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Dark matter (DM) exists!

Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency-averaged
temperature spectrum computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters de-
termined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm, computed over 94 % of the sky. The best-fit base ⇤CDM theoreti-
cal spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown
in the lower panel. The error bars show ±1� uncertainties.

The large upward shift in Ase�2⌧ reflects the change in the abso-
lute calibration of the HFI. As noted in Sect. 2.3, the 2013 analy-
sis did not propagate an error on the Planck absolute calibration
through to cosmological parameters. Coincidentally, the changes
to the absolute calibration compensate for the downward change
in ⌧ and variations in the other cosmological parameters to keep
the parameter �8 largely unchanged from the 2013 value. This
will be important when we come to discuss possible tensions
between the amplitude of the matter fluctuations at low redshift
estimated from various astrophysical data sets and the Planck
CMB values for the base ⇤CDM cosmology (see Sect. 5.6).

(4) Likelihoods. Constructing a high-multipole likelihood for
Planck, particularly with T E and EE spectra, is complicated
and di�cult to check at the sub-� level against numerical
simulations because the simulations cannot model the fore-
grounds, noise properties, and low-level data processing of
the real Planck data to su�ciently high accuracy. Within the
Planck collaboration, we have tested the sensitivity of the re-
sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2016). The most highly developed of

them are the CamSpec and revised Plik pipelines. For the 2015
Planck papers, the Plik pipeline was chosen as the baseline.
Column 6 of Table 1 lists the cosmological parameters for base
⇤CDM determined from the Plik cross-half-mission likeli-
hood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations,
and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasize that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on
the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
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We have never observed a dark matter particle.

Planck Collaboration: The Planck mission

Fig. 9. Maximum posterior CMB intensity map at 50 resolution derived from the joint baseline analysis of Planck, WMAP, and
408 MHz observations. A small strip of the Galactic plane, 1.6 % of the sky, is filled in by a constrained realization that has the same
statistical properties as the rest of the sky.

Fig. 10. Maximum posterior amplitude Stokes Q (left) and U (right) maps derived from Planck observations between 30 and
353 GHz. These mapS have been highpass-filtered with a cosine-apodized filter between ` = 20 and 40, and the a 17 % re-
gion of the Galactic plane has been replaced with a constrained Gaussian realization (Planck Collaboration IX 2015). From
Planck Collaboration X (2015).

8.2.1. Polarization power spectra

In addition to the TT spectra, the 2015 Planck likelihood in-
cludes the T E and EE spectra. Figure 12 shows the T E and EE

power spectra calculated from the 2015 data and including all
frequency combinations. The theory curve shown in the figure
is the best-fit base ⇤CDM model fitted to the temperature spec-

tra using the PlanckTT+lowP likelihood. The residuals shown
in Fig. 12 are higher than expected and provide evidence of
residual instrumental systematics in the T E and EE spectra. It
is currently believed that the dominant source of errors is beam
mismatch generating leakage from temperature to polarization
at low levels of a few µK2 in D`. We urge caution in the in-
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Table 3. Parameters of the base⇤CDM cosmology computed from the 2015 baseline Planck likelihoods, illustrating the consistency
of parameters determined from the temperature and polarization spectra at high multipoles. Column [1] uses the TT spectra at low
and high multipoles and is the same as column [6] of Table 1. Columns [2] and [3] use only the T E and EE spectra at high
multipoles, and only polarization at low multipoles. Column [4] uses the full likelihood. The last column lists the deviations of the
cosmological parameters determined from the Planck TT+lowP and Planck TT,TE,EE+lowP likelihoods.

Parameter [1] Planck TT+lowP [2] Planck TE+lowP [3] Planck EE+lowP [4] Planck TT,TE,EE+lowP ([1] � [4])/�[1]

⌦bh2 . . . . . . . . . . 0.02222 ± 0.00023 0.02228 ± 0.00025 0.0240 ± 0.0013 0.02225 ± 0.00016 �0.1
⌦ch2 . . . . . . . . . . 0.1197 ± 0.0022 0.1187 ± 0.0021 0.1150+0.0048

�0.0055 0.1198 ± 0.0015 0.0
100✓MC . . . . . . . . 1.04085 ± 0.00047 1.04094 ± 0.00051 1.03988 ± 0.00094 1.04077 ± 0.00032 0.2
⌧ . . . . . . . . . . . . . 0.078 ± 0.019 0.053 ± 0.019 0.059+0.022

�0.019 0.079 ± 0.017 �0.1
ln(1010As) . . . . . . 3.089 ± 0.036 3.031 ± 0.041 3.066+0.046

�0.041 3.094 ± 0.034 �0.1
ns . . . . . . . . . . . . 0.9655 ± 0.0062 0.965 ± 0.012 0.973 ± 0.016 0.9645 ± 0.0049 0.2
H0 . . . . . . . . . . . 67.31 ± 0.96 67.73 ± 0.92 70.2 ± 3.0 67.27 ± 0.66 0.0
⌦m . . . . . . . . . . . 0.315 ± 0.013 0.300 ± 0.012 0.286+0.027

�0.038 0.3156 ± 0.0091 0.0
�8 . . . . . . . . . . . . 0.829 ± 0.014 0.802 ± 0.018 0.796 ± 0.024 0.831 ± 0.013 0.0
109Ase�2⌧ . . . . . . 1.880 ± 0.014 1.865 ± 0.019 1.907 ± 0.027 1.882 ± 0.012 �0.1

likelihood. The residuals in both T E and EE are similar to those
from Plik. The main di↵erence can be seen at low multipoles
in the EE spectrum, where CamSpec shows a higher dispersion,
consistent with the error model, though there are several high
points at ` ⇡ 200 corresponding to the minimum in the EE spec-
trum, which may be caused by small errors in the subtraction
of polarized Galactic emission using 353 GHz as a foreground
template (and there are also di↵erences in the covariance matri-
ces at high multipoles caused by di↵erences in the methods used
in CamSpec and Plik to estimate noise). Generally, cosmolog-
ical parameters determined from the CamSpec likelihood have
smaller formal errors than those from Plik because there are no
nuisance parameters describing polarized Galactic foregrounds
in CamSpec.

3.3.3. Consistency of cosmological parameters from the TT ,
T E, and EE spectra

The consistency between parameters of the base ⇤CDM model
determined from the Plik temperature and polarization spec-
tra are summarized in Table 3 and in Fig. 6. As pointed out by
Zaldarriaga et al. (1997) and Galli et al. (2014), precision mea-
surements of the CMB polarization spectra have the potential to
constrain cosmological parameters to higher accuracy than mea-
surements of the TT spectra because the acoustic peaks are nar-
rower in polarization and unresolved foreground contributions at
high multipoles are much lower in polarization than in temper-
ature. The entries in Table 3 show that cosmological parameters
that do not depend strongly on ⌧ are consistent between the TT
and T E spectra, to within typically 0.5� or better. Furthermore,
the cosmological parameters derived from the T E spectra have
comparable errors to the TT parameters. None of the conclu-
sions in this paper would change in any significant way were we
to use the T E parameters in place of the TT parameters. The
consistency of the cosmological parameters for base ⇤CDM be-
tween temperature and polarization therefore gives added confi-
dence that Planck parameters are insensitive to the specific de-
tails of the foreground model that we have used to correct the
TT spectra. The EE parameters are also typically within about
1� of the TT parameters, though because the EE spectra from
Planck are noisier than the TT spectra, the errors on the EE pa-
rameters are significantly larger than those from TT . However,
both the T E and EE likelihoods give lower values of ⌧, As and
�8, by over 1� compared to the TT solutions. Noticee that the

T E and EE entries in Table 3 do not use any information from
the temperature in the low-multipole likelihood. The tendency
for higher values of �8, As, and ⌧ in the Planck TT+lowP solu-
tion is driven, in part, by the temperature power spectrum at low
multipoles.

Columns [4] and [5] of Table 3 compare the parameters
of the Planck TT likelihood with the full Planck TT,T E, EE
likelihood. These are in agreement, shifting by less than 0.2�.
Although we have emphasized the presence of systematic ef-
fects in the Planck polarization spectra, which are not accounted
for in the errors quoted in column [4] of Table 3, the consis-
tency of the Planck TT and Planck TT,T E, EE parameters pro-
vides strong evidence that residual systematics in the polariza-
tion spectra have little impact on the scientific conclusions in this
paper. The consistency of the base ⇤CDM parameters from tem-
perature and polarization is illustrated graphically in Fig. 6. As a
rough rule-of-thumb, for base ⇤CDM, or extensions to ⇤CDM
with spatially flat geometry, using the full Planck TT,T E, EE
likelihood produces improvements in cosmological parameters
of about the same size as adding BAO to the Planck TT+lowP
likelihood.

3.4. Constraints on the reionization optical depth parameter ⌧

The reionization optical depth parameter ⌧ provides an important
constraint on models of early galaxy evolution and star forma-
tion. The evolution of the inter-galactic Ly↵ opacity measured in
the spectra of quasars can be used to set limits on the epoch of
reionization (Gunn & Peterson 1965). The most recent measure-
ments suggest that the reionization of the inter-galactic medium
was largely complete by a redshift z ⇡ 6 (Fan et al. 2006). The
steep decline in the space density of Ly↵-emitting galaxies over
the redshift range 6 <⇠ z <⇠ 8 also implies a low redshift of reion-
ization (Choudhury et al. 2015). As a reference, for the Planck
parameters listed in Table 3, instantaneous reionization at red-
shift z = 7 results in an optical depth of ⌧ = 0.048.

