
	 - doesn’t require coherent field 
	 - low thresholds needed 
	 - (coupling)2


Emission from sun + absorption 
 
	 - 10-100 eV thresholds sufficient 
	 - (coupling)4
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X

Both electron recoils, 
phonon modes can be used 

to detect DM absorption!



10�3 10�2 10�1 100 101 102 103 104

mV [eV]

10�18

10�16

10�14

10�12

10�10



Stellar
constraints

Xenon

Xenon100
CDMSlite

DAMIC

DAMIC

Hidden photon dark matter

Ge, 70 kg-d
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tic
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g

Dark matter mass

Si, 0.6 kg-d

11.5 g-d

15 kg-d
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Hidden photon DM

Hochberg, TL, Zurek 2016a, 2016b

An, Pospelov, Pradler 2013, 2014


I. Bloch et al. 2016, DAMIC 1611.03066

Solar 
(Al, Ge)

(Stuckelberg mass for 
hidden photon assumed)

Hinf . 3⇥ 1013 GeV
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Hidden photon DM

Hochberg, TL, Zurek 2016a, 2016b

An, Pospelov, Pradler 2013, 2014


I. Bloch et al. 2016, DAMIC 1611.03066

Solar 
(Al, Ge)

Wide open parameter  
space, accessible with 

O(kg-day) exposure

(Stuckelberg mass for 
hidden photon assumed)

Hinf . 3⇥ 1013 GeV
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Pseudoscalar DM
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Open parameter space 
accessible with O(kg-year) 

exposure
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Pseudoscalar DM
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accessible with O(kg-year) 

exposure
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Scalar DM

10�3 10�2 10�1 100 101

m� [eV]

104

105

106

107

108

109

1010

1011
d �

ee

HB stars

Fifth
Force

Fifth
Force

�
!

�
�

Scalar dark matter

10�3 10�2 10�1 100 101

m� [eV]

104

105

106

107

108

109

1010

1011
d �

ee

HB stars

Fifth
Force

Fifth
Force

�
!

�
�

Scalar dark matter

Solar ν background 
(Al)

Open parameter space, 
accessible with O(kg-year) 

exposure

Hochberg, TL, Zurek 2016a, 2016b

Arias et al. 2012, I. Bloch et al. 2016



Conclusions
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GeV     TeVeVmeV keV MeV
DM mass

DM absorption
meV-eV detectors

DM scattering

• Viable and motivated DM candidates in meV-GeV range; 
variety of well-defined targets in model space


• Many new ideas to reach these with meV-eV threshold 
detection mechanisms


• Exciting opportunity to cover wide open parameter 
space, probe MeV thermal relics



Thanks!
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