The optical depth ⌧ can also be constrained from observa-
tions of the CMB. The WMAP9 results of Bennett et al. (2013)
give ⌧ = 0.089 ± 0.014, corresponding to an instantaneous red-
shift of reionization zre = 10.6 ± 1.1. The WMAP constraint
comes mainly from the EE spectrum in the multipole range
` = 2–6. It has been argued (e.g., Robertson et al. 2013, and ref-
erences therein) that the high optical depth reported by WMAP
cannot be produced by galaxies seen in deep redshift surveys,
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DM in our neighborhood

vDM ⇠ 10�3c

⇢DM = mDM ⇥ nDM

Few heavy particles, 
or lots of light particles…  

what is DM mass?

Local measurements of stars tell us:

Figure 3: Key predictions from dark-matter-only (DMO) cosmological simulations. a) Pro-
jected density contours of the Aquarius Aq-A-1 DMO cosmological simulation of a halo of Milky
Way mass (M200 ⇠ 1012M�), run with 4.2 billion dark matter super-particles (Springel et al.,
2008). The size of the Galactic disc out to the Sun position R0 = 8kpc (not modelled in this
simulation) is marked by the red horizontal line. b) The spherically averaged dark matter den-
sity profile from the GHALO suite of Milky Way mass halo simulations (Stadel et al., 2009).
Four di↵erent resolutions (super-particle numbers) are marked, showing excellent numerical con-
vergence. c) The dark matter density Probability Distribution Function (PDF) in the Aquarius
suite, calculated using a kernel average (64 smoothing neighbours) at each super-particle, nor-
malised to a power law model fit over a thick ellipsoidal shell at 6-12 kpc from the halo centre
(Vogelsberger et al., 2009a). Simulations Aq-A-1 through Aq-A-5 (of decreasing numerical reso-
lution, as marked) are over-plotted; only Aq-A-1 and Aq-A-2 resolve the high density tail due to
subhalos. The black dashed line shows the intrinsic scatter due to Poisson noise in the density
estimator. d) The dark matter velocity PDF averaged over 2 kpc boxes at 7-9 kpc from the halo
centre of Aq-A-1.
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Rare collisions

KEDM =
1

2
mDMv2DM > 1 keV
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Not-so-rare collisions,
need low thresholds

[Essig, Mardon, Volansky PRD 2012; Knapen, Lin, Pyle, Zurek, PLB 2018;  
Dolan, Kahlhoefer, McCabe PRL 2018; Ibe et al. JHEP 2018 ]

Elementary 
particle

⇢
sub-GeV DM

KEDM ⇠ 10 meV � 1 keV
<latexit sha1_base64="nlca8kvbMtEGK0PMtDhQzbkIgBo="></latexit>

Theory framework for calculating 
DM-phonon excitations
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Acoustic phonon

Optical phonon

Dark matter can excite a given phonon when forces on all the 
ions constructively interfere in the right way. 

In particle physics language, we have to match interactions 
with individual ions to the EFT of phonon excitations.

�
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unit cell

X

j0

Dq,j,j0 · e⌫,j0(q) = !2
⌫,qe⌫,j(q)
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q

Solve eigenvalue problem:

2

e-
N

DM

e- N

DM

e- N

DM

FIG. 1. Illustration of electron emission from nuclear re-
coils. If a DM particle scatters o↵ a nucleus (panel 1), we
can assume that immediately after the collision the nucleus
moves relative to the surrounding electron cloud (panel 2).
The electrons eventually catch up with the nucleus, but indi-
vidual electrons may be left behind and are emitted, leading
to ionisation of the recoiling atom (panel 3).

given by

d2Rnr

dER dv
=

⇢ �N

2µ2
N mDM

f(v)

v
, (1)

where ⇢ denotes the local DM density, �N the DM-
nucleus scattering cross section1, mDM the DM mass,
µN = mN mDM/(mN + mDM) the DM-nucleus reduced
mass and f(v) =

R
v2 f(v) d⌦v the DM speed distribu-

tion in the laboratory frame [51]. We neglect nuclear
form factors since we are only interested in small momen-
tum transfers. The di↵erential event rate for a nuclear
recoil of energy ER to be accompanied by an ionisation
electron with energy Ee is

d3Rion

dER dEe dv
=

d2Rnr

dER dv
⇥ |Zion(ER, Ee)|

2 , (2)

where the transition rate is given by

|Zion(ER, Ee)|
2 =

X

nl

1

2⇡

dpcqe(nl ! Ee)

dEe
. (3)

In this expression n and l denote the initial quan-
tum numbers of the electron being emitted, qe =
me

p
2ER/mN is the momentum of each electron in the

rest frame of the nucleus immediately after the scatter-
ing process, and pcqe(nl ! Ee) quantifies the probability
to emit an electron with final kinetic energy Ee. We can
make the dependence of pcqe(nl ! Ee) on qe explicit by
writing

pcqe(nl ! Ee) =

✓
qe

vref me

◆
pcvref

(nl ! Ee) , (4)

where vref is a fixed reference velocity. The functions
pcvref

(nl ! Ee) depend on the target material under con-
sideration. We use the functions from ref. [44], which
have been calculated taking vref = 10�3.

1 We have absorbed the coherent enhancement factor into our def-
inition of �N .

If the emitted electron comes from an inner orbital,
the remaining ion will be in an excited state. To return
to the ground state, further electronic energy will be re-
leased in the form of photons or additional electrons.2

The total electronic energy deposited in the detector is
hence approximately given by EEM = Ee + Enl, where
Enl is the (positive) binding energy of the electron before
emission.
We integrate eq. (2) over the nuclear recoil energy and

the DM velocity to calculate the energy spectrum, in-
cluding only those combinations of ER, EEM and v that
satisfy energy and momentum conservation. The result-
ing calculation is identical to the case of inelastic DM [54],
with the DM mass splitting �m being replaced by the
total electronic energy EEM.3 We find

vmin =

s
mNER

2µ2
+

EEM
p
2mNER

. (5)

The maximum electronic and nuclear recoil energy for
a given DM mass are given by

ER,max =
2µ2

N v2max

mN
, EEM,max =

µN v2max

2
. (6)

For vmax ⇡ 800 km/s, mDM ⌧ mN (and hence µN ⇡

mDM), we generically find EEM,max � ER,max. For
concreteness, for mDM = 0.5GeV and mN = 120GeV
(the approximate xenon atom mass), we find ER,max ⇡

0.03 keV while EEM,max ⇡ 1.8 keV. The electronic en-
ergy is therefore much easier to detect than the nuclear
recoil energy.

Sensitivity of liquid xenon detectors.— Having ob-
tained the relevant formulae for the distribution of elec-
tronic and nuclear recoil energy at the interaction point
where the DM-nucleus scattering occurs, we now convert
these energies into observables accessible for direct detec-
tion experiments. The focus of this discussion will be on
liquid xenon detectors, but we note that the dominance
of the electronic energy EEM resulting from the Migdal
e↵ect is not limited to xenon. These detectors convert
the atomic excitations and ionisations at the interaction
point into a primary (S1) and a secondary (S2) scintil-
lation signal [55]. A specific detector can be character-
ized by two functions: pdf(S1,S2|ER, EEM) quantifies the
probability to obtain specific S1 and S2 values for given
ER and EEM; and ✏(S1,S2) quantifies the probability that
a signal with given S1 and S2 will be detected and will
satisfy all selection cuts. Using these two functions, we
can write

d2R

dS1 dS2
= ✏(S1,S2)

Z
dER dEEM

d2R

dER dEEM

⇥ pdf(S1,S2|ER, EEM) , (7)

2 In contrast, the probability to obtain double ionisation from the
Migdal e↵ect itself is exceedingly small [52, 53].

3 We neglect the di↵erence in mass between the original atom and
the recoiling excited state.

Isolated Atom

e-(k)
e-(k’,l’,m’)

h e k0l0m0 | e klmi = (2⇡)3�l0l�m0m
1

k2
�(k � k0) ⌘ V
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e k0l0m0(~x) = 4⇡j`0(k
0x)Y ⇤

`0m0(✓~x,�~x)
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normalization:

final state is a “free” electron with angular quantum numbers l’, m’, and momentum k’

initial state final state



Axion DM experiments



Axion DM Theory
a(x, t) =

p
2⇢DM

ma
cos(mat+O(vDM)x)
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Classical physics is fine:

oscillates at frequency  
set by DM mass

Local DM velocity Spatial coherence Temporal coherence

�vDM ⇠ vDM ⇠ 10�3 �dB =
�Comp

vDM

e.g. ma = 10�9 eV

�Comp ⇠ km

⌧Comp ⇠ µs

⌧coh =
⌧Comp

v2DM
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[Graham and Rajendran, PRD 2013]

ma = 10�9 eV =) Na ⇠ 1018/cm3
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amplitude set  
by local DM density



How do axions interact?

[Graham and Rajendran, PRD 2013]

While strong-CP is a great motivation, let’s think broadly.  
For this talk, “axion” can vary mass/coupling relation

Axion
ma ⇠ 10�9 eV

✓
1016 GeV

fa

◆
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For QCD axion, only one free parameter!
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In axion DM background, get oscillating observables:

What should we measure?

dn = gda

HN � gaNNra · ~�N

Time-varying EDM

Spin-dependent force

) Oscillating 
response 
from static 

fields

Note: 

a(x, t) =

p
2⇢DM

ma
cos(mat+O(vDM)x)
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so some are easier than others 
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Axion searches  
with magnetic fields

Cavity regime: ) �Comp ⇠ Rexp

e.g. ADMX

Quasistatic regime: �Comp � Rexp

e.g. ABRACADBRA

Radiation regime: �Comp ⌧ Rexp

e.g. MADMAX
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Resonant cavity detection

Cavity b.c. fix mass range to cavity size; 
larger masses -> smaller V

)

Tune cavity modes 
to scan axion masses

P ⇠ g2a��
⇢DM

ma
B2

0V Q

cavity response
axion source

[HAYSTAC PRD 2018, ADMX PRL 2018]
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Figure 4: Plotted in green is the HAYSTAC exclusion data at 90% confidence from
data runs 1 and 2. Excluded is the axion mass range 23.15  ma  24.00 µeV at
coupling |g�| � 2.7 ⇥ |gKSVZ

�
|. This result is the first exclusion of a QCD axion over

20 µeV. Plotted in the inset are exclusion limits from other axion haloscopes [17–24].
The cosmologically relevant axion model band is shaded yellow [25].

transistor (HEMT) amplifier which follows the JPA in the receiver chain but is low
enough to avoid deviations from a Gaussian distributed noise spectra that occurs at
higher gain.

Half an applied DC flux quantum tunes the JPA its full range of 2 GHz. This
extreme flux sensitivity necessitates specialized magnetic shielding in the region of
the JPA, which is accomplished by a combination of active bucking coils, supercon-
ducting coils, and passive components. A full description of the JPA shielding is given
in Ref. [13].

Operating the JPA in the phase-sensitive mode o↵ers no improvement in axion
search sensitivity because the factor of two improvement in system noise temperature
is exactly cancelled by the loss of signal power in one quadrature [16]. However, a
squeezed-vacuum state receiver will be implemented in HAYSTAC Phase II to cir-
cumvent the standard quantum limit. This upgrade is described in more detail in
Section 3.

2.2 Phase I Results

We report in Fig. 4 the 90% exclusion limit for g� based on the combined axion search
data from runs 1 and 2. Excluded is a two photon coupling of ga�� ⇠>2⇥ 10�14GeV�1
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FIG. 4. 90% upper confidence excluded region of axion mass and photon coupling ga�� . The red line indicates the limit on
axion-photon coupling with the boosted Maxwel-Boltzman lineshape from the isothermal halo model [37], while the blue like
indicates the limit with the N-body inspired signal [38]. Colored regions indicate systematic uncertainty range. The region
660.16 to 660.27 MHz, marked by the grey bar, was vetoed due to RF interference as described in the text. The inset shows
the results in the context of other haloscope searches.
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Volume enhancement at low masses
h�(t)2i ⇠ g2a��⇢DMB2

0V
5/3
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FIG. 3. The limit on the axion-photon coupling ga�� constructed from ABRACADABRA-10cm data described in this work.
We compare the observed limit, which has been down-sampled in the number of mass points by a factor of 104 for clarity of
presentation, to the expectation for the power-constrained limit under the null hypothesis. This down-sampling excludes the
87 isolated mass points vetoed in the discovery analysis; further details will be presented in [13]. Additionally, we show the
astrophysical constraint on ga�� in this mass range from the CAST helioscope experiment [23]; the region above the grey line
is excluded.

parameter Navg and mean

sk =

8
<

:
A ⇡f(v)

mav

���
v=

p
4⇡fk/ma�2

fk > ma/2⇡ ,

0 fk  ma/2⇡ ,
(4)

where A is defined in Eq. (3). We assume f(v) is given
by the Standard Halo Model, with velocity dispersion
v0 = 220 km/s/c, and vobs = 232 km/s/c the DM velocity
in the Earth frame [28], with c the speed of light. With
the DM density and velocity distribution specified, the
only free parameter in the predicted signal rate is ga�� .

We expect our background noise sources to be normally
distributed in the time domain, such that when combined
with an axion spectrum, the resulting PSD data is still
Erlang-distributed. Accordingly, our combined signal-
plus-background model prediction in each frequency bin
is an Erlang distribution P (F̄k;Navg, µk) with shape pa-
rameter Navg and mean µk = sk + b (see [27] for de-
tails). Although the background PSD varies slowly with
frequency, the axion signal for a given mass is narrow
enough that we restrict to a small frequency range and
parameterize the background as a constant b across the
window. We verified that the results of our analysis were
not sensitive to the size of the window chosen.

We performed our analysis on the F̄10M and F̄1M spec-
tra over frequency ranges 500 kHz to 2MHz and 75 kHz to
500 kHz, respectively. We chose the frequency at which
we transition from one set of spectra to the other so that
the axion signal window is su�ciently resolved every-
where, though we have seen that the exact choice has
little e↵ect on the final result. We rebin the F̄10M (F̄1M)
spectra in time into 53 (24) spectra that cover 32,000 s
(64,000 s) each. This was done to speed up processing
time, though it is not necessary for our analysis approach.

We test for an axion signal at mass ma and coupling
strength A by constructing a joint likelihood of Erlang
distributions over the 53 (24) F̄10M (F̄1M) given the ob-
served PSD data [13, 27]. For each axion mass, we as-
sign a unique background nuisance parameter to each of
the rebinned F̄10M (F̄1M) spectra and profile over the
joint likelihood to construct the profile likelihood for A
at that mass. This accounts for the possibility that the
background level might change on timescales of hours to
days.
To detect an axion signal, we place a 5� threshold on

a discovery test-statistic (TS). To evaluate this we first
calculate the profile likelihood ratio �(ma, A), at fixed
ma, as the ratio of the background-profiled likelihood
function as a function of A to the likelihood function
evaluated at the best-fit value Â. From here, we define
TS(ma) = �2 log �(ma, 0) for Â > 0 and zero otherwise.
This quantifies the level at which we can reject the null
hypothesis of A = 0. The 5� condition for discovery at a
given ma is TS(ma) > TSthresh, where [27]

TSthresh =


��1

✓
1 � 2.87 ⇥ 10�7

Nma

◆�2
(5)

accounts for the local significance as well as the look-
elsewhere e↵ect (LEE) for the Nma independent masses
in the analysis (here � is the cumulative distribution
function for the normal distribution with zero mean and
unit variance). For this analysis, Nma ⇡ 8.1 ⇥ 106 be-
tween 75 kHz and 2MHz, and TSthresh = 56.1.
Where we have no detection, we set a 95% C.L. limit,

A95%, again with the profile likelihood ratio. To do so, we
use the statistic t(ma, A) = �2 log �(ma, A), with A > Â,
by t(ma, A95%) = 2.71. We implement one-sided power-
constrained limits [29], which in practice means that we

Second run underway, expect better limits soon;  
merging w/DM-Radio @ SLAC

   
first results

[Ouellet, YK, Winslow, et al., PRL 2019; PRD 2019]

10 cm magnet and pickup

2

In this Letter, we present first results from
ABRACADABRA-10 cm, probing the axion-photon
coupling ga�� for ADM in the frequency range
f 2 [75 kHz, 2MHz], corresponding to axion masses
ma 2 [3.1 ⇥ 10�10, 8.3 ⇥ 10�9] eV. This mass range is
highly complementary to that probed by the ADMX ex-
periment [16–18], HAYSTAC [19], and other microwave
cavity experiments [20–22], which probe ma ⇠ 10�6 �
10�5 eV. Our result represents the most sensitive lab-
oratory search for ADM below 1µeV, is competitive
with leading astrophysical constraints from CAST [23],
and is the first step towards a larger-scale version of
ABRACADABRA sensitive to the smaller values of ga��
relevant for the QCD axion in the mass range where ax-
ions can probe GUT-scale physics.

MAGNET AND CRYOGENIC SETUP

FIG. 1. Left: Rendering of the ABRACADABRA-10 cm
setup. The primary magnetic field is driven by 1,280 super-
conducting windings around a POM support frame (green).
The axion-induced field is measured by a superconducting
pickup loop mounted on a PTFE support (white). A second
superconducting loop runs through the volume of the magnet
to produce a calibration signal. All of this is mounted inside a
superconducting shield. Right: Picture of the exposed toroid
during assembly.

ABRACADABRA-10 cm consists of a superconducting
persistent toroidal magnet produced by Superconducting
Systems Inc. [24] with a minimum inner radius of 3 cm, a
maximum outer radius of 6 cm, and a maximum height of
12 cm. The toroidal magnet is counter-wound to cancel
azimuthal currents; see [13] for details. We operate the
magnet in a persistent field mode with a current of 121A,
producing a maximum field of 1T at the inner radius. We
confirmed this field with a Hall sensor to a precision of
⇠ 1%. Due to the toroidal geometry of the magnet, the
field in the center should be close to zero (in the absence
of an axion signal).

To reduce AC magnetic field noise, we use both mag-
netic shielding and vibrational isolation. The toroid is

mounted in a G10 support inside a tin-coated copper shell
which acts as a magnetic shield below 3.7K, when the tin
coating becomes superconducting. The toroid/shield as-
sembly is thermalized to the coldest stage of an Oxford
Instruments Triton 400 dilution refrigerator and cooled
to an operating temperature of ⇠ 1.2K. The weight of
the shield and magnet is supported by a Kevlar string
which runs ⇠2m to a spring attached to the top of the
cryostat. This reduces the mechanical coupling and vi-
bration between the detector and cryostat.
We measure AC magnetic flux in the center of the

toroid with a solid NbTi superconducting pickup loop of
radius 2.0 cm and wire diameter 1mm. The induced cur-
rent on this pickup loop is carried away from the magnet
through ⇠ 50 cm of 75µm solid NbTi twisted pair read-
out wire up to a Magnicon two-stage SQUID current sen-
sor. The 75µm wire is shielded by superconducting lead
produced according to [25]. The majority of the 1mm
wire is inside the superconducting shielding of the mag-
net, but about 15 cm is only shielded by stainless steel
mesh sleeve outside the shield.
The two-stage Magnicon SQUID current sensor is op-

timized for operation at < 1K; we operate it at 870mK.
The input inductance of the SQUID is Lin ⇡ 150 nH and
the inductance of the pickup loop is Lp ⇡ 100 nH. The
SQUID is operated with a flux-lock feedback loop (FLL)
to linearize the output, which limits the signal band-
width to ⇡ 6MHz. We read out the signal with an
AlazarTech ATS9870 8-bit digitizer, covering a voltage
range of ±40mV. The digitizer is clocked to a Stanford
Research Systems FS725 Rb frequency standard. In or-
der to fit the signal into the range of our digitizer, we
filter the signal through a 10 kHz high-pass filter and a
1.9MHz anti-aliasing filter before sending it to the digi-
tizer.
To calibrate the detector, we run a superconducting

wire through the volume of the toroid at a radius of
4.5 cm into which we can inject an AC current to gen-
erate a field in the pickup loop, similar to what we ex-
pect from an axion signal. The coupling between the
calibration and pickup loop can be calculated from ge-
ometry to be ⇡50 nH. We perform a calibration scan to
calculate the end-to-end gain of our readout system. Our
calibration measurements indicate that our pickup-loop
flux-to-current gain is lower than expected by a factor of
⇠ 6. We determined this to be likely due to parasitic
impedances in the circuit, and we will address this issue
in future designs.

DATA COLLECTION

We collected data from July 16, 2018 to August 14,
2018, for a total integration time of Tint = 2.45 ⇥ 106 s.
The data stream was continuously sampled at a sampling
frequency of 10MS/s for the duration of the data-taking

inside a 150 mK 
dilution refrigerator
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Be 

Figure 1. A dielectric haloscope consisting of one mirror and several dielectric disks placed in an
external magnetic field Be and one receiver in the field-free region. The setup produces discontinuities
in the axion-induced electric field Ea at the various interfaces between empty space and either mirror
or dielectric disk. To satisfy the usual continuity requirements of the total electric and magnetic
fields in the directions parallel to the interfaces, Ek and Hk, microwaves emerge in the perpendicular
directions away from each interface with a frequency ⌫a = ma/2⇡ given by the axion mass. These
microwaves are illustrated by the horizontal blue arrows. The signal strength depends on the thickness
of the disks and the spacings between them, which have to be varied to scan over the axions mass ma.

for a substantial signal boost over a sizeable search frequency range �⌫. Moreover, by re-
adjusting the disk placement, one will be able to continuously shift �⌫ with the signal boost
and thereby to scan a sizeable range of possible ma values in a realistic total measurement
time. Indeed, with dielectric haloscopes, a realistic galactic axion-dark matter search in the
high-mass region of ma = 40–400µeV seems to become feasible [22].

One key advantage of our dielectric haloscope approach is that the frequency dependent
microwave emissivity can be adjusted in a flexible and varied way. This is because the total
power generated over a frequency range increases linearly with the number of dielectric disks
N , a finding which we call the Area Law. For example, one can achieve a very large value of
the signal boost in a narrow range of frequencies, similar to a single resonator. Alternatively
one can adjust the spacings to achieve a relatively uniform large signal boost over a broader
range of frequencies. This freedom is very important for a practical search for axions.

The challenge of every axion search experiment is to scan over a broad range of fre-
quencies. Once the axion mass has been found, measuring the signal in detail will be easy.
In search mode, however, one needs to take data for a long enough time in a given search
frequency range �⌫ for a possible signal to become significant relative to background fluctu-
ations and, even more critically, to avoid missing a true signal by a downward background
fluctuation. The background itself arises from ambient thermal emission and from electronic
noise of the microwave amplifiers. Therefore, the figure of merit is not the signal power P

itself but P 2. As we will show, it is possible to adjust the search frequency range �⌫ with the
large signal boost by controlling the disk spacing. However, the Area Law implies that P �⌫

is roughly conserved. As the search rate per channel �⌫/�t scales with P
2, the overall search

time required to cover the mass range �ma given by (�ma/�⌫)�t decreases linearly with
�⌫, so working on a narrow search frequency range would seem to be most advantageous.
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E+M boundary condition at interfaces forces 
radiation to cancel axion-induced D
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Figure 2. Interface between two regions 1 and 2 with equal Be and chosen material properties
µ1 = µ2 = 1, ✏1 = 4 and ✏2 = 1, implying n1 =

p
✏1 = 2 and n2 = 1 so that k1 = 2! and k2 = !. The

EM waves propagating away from both sides of the interface ensure continuity of Hk and Ek, here
implying H

�
1 = H

�
2 = 1/2, Ea

1 = E
�
1 = �1/4, Ea

2 = �1 and E
�
2 = 1/2, where all fields are given in

units of E0 = |ga�Bea0|.

One consequence of these boundary conditions is that Be, assumed to be parallel to the
interface, must jump if the static (DC) permeability µDC is di↵erent between the two media.
Recall that in our equations, usually the symbols µ and ✏ represent the material properties
at angular frequency ! = ma, not the DC quantities, although in practice, the frequency
dependence may be small. In our conceptual discussion here we will mostly ignore a possible
Be discontinuity at the interface caused by a jump of µDC because we are primarily concerned
with such dielectric media that have only a negligible magnetic response. This issue is one
of many small e↵ects to be studied in a realistic experimental design.

Turning to propagating waves, equation (2.15b) without the source term on the rhs
and using H = B/µ implies the usual condition k ⇥ H� + !✏E� = 0, where the subscript
� indicates that these are the fields of a propagating EM wave. With the wave number
satisfying k = n! (refractive index n) one finds H� = ±(✏/n)E� . Notice that n =

p
✏µ so

that ✏/n =
p
✏/µ. However, because the medium is described by two material constants µ

and ✏ we prefer to use instead the pair of parameters n and ✏ which avoids the appearance
of many square-root symbols. In most practical cases, µ ⇡ 1 so that n becomes essentially
a notation for

p
✏. For the EM waves, H� is perpendicular to E� which itself is collinear

with Ea and thus with Be. Therefore, the continuity of Hk does not involve Be and implies4

H�
1 = H�

2 . Because k1 and k2 point in opposite directions, also E�
1 and E�

2 must be oriented
in opposite directions as shown in figure 2. Moreover, the continuity of Ek must involve the

4
We put the symbols a and � as subscripts or superscripts depending on typographical convenience.
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Composite design with large volume and high Q, design underway

O(�Comp)

{

[Millar et al. JCAP 2017, MADMAX working group PRL 2017]

r⇥Ba =
@Ea

@t
� ga��B0

@a

@t
<latexit sha1_base64="+hFxxVspa3OwMQZhM4Pc+ZLHI9I=">AAACbnicbVFdS8MwFE3r15xfm4IPihgcgi9KK4K+CGMi+KjgNmEd5TZLZzBJS5IKo/TRP+ibv8EXf4LpNvyYXkg4nJN7knsSpZxp43lvjjs3v7C4VFmurqyurW/U6psdnWSK0DZJeKIeItCUM0nbhhlOH1JFQUScdqOnq1LvPlOlWSLvzSilfQFDyWJGwFgqrL0EEiIOODBMUI0DAeYxivNWEQK+xEGsgORBCsow4F/qtVWLb9 oU+BgPw9y6DEEImOzFTzNvxmmmPaw1vBNvXPgv8KeggaZ1G9Zeg0FCMkGlIRy07vleavp56Ug4LapBpmkK5AmGtGehBDtcPx/HVeBDywxwnCi7pMFj9mdHDkLrkYjsyXICPauV5H9aLzPxRT9nMs0MlWRyUZzZCRNcZo8HTFFi+MgCIIrZt2LyCDYYY3+oakPwZ0f+CzqnJ77Fd2eNZmsaRwXtogN0hHx0jproBt2iNiLo3ak7O86u8+Fuu3vu/uSo60x7ttCvco8+AffsvQo=</latexit><latexit sha1_base64="+hFxxVspa3OwMQZhM4Pc+ZLHI9I=">AAACbnicbVFdS8MwFE3r15xfm4IPihgcgi9KK4K+CGMi+KjgNmEd5TZLZzBJS5IKo/TRP+ibv8EXf4LpNvyYXkg4nJN7knsSpZxp43lvjjs3v7C4VFmurqyurW/U6psdnWSK0DZJeKIeItCUM0nbhhlOH1JFQUScdqOnq1LvPlOlWSLvzSilfQFDyWJGwFgqrL0EEiIOODBMUI0DAeYxivNWEQK+xEGsgORBCsow4F/qtVWLb9 oU+BgPw9y6DEEImOzFTzNvxmmmPaw1vBNvXPgv8KeggaZ1G9Zeg0FCMkGlIRy07vleavp56Ug4LapBpmkK5AmGtGehBDtcPx/HVeBDywxwnCi7pMFj9mdHDkLrkYjsyXICPauV5H9aLzPxRT9nMs0MlWRyUZzZCRNcZo8HTFFi+MgCIIrZt2LyCDYYY3+oakPwZ0f+CzqnJ77Fd2eNZmsaRwXtogN0hHx0jproBt2iNiLo3ak7O86u8+Fuu3vu/uSo60x7ttCvco8+AffsvQo=</latexit><latexit sha1_base64="+hFxxVspa3OwMQZhM4Pc+ZLHI9I=">AAACbnicbVFdS8MwFE3r15xfm4IPihgcgi9KK4K+CGMi+KjgNmEd5TZLZzBJS5IKo/TRP+ibv8EXf4LpNvyYXkg4nJN7knsSpZxp43lvjjs3v7C4VFmurqyurW/U6psdnWSK0DZJeKIeItCUM0nbhhlOH1JFQUScdqOnq1LvPlOlWSLvzSilfQFDyWJGwFgqrL0EEiIOODBMUI0DAeYxivNWEQK+xEGsgORBCsow4F/qtVWLb9 oU+BgPw9y6DEEImOzFTzNvxmmmPaw1vBNvXPgv8KeggaZ1G9Zeg0FCMkGlIRy07vleavp56Ug4LapBpmkK5AmGtGehBDtcPx/HVeBDywxwnCi7pMFj9mdHDkLrkYjsyXICPauV5H9aLzPxRT9nMs0MlWRyUZzZCRNcZo8HTFFi+MgCIIrZt2LyCDYYY3+oakPwZ0f+CzqnJ77Fd2eNZmsaRwXtogN0hHx0jproBt2iNiLo3ak7O86u8+Fuu3vu/uSo60x7ttCvco8+AffsvQo=</latexit><latexit sha1_base64="+hFxxVspa3OwMQZhM4Pc+ZLHI9I=">AAACbnicbVFdS8MwFE3r15xfm4IPihgcgi9KK4K+CGMi+KjgNmEd5TZLZzBJS5IKo/TRP+ibv8EXf4LpNvyYXkg4nJN7knsSpZxp43lvjjs3v7C4VFmurqyurW/U6psdnWSK0DZJeKIeItCUM0nbhhlOH1JFQUScdqOnq1LvPlOlWSLvzSilfQFDyWJGwFgqrL0EEiIOODBMUI0DAeYxivNWEQK+xEGsgORBCsow4F/qtVWLb9 oU+BgPw9y6DEEImOzFTzNvxmmmPaw1vBNvXPgv8KeggaZ1G9Zeg0FCMkGlIRy07vleavp56Ug4LapBpmkK5AmGtGehBDtcPx/HVeBDywxwnCi7pMFj9mdHDkLrkYjsyXICPauV5H9aLzPxRT9nMs0MlWRyUZzZCRNcZo8HTFFi+MgCIIrZt2LyCDYYY3+oakPwZ0f+CzqnJ77Fd2eNZmsaRwXtogN0hHx0jproBt2iNiLo3ak7O86u8+Fuu3vu/uSo60x7ttCvco8+AffsvQo=</latexit>

Da(t) = ✏Ea(t) = �ga��B0a(t)
<latexit sha1_base64="R+gV3Coa+Bnvp/f1LN2wb3yTkdw="></latexit><latexit sha1_base64="R+gV3Coa+Bnvp/f1LN2wb3yTkdw="></latexit><latexit sha1_base64="R+gV3Coa+Bnvp/f1LN2wb3yTkdw="></latexit><latexit sha1_base64="R+gV3Coa+Bnvp/f1LN2wb3yTkdw="></latexit>



NMR with axion DM

SQUID
pickup
loop

�Bext

�M

�E�,�v

Figure 6

CASPEr setup. The applied magnetic field ~Bext is colinear with the sample magnetization, ~M . In
CASPEr-Wind the nuclear spins precess around the local velocity of the dark matter, ~v, while in
CASPEr-Electric the nuclear EDM causes the spins to precess around an e↵ective electric field in
the crystal ~E⇤, perpendicular to ~Bext. The SQUID pickup loop is arranged to measure the
transverse magnetization of the sample.

The CASPEr-Wind experiment is in fact a search for any light particle that couples to

nuclear spin (a generic coupling), not just the axion. For example, any pseudo-Goldstone

boson is expected to possess a coupling that would be detectable in the CASPEr-Wind

experiment. It can also detect other types of dark matter, for example hidden photon dark

matter (87, 26) is detectable through a nuclear dipole moment coupling.

Existing experiments may already be able to set limits on axion-like particles. Data

from experiments searching for nuclear EDMs or looking at nucleon spin precession in a

low background environment may be reanalyzed to search for a time-varying signal, a sign

of the axion. While not ultimately as sensitive as CASPEr where the signal is resonantly

enhanced, such searches may be able to probe beyond the current astrophysical limits in

Figures 7 and 8.

CASPEr is a novel and highly sensitive search for a broad class of dark matter candidates

in two new parameter spaces, the ‘axion wind’ and nuclear EDM, of which the QCD axion is

the most well-known example. In particular, CASPEr has the sensitivity to detect the QCD

axion over a wide range of masses from ⇠ 10�9 eV to 10�12 eV which are well-motivated

by fundamental physics (24) and where no other experiment can detect it.

Construction is just beginning on the CASPEr experiment. Work on CASPEr is cur-

rently being carried out in several places including Stanford, Berkeley, and Mainz.

70), and is also well-motivated theoretically (24).
3Note that the Wind coupling leads to a spin-dependent force which could be probed using NMR

techniques as well e.g. (80, 81, 82, 83, 84, 85, 86).
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Oscillating EDM Spin-dependent force
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and/or

[Budker et al., Phys. Rev. X 2014; Graham and Rajendran, Phys. Rev. D 2013]
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techniques as well e.g. (80, 81, 82, 83, 84, 85, 86).
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Polarize some spins, watch them precess around:

dn = gd

p
2⇢DM

ma
cos(mat)

Nuclei immersed in axion DM can have:
Oscillating EDM Spin-dependent force

HN � gaNN

p
2⇢DM cos(mat)~v · ~�N

External E field Axion field velocity

Resonance in transverse magnetization when 2µBext = ma

and/or

and/or

Axion DM 
is like 

NMR pulse

[Budker et al., Phys. Rev. X 2014; Graham and Rajendran, Phys. Rev. D 2013]
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FIG. 2: Estimated constraints in the ALP parameter space in the EDM coupling gd (where the nucleon EDM is dn = gda and
a is the local value of the ALP field) vs. the ALP mass [17]. The green region is excluded by the constraints on excess cooling
of supernova 1987A [17]. The blue region is excluded by existing, static nuclear EDM searches [17]. The QCD axion is in the
purple region, whose width shows the theoretical uncertainty [17]. The solid red and orange regions show sensitivity estimates
for our phase 1 and 2 proposals, set by magnetometer noise. The red dashed line shows the limit from magnetization noise of
the sample for phase 2. The ADMX region shows what region of the QCD axion has been covered (darker blue) [34] or will
be covered (lighter blue) [59, 60]. Phase 1 is a modification of current solid state static EDM techniques that is optimized to
search for a time varying signal and can immediately begin probing the allowed region of ALP dark matter. To calculate limits
from previous (static) EDM searches as well as our sensitivity curves, we assume the ALP is all of the dark matter.

III. SENSITIVITY

The experimental sensitivity is likely to be limited by the magnetometer, rather than by the backgrounds discussed
below. We assume a SQUID magnetometer with sensitivity 10�16 Tp

Hz
as calculated from [38] for a ⇠ 10 cm diameter

sample and pickup loop (see Supplemental Materials). The sensitivity could be improved with better SQUIDs, a
larger sample/pickup loop (see Supplemental Materials), or other types of magnetometers. For example, atomic
SERF magnetometers could potentially improve this by another order of magnitude [56, 57].

Figure 2 shows the ALP parameter space of the EDM coupling gd versus ALP mass. This coupling is defined such
that the oscillating nucleon EDM is dn = gda where a is the local value of the classical ALP field (see [17] for a
detailed formula). This is di↵erent from the usual ALP-photon coupling parameter. The purple region of Fig. 2 shows
where the QCD axion lies in this parameter space. The dark purple is where the QCD axion may be the dark matter.
This parameter space is described in detail in [17].

The solid (orange and red) regions in Fig. 2 show estimates for the sensitivities for two phases of our proposed
experiments. Phase 1 (upper, orange region) is a more conservative version relying on demonstrated technology.
Phase 2 (lower, red region) relies on technological improvements which have been demonstrated individually but have
not been combined in a single experiment. Thus the phase 2 proposal may be taken as an estimate of one way to
achieve the sensitivity necessary to see the QCD axion with this technique. Since this is a resonant experiment and
the frequency must be scanned, realistically it would likely take several experiments to cover either region.

The dashed (red) line in Fig. 2 shows the ultimate limit on the sensitivity of the phase 2 experiment from sample
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Figure 7

Sensitivity of the CASPEr-Wind proposal. ALP parameter space in pseudoscalar coupling of axion
to nucleons Eqn. 20 vs mass of ALP. The purple line is the region in which the QCD axion may
lie. The width of the purple band gives an approximation to the axion model-dependence in this
coupling. The darker purple portion of the line shows the region in which the QCD axion could be
all of the dark matter and have fa < Mpl as in Figure 8. The green region is excluded by SN1987A
from (35). The blue region is excluded by searches for new spin dependent forces between nuclei.
The red line is the projected sensitivity of an NMR style experiment using Xe, the blue line is the
sensitivity using 3He. The dashed lines show the limit from magnetization noise for each sample.
The ADMX region shows the part of QCD axion parameter space which has been covered (darker
blue) (52) or will be covered in the near future (lighter blue) by ADMX. For full details see (68).

4. Searches for Solar Axions

4.1. Solar Axions

Axions can be produced in the solar interior by the Primako↵ conversion of plasma photons

into axions in the Coulomb field of charged particles via the generic a�� vertex (88), giving

rise to a solar axion flux at the Earth surface (89) of �a = g
2

10 3.75 ⇥ 1011 cm�2 s�1

(where g10 = ga��/10
�10 GeV�1), which corresponds to a fraction of the solar luminosity of

La/L� = g
2

101.85⇥10�3. These axions have a broad spectral distribution around 1�10 keV,

determined by the solar core’s temperature, and usefully parameterized by the following

expression (89):

d�a

dE
= 6.02⇥ 1010 cm�2 s�1 keV�1

g
2

10 E
2.481e�E/1.205 (E in keV) (22)

that is plotted in Fig. 9. This is a robust prediction involving well-known solar physics and

16 Peter W. Graham, Igor G. Irastorza, Steven K. Lamoreaux, Axel Lindner, and Karl A. van Bibber

magnetization noise

CASPEr-Wind
20 T max B-field

[Budker et al., Phys. Rev. X 2014]

non-decoupling signal!

[Graham and Rajendran, Phys. Rev. D 2013]

velocity suppression: 
can’t quite reach QCD axion
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Figure 3: ALP wind-nucleon linear coupling parameter space. The CASPEr-ZULF region is excluded by this work (90% confidence level)
using a thermally polarized sample (data averaged over 850 transient acquisitions of 30 s each). The “New Force” region is excluded by searches
for new spin-dependent forces [34]. The SN1987A region represents existing limits from supernova SN1987A cooling [26, 35]. The ⌫n/⌫Hg

region is excluded by measurements of the ratio of neutron and 199Hg Larmor precession frequencies [22]. The dashed line corresponds to the
sensitivity of a planned second phase of CASPEr-ZULF, with a projected ⇠ 105 factor increase in sensitivity and the bandwidth extended
towards lower frequencies by using a comagnetometer technique [36] and longer integration times.

large number of di↵erent phase increments (at least many
as the number of transient acquisitions).

2.5. Calibration

The energy shifts produced by Dz(t) [Eq. (6)] are
equivalent to those produced by a real magnetic field with
amplitude

Bwind(t) =
2

3

gaNN

�H + �C

·Dz(t)

/
gaNN

�H + �C

p
⇢DM sin (!DMt)v · êz. (7)

Similar relationships for dark-photon and quadratic-wind
couplings are provided in the Materials and Methods
section.

Based on Eq. (7), the sensitivity of the experiment to
dark matter was calibrated by applying a real oscillating
magnetic field of known amplitude and frequency and
measuring the amplitude of the resulting sidebands in
the coherently averaged spectrum. Further details are
provided in the Supplementary Materials.

2.6. Search and analysis

The dark matter search data were acquired and
processed as described above, but without a calibration
AC-magnetic field applied.

For each Compton frequency, the appropriate phase
increment is computed, which identifies the corresponding
coherently averaged spectrum to be analyzed. The noise
in the spectrum defines a detection threshold at the 90%

confidence level (further details in S7 in the Supplementary
Materials). When the signal amplitude at the given
frequency is below the threshold, we set limits on the
dark matter couplings to nuclear spins at levels determined
by the calibration and e↵ective-field conversion factors
(see Materials and Methods Sec. 4.2). If the signal is
above the threshold, a more stringent analysis is performed
by fitting the coherently averaged spectrum to a four-
sideband model. When the fit rules out detection, the
threshold level is again used to set limits.

In case of an apparent detection, further repeat
measurements would need to be performed to confirm that
the signal is persistent and exhibits expected sidereal and
annual variations.

2.7. CASPEr-ZULF search results: constraints on
bosonic dark matter

The results of the CASPEr-ZULF search for axionlike
particles are given in Fig. 3. The frequencies presenting
sharp losses in sensitivities at 0.21, 1.69, and 2.16 Hz were
the ones for which the nearest optimal phase increment
was close to zero, thus presenting maximal-amplitude
J-coupling peaks, raising the detection threshold (see
discussion in Sec. 3 of the Supplementary Materials). The
red-shaded area labeled “CASPEr-ZULF” corresponds to
upper bounds on nuclear-spin couplings to dark matter
consisting of ALPs at the 90% confidence level. This
represents our current sensitivity limitation after 850
30-second transient acquisitions using samples thermally
polarized at ⇠ 1.8 T. The “CASPEr-ZULF Phase II”
line corresponds to the projected sensitivity of a future

5

[Garcon et al., Science Advances 2019]

ALP Wind coupling at very low frequencies



Some musings on direct detection
w/N. Kurinsky, D. Baxter, G. Krnjaic



Direct detection principles
Three things detectors can see: charge, light, and heat

Charge: measure current 
(e.g. SQUID + HEMT)  
or voltage (e.g. CCD)

Heat: bolometer 
(e.g. TES, MKID) 

or bubble chamber

Light: photosensor 
(e.g. PMT)CALORIMETERS

22 July 2019 Low temperature dark matter detectors

Heat link

Thermometer

heat bath ≈ 10 mK

Absorber

ΔT =  ΔE/C

• Direct measurement of the full energy deposition
• Cryogenic temperatures

Particle
interaction

17

(but really, charge makes  
light and light makes  

charge so these are interchangeable: 
e.g. SiPM is a “photodetector” 

but triggers on e/h pairs)



The dictionary is complicated!

χ

DIRECT DARK MATTER SEARCHES

22 July 2019 Low temperature dark matter detectors

An incomplete compilation

Semiconducting 
calorimeters:

SuperCDMS EDELWEISS

Scintillation ~1-5%

Inorganic scintillators:
DAMA/LIBRA ANAIS 
COSINE SABRE KIMS

Single phase noble 
liquids:
DEAP XMASS

Scintillating 
calorimeters:

CRESST COSINUS

Heat/P
honons ~

100%

Ionization ~10%

Dual phase noble liquids:
XENON1T/nT LUX/LZ             

Panda-X ArDM DarkSIde Superheated liquids:
PICO

Gas:
NEWS-G MIMAC 
DRIFT DMTPC

Semiconductors:
CDEX COGENT 
DAMIC SENSEI

16

light (S1); 
charge makes light (S2)

[Figure courtesy F. Petricca]

charge makes 
heat

heat makes light

For traditional WIMP DM, signals and  mapping between primary event and end-
stage signal well-calibrated. For light DM and low thresholds, not so much!

superheated 
liquids 
(PICO)

traditional bubble chambers



More than just nuclear recoil!
An isolated atom (nucleus + electrons) at rest is a momentum 

and energy eigenstate. If you whack the atom, both recoil

If you hit the electron directly:

If you hit the nucleus:

e�

Same inelastic kinematics, vastly different dynamics!

“electron recoil”
2

e-
N

DM

e- N

DM

e- N

DM

FIG. 1. Illustration of electron emission from nuclear re-
coils. If a DM particle scatters o↵ a nucleus (panel 1), we
can assume that immediately after the collision the nucleus
moves relative to the surrounding electron cloud (panel 2).
The electrons eventually catch up with the nucleus, but indi-
vidual electrons may be left behind and are emitted, leading
to ionisation of the recoiling atom (panel 3).

given by

d2Rnr

dER dv
=

⇢ �N

2µ2
N mDM

f(v)

v
, (1)

where ⇢ denotes the local DM density, �N the DM-
nucleus scattering cross section1, mDM the DM mass,
µN = mN mDM/(mN + mDM) the DM-nucleus reduced
mass and f(v) =

R
v2 f(v) d⌦v the DM speed distribu-

tion in the laboratory frame [51]. We neglect nuclear
form factors since we are only interested in small momen-
tum transfers. The di↵erential event rate for a nuclear
recoil of energy ER to be accompanied by an ionisation
electron with energy Ee is

d3Rion

dER dEe dv
=

d2Rnr

dER dv
⇥ |Zion(ER, Ee)|

2 , (2)

where the transition rate is given by

|Zion(ER, Ee)|
2 =

X

nl

1

2⇡

dpcqe(nl ! Ee)

dEe
. (3)

In this expression n and l denote the initial quan-
tum numbers of the electron being emitted, qe =
me

p
2ER/mN is the momentum of each electron in the

rest frame of the nucleus immediately after the scatter-
ing process, and pcqe(nl ! Ee) quantifies the probability
to emit an electron with final kinetic energy Ee. We can
make the dependence of pcqe(nl ! Ee) on qe explicit by
writing

pcqe(nl ! Ee) =

✓
qe

vref me

◆
pcvref

(nl ! Ee) , (4)

where vref is a fixed reference velocity. The functions
pcvref

(nl ! Ee) depend on the target material under con-
sideration. We use the functions from ref. [44], which
have been calculated taking vref = 10�3.

1 We have absorbed the coherent enhancement factor into our def-
inition of �N .

If the emitted electron comes from an inner orbital,
the remaining ion will be in an excited state. To return
to the ground state, further electronic energy will be re-
leased in the form of photons or additional electrons.2

The total electronic energy deposited in the detector is
hence approximately given by EEM = Ee + Enl, where
Enl is the (positive) binding energy of the electron before
emission.
We integrate eq. (2) over the nuclear recoil energy and

the DM velocity to calculate the energy spectrum, in-
cluding only those combinations of ER, EEM and v that
satisfy energy and momentum conservation. The result-
ing calculation is identical to the case of inelastic DM [54],
with the DM mass splitting �m being replaced by the
total electronic energy EEM.3 We find

vmin =

s
mNER

2µ2
+

EEM
p
2mNER

. (5)

The maximum electronic and nuclear recoil energy for
a given DM mass are given by

ER,max =
2µ2

N v2max

mN
, EEM,max =

µN v2max

2
. (6)

For vmax ⇡ 800 km/s, mDM ⌧ mN (and hence µN ⇡

mDM), we generically find EEM,max � ER,max. For
concreteness, for mDM = 0.5GeV and mN = 120GeV
(the approximate xenon atom mass), we find ER,max ⇡

0.03 keV while EEM,max ⇡ 1.8 keV. The electronic en-
ergy is therefore much easier to detect than the nuclear
recoil energy.

Sensitivity of liquid xenon detectors.— Having ob-
tained the relevant formulae for the distribution of elec-
tronic and nuclear recoil energy at the interaction point
where the DM-nucleus scattering occurs, we now convert
these energies into observables accessible for direct detec-
tion experiments. The focus of this discussion will be on
liquid xenon detectors, but we note that the dominance
of the electronic energy EEM resulting from the Migdal
e↵ect is not limited to xenon. These detectors convert
the atomic excitations and ionisations at the interaction
point into a primary (S1) and a secondary (S2) scintil-
lation signal [55]. A specific detector can be character-
ized by two functions: pdf(S1,S2|ER, EEM) quantifies the
probability to obtain specific S1 and S2 values for given
ER and EEM; and ✏(S1,S2) quantifies the probability that
a signal with given S1 and S2 will be detected and will
satisfy all selection cuts. Using these two functions, we
can write

d2R

dS1 dS2
= ✏(S1,S2)

Z
dER dEEM

d2R

dER dEEM

⇥ pdf(S1,S2|ER, EEM) , (7)

2 In contrast, the probability to obtain double ionisation from the
Migdal e↵ect itself is exceedingly small [52, 53].

3 We neglect the di↵erence in mass between the original atom and
the recoiling excited state.

“Migdal effect” [Baxter, YK, Krnjaic 2019]



A different perspective…

� �

p = m�v
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(insert your favorite 
detector here)

R ⇠
Z

d3v f(v)

Z
d3qF 2(q)S(q,!q)
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Material properties 
(e.g. dielectric function)

p� q
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DM properties

Something must respond 
at the appropriate          : 
•   electronic bands 
•   phonons 
•   magnons 
•   “free” nuclei (e.g. defects) 
•   atomic orbitals 
•   … and many more  

collective effects!

(q,!)
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Example: EELS and plasmons
56 Theory and Analysis of Plasmon-Regime EELS Spectra 
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Figure 3.5 - Kinematics of an EELS scattering event. 
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Figure 1.3 - Schematic picture of a plasmon mode in a covalent solid. Note 
that it may be viewed as both a density-fluctuation (compressional) wave of the 
valence electrons and as a polarization wave of the complete solid. 

Semi-relativistic electron scattering 
not described by single-particle 

electron-electron scattering, but by 
a collective long-range charge wave 

(plasmon). Electron preferentially 
deposits ~15 eV of energy, 

regardless of initial kinetic energy

Study ofPlasmon Line Shapes of Various Semiconductors 

Energy Loss (eV) 
XBL 8811-3987 

Figure 5.10 - Top, sample plasmon-regime EELS spectrum from crystalline Gc 
sample with some sputtering-induced damage of near-surface layers, specimen 
thickness as shown. Bottom, extracted SSD. 

Ge

[M. Kundmann, Ph.D. thesis 1988]



A plasmon might look like this…

11

Efficiency, signal prediction: pulse simulation
n Efficiency (including deadtime, pileups and 

c2 cuts) obtained by inserting pulses at 
random times in actual data stream

n Same technique used to evaluate response 
to WIMPs of given masses

• Case 1: NR from standard WIMPs

• Case 2: ER+NR including Migdal effect 
(ejection of n=3-shell e- in WIMP-atom 
collision [cf Ibe et al, JHEP 03 (2018) 194] )
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Figure 5.10 - Top, sample plasmon-regime EELS spectrum from crystalline Gc 
sample with some sputtering-induced damage of near-surface layers, specimen 
thickness as shown. Bottom, extracted SSD. 

note the huge tail  
on a linear scale!

EDELWEISS surface (2019) 
Germanium detector

Ge



Or it might look like this:

25

Limit setting strategy
n No bkg subtraction: 90%CL Poisson upper limit on rate in fixed energy range

n Determine most sensitive range using 1.3 day sample non-blinded data (smoothed 
with KDE) recorded just before/after the search

n Signal calculation: QEdark [R. Essig et al., JHEP05 (2016) 046] 

+ charge quantization [as in SuperCDMS, PRL 121 (2018) 051301]

+ pulse simulation

Jan. 7th, 2020 TMEX2020 - Edelweiss SubGeV DM searches

Search data

After unblinding
(same search intervals)

EDELWEISS
RED30

charge makes heat: this is really saying 
“on average 1-2 e/h pairs per event” 

EDELWEISS underground (2020)



Compare the two spectra:

a model which works: every event makes ~2 e/h pairs plus phonons. 
Consistent if large plasmon-phonon coupling

all energy 
(heat + charge)

electronic energy 
only

can’t be nuclear recoil  
or electron recoil…

[Kurinsky, Baxter, YK, Krnjaic, to appear]



Once you start looking, 
you see it everywhere…
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FIG. 3. Spectra of the recorded events for the continuous-readout (left) and periodic-readout (right) data. For the
continuous-readout data, we show the spectra recorded by the three working amplifiers. The widths of the charge distributions
depend on the amplifier design. The periodic-readout spectrum corresponds to the total number of events found in the eight
double-quadrant images used to constrain the rate of events containing two and more electrons. There are no events with
measured charge greater than 2.5 electrons in either data. Exposures include all e�ciencies except for “Cut 1” from Table I.

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

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

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

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

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

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

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

SENSEI underground Si (2019)

unblinding the data. We do not include the full oxygen
recoil band in the acceptance region because the gain in
expected signal is too small to compensate for the increased
background leakage from the β=γ-band.

B. Energy spectrum

The corresponding energy spectrum is shown in Fig. 6
with events in the acceptance region highlighted in red.
In both Figs. 5 and 6, event populations at 2.6 keV and
∼11 keV are visible. These originate from cosmogenic
activation of the detector material and subsequent electron
capture decays:

182Wþ p → 179Taþ α; 179Ta⟶
EC 179Hf þ γ:

The latter decay has a half-life of 665 days, which
implies a decreasing rate over the course of the measure-
ment after initial exposure of the detector material. The
energies of the lines correspond to the L1 and M1 shell
binding energies of 179Hf with literature values of EM1

¼
2.60 keV and EL1

¼ 11.27 keV, respectively [19]. An
M1=L1 ratio of ∼0.285 was measured, which is in good
agreement with the literature value of 0.281 [19]. As
already mentioned in Sec. III A, the clearly identifiable
11.27 keV line was used to fine-adjust the energy scale and
therefore to give accurate energy information in the relevant
low-energy regime. These features were already observed
in CRESST-II [16,20]. Additionally, a population of events
at ∼540 eV is visible, which hints at electron capture (EC)
decays from the N1 shell of 179Hf with a literature value of
EN1

¼ 538 eV [19]. However, the expected N1=M1 inten-
sity ratio of 0.27 [19] suggests that only 2–3 events can be
explained by this decay. The energy is also compatible with

Kα;1 and Kα;2 lines of oxygen (∼525 eV), which is a main
component of the detector material and also abundant in the
reflective foil.
The background rate in the energy range from 1 to 16 keV

is 5.1 counts=ðkeV kg dayÞ subtracting the aforementioned
gamma lines and is 6.63 counts=ðkeV kg dayÞwhen includ-
ing them. This value is almost 2 times higher than the best
achieved background level of 3.51 counts=ðkeV kg dayÞ
(for [1–40] keV) [16]. While this discrepancy is not fully
understood, a recent Monte Carlo simulation of the β=γ-
background in CRESST [21] indicates that a substantial
fraction of the remaining background has its origin in the
CaWO4 crystal itself.
Following the analysis of [4] we expect a neutron

background of ≪1 count for the given detector; however,
a more credible figure may only be provided by a currently
ongoing neutron Monte Carlo simulation. For the given
detector, all events in the acceptance region that are flagged
by the iStick veto are also removed by the quality and RMS
cuts on the phonon and light channel due to their different
pulse shape. The stick-holding scheme has proven to be
extremely effective, vetoing any surface-related events
(see [22]); thus we neither expect degraded alphas nor
Pb-recoil events in the analyzed energy range.
Below 200 eV, an excess of events above the flat

background is visible, which appears to be exponential
in shape. Due to decreasing discrimination at low energies,
it cannot be determined whether this rise is caused by
nuclear recoils or β=γ events (see Figs. 5 and 6). It should
be emphasized that noise triggers are not an explanation for
this excess, as it extends too far above the threshold of
30.1 eV. According to the definition of the trigger condition
in Sec. II D, the expected number of noise triggers for the
full data set would be around 3.6. We observe an excess of
events at lowest energies in all CRESST-III detector
modules with thresholds below 100 eV; the shape of this
excess varies for different modules, which argues against a
single common origin of this effect. No clustering of events
in time from the excess populations is observed.

V. RESULTS

We use the Yellin optimum interval algorithm [23,24] to
extract an upper limit on the dark matter-nucleus scattering
cross section. In accordancewith this method, we consider all
441 events inside the acceptance region to be potential dark
matter interactions; no background subtraction is performed.
The anticipated dark matter spectrum follows the stan-

dard halo model [25] with a local dark matter density of
ρDM ¼ 0.3 ðGeV=c2Þ=cm3, an asymptotic velocity of v⊙ ¼
220 km=s, and an escape velocity of vesc ¼ 544 km=s.
Form factors, which are hardly relevant given the low
transferred momenta here, follow the model of Helm [26]
in the parametrization of Lewin and Smith [27].
The result of the present analysis on elastic scattering of

dark matter particles off nuclei is depicted in solid red in

FIG. 6. Energy spectrum of the dark matter data set with lines
visible at 2.6 keV and 11.27 keV originating from cosmogenic
activation of 182W [16]. Gray is for all events; red is for events in
the acceptance region (see Fig. 5).
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CRESST-III CaWO4 (2019)NUCLEUS surface Al2O3 (2017)
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ner, increasing by 20V, then decreasing by 10V. Data
were acquired at both the increasing and decreasing steps
after allowing the detector to stabilize for 1 minute. This
staggering enabled the study of a 10V pre-bias on the
charge leakage of the detector. The energy spectrum of
the charge leakage was determined by scanning the first
half of each trace for pulses using the optimal filter. The
resulting charge leakage spectrum is thus independent of
the physical trigger threshold.

The measured event rate above 0.8 e�h+ pairs as
a function of crystal bias, largely dominated by non-
quantized SGIR at lower voltages, is shown in Fig. 2.
The event rate was ⇠2 Hz up to ±140 V (±120 V) for
pre-biased (non-pre-biased) data. This event rate is 10⇥
smaller than achieved previously, demonstrating the ef-
ficacy of our SGIR mitigations. Above this voltage, the
quantized leakage rate increased, indicative of increased
surface tunneling at the electrodes (as opposed to auto-
ionization in the bulk). Full breakdown occurred around
180 V, corresponding to a field strength of ⇠450 V/cm
in the crystal bulk and in excess of ⇠1 kV/cm near the
electrode plane.

For the science exposure, the detector was pre-biased
to �160V for five minutes and then biased to �140V for
a minute prior to data collection to allow the detector to
settle. The pre-bias was performed after each data series
was acquired to ensure low charge leakage throughout
the acquisition. As shown in Fig. 2, the event rate varied
between 0.2–3 Hz above 0.8 e�h+ pairs.

DATA SELECTION

From the initial 27.4 hours of raw exposure at a de-
tector bias voltage of �140V, a science exposure of 16.1
hours was selected based on detector performance and
consistent background event rate. Live time and trigger
e�ciency were computed using the laser repetition rate
and the total expected number of laser events based on
the Poisson distribution of the observed laser peaks. The
time associated with the observed laser events was de-
ducted from the live time. This method allowed us to
account for time variation in the energy-dependent trig-
ger e�ciency due to changes in noise environment. We
verified that this method was consistent with live-time
calculations using time stamps from calibration data. An
exposure of 12.6 hours passed the initial, trigger- and
leakage-burst cuts, yielding a science exposure of 0.49 g d
for the 0.93 g detector.

The cut e�ciency for the live time and goodness of fit
cut (a basic �2 test) as a function of the number of e�h+

pairs, neh, can be seen in Fig. 3, along with the laser
and background spectra obtained after application of the
quality and live time cuts. All of our cuts were designed
to have very high e�ciency, and only remove events in-
consistent with the detector response, and as such are

FIG. 3. Top: Event rate for calibration (black) and science
exposure (magenta) with live time and quality cuts applied.
Also shown are an impact ionization background Monte Carlo
model (orange), and the signal distribution for an excluded
dark photon model (dotted line) assuming mV = 9.4 eV and
"e↵ = 5 · 10�13 (" ⇡ 2 · "e↵ at 9.4 eV); the ERDM signals ex-

cluded have a similar form. Bottom: Measured cut e�ciency
as a function of number of e�h+ pairs along with the e�-
ciency model used in sensitivity estimates. The dashed line
in both plots shows the 50% analysis e�ciency at 0.7 e�h+

pairs.

conservative. A simple background model of bulk and
surface charge leakage with impact ionization, shown in
Fig. 3, is an excellent fit to the data below 2 e�h+ pairs.
More complex background models are expected to be ca-
pable of fitting the events above 2 e�h+ pairs.

CONSTRAINTS ON NEW PHYSICS

We used the final 0.49 g d of exposure coupled with the
cut-e�ciency model in Fig. 3 to set limits on dark pho-
tons and ERDM. The dark photon signal model assumes
kinetic mixing between the dark photon and the SM pho-
ton. The subsequent interaction of the SM photon with
the material was computed according to tabulated pho-
toelectric cross sections, giving the approximate event
rate [17]

R = Vdet
⇢DM

mV
"2e↵(mV , �̃)�1(mV ), (1)

where Vdet is the detector volume, ⇢DM/mV is the num-
ber density of DM (for this paper we assume ⇢DM ⇠
0.3 GeVc�2cm�3 [29]), mV is the dark photon mass, "e↵
is the e↵ective kinetic mixing angle, �̃ is the complex con-
ductivity, and �1(mV ) = Re(�̃(mV )) is computed from

CDMS-HVeV Si (2018)



…and at the same rate!
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Results
n Limits slightly better than the expectation from the nonblind sample, 

because of a slightly better resolution (s = 1.60 vs 1.63 eVee)

n Sensitivity extends into the domain of sub-MeV DM particles: with       
s = 0.53 e--h pairs there is some sensitivity to single-e- events

n Competitive with Si expts (that use smaller detectors: few g vs 33 g)

Jan. 7th, 2020 TMEX2020 - Edelweiss SubGeV DM searches

Heavy Dark Sector mediator case (F=1) Light Dark Sector mediator case (F=1/q2)

DM Mass [MeV]1 10 210

]2
 [c

m
e

σ 

35−10

34−10

33−10

32−10

31−10

30−10

29−10

28−10 CDMS

DAMIC

XENON

SENSEI

EDELWEISS Limit

EDELWEISS expected sensitivity

Bkg : td04a000-td07a000 DetResponse : td05a000-td06a000 , F=1

SuperCDMS
DAMIC
XENON
SENSEI
EDELWEISS limit
EDELSEISS expected 
sensitivity

DM Mass [MeV]1 10 210

]2
 [cm eσ 

35−10

34−10

33−10

32−10

31−10

30−10

29−10

28−10 CDMS

DAMIC

XENON

SENSEI

EDELWEISS Limit

EDELWEISS expected sensitivity

Bkg : td04a000-td07a000 DetResponse : td05a000-td06a000 , F=1

DM Mass [MeV]1 10 210

]2
 [c

m
e

σ 

34−10

33−10

32−10

31−10

30−10

29−10

28−10 CDMS

DAMIC

XENON

SENSEI

EDELWEISS Limit

EDELWEISS expected sensitivity

Bkg : td04a000-td07a000 DetResponse : td05a000-td06a000 , F=1/q2

SuperCDMS
DAMIC
XENON
SENSEI
EDELWEISS limit
EDELSEISS expected 
sensitivity

DM Mass [MeV]1 10 210

]2
 [cm eσ 

35−10

34−10

33−10

32−10

31−10

30−10

29−10

28−10 CDMS

DAMIC

XENON

SENSEI

EDELWEISS Limit

EDELWEISS expected sensitivity

Bkg : td04a000-td07a000 DetResponse : td05a000-td06a000 , F=1

note: this limit plot assumes an 
electron recoil model. 

This DOES NOT fit the spectrum!

[]

[EDELWEISS collab., talk at TMEX2020; Kurinsky, Baxter, YK, Krnjaic, to appear]

 But, obtaining the same cross 
section limits means the total 2-

electron rate is the same everywhere
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Results
n Limits slightly better than the expectation from the nonblind sample, 

because of a slightly better resolution (s = 1.60 vs 1.63 eVee)

n Sensitivity extends into the domain of sub-MeV DM particles: with       
s = 0.53 e--h pairs there is some sensitivity to single-e- events

n Competitive with Si expts (that use smaller detectors: few g vs 33 g)
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Heavy Dark Sector mediator case (F=1) Light Dark Sector mediator case (F=1/q2)
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note: this limit plot assumes an 
electron recoil model. 

This DOES NOT fit the spectrum!

[]

[EDELWEISS collab., talk at TMEX2020; Kurinsky, Baxter, YK, Krnjaic, to appear]

DAMIC used different ionization 
model; under same model 

as CDMS and SENSEI, same limit no plasmon in Xe, lower rate  
(bound does not apply)[Ramanathan and Kurinsky, to appear]

 But, obtaining the same cross 
section limits means the total 2-

electron rate is the same everywhere



Something is making a plasmon at the 
same rate everywhere in every 

semiconductor detector



Something is making a plasmon at the 
same rate everywhere in every 

semiconductor detector
Can it be dark matter?



Something is making a plasmon at the 
same rate everywhere in every 

semiconductor detector
Can it be dark matter?

Heavy and slow Fast and millicharged

To excite plasmon, need small     for fixed     =) v & 10�2
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q
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!
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Faster than escape velocity! Either need fast DM, or indirect excitation
Two models:

Theory framework for calculating 
DM-phonon excitations

12

Acoustic phonon

Optical phonon

Dark matter can excite a given phonon when forces on all the 
ions constructively interfere in the right way. 

In particle physics language, we have to match interactions 
with individual ions to the EFT of phonon excitations.

�
<latexit sha1_base64="KAJTV5uvcvbDtk2sjCP3AM+Ir3A="></latexit>

unit cell

X

j0

Dq,j,j0 · e⌫,j0(q) = !2
⌫,qe⌫,j(q)
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q

Solve eigenvalue problem:

mDM ⇠ 100 MeV
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KE ⇠ 100 eV
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phonons

plasmon
(! ⇠ 15 eV,q ⇠ 0)

<latexit sha1_base64="ZkoRjjlP6cijZrxbHwNUz3tw2nQ=">AAACF3icdZDLSsNAFIYn9VbrLerSzWARKkhJxKLLohuXFewFmlIm05N26EwSZyZCCX0LN76KGxeKuNWdb+OkjaCiBwZ+vv8c5pzfjzlT2nE+rMLC4tLySnG1tLa+sbllb++0VJRICk0a8Uh2fKKAsxCammkOnVgCET6Htj++yPz2LUjFovBaT2LoCTIMWcAo0Qb17WrFiwQMCfYUE9itYQ+nnhQYWtMj7AmiR36Q3kzntnPYt8tOteZkhZ2q8yVy4uakjPJq9O13bxDRRECoKSdKdV0n1r2USM0oh2nJSxTEhI7JELpGhkSA6qWzu6b4wJABDiJpXqjxjH6fSIlQaiJ805ltqn57GfzL6yY6OOulLIwTDSGdfxQkHOsIZyHhAZNANZ8YQahkZldMR0QSqk2UJRPC16X4f9E6rrpGX52U6+d5HEW0h/ZRBbnoFNXRJWqgJqLoDj2gJ/Rs3VuP1ov1Om8tWPnMLvpR1tsnt3SdxA==</latexit><latexit sha1_base64="ZkoRjjlP6cijZrxbHwNUz3tw2nQ=">AAACF3icdZDLSsNAFIYn9VbrLerSzWARKkhJxKLLohuXFewFmlIm05N26EwSZyZCCX0LN76KGxeKuNWdb+OkjaCiBwZ+vv8c5pzfjzlT2nE+rMLC4tLySnG1tLa+sbllb++0VJRICk0a8Uh2fKKAsxCammkOnVgCET6Htj++yPz2LUjFovBaT2LoCTIMWcAo0Qb17WrFiwQMCfYUE9itYQ+nnhQYWtMj7AmiR36Q3kzntnPYt8tOteZkhZ2q8yVy4uakjPJq9O13bxDRRECoKSdKdV0n1r2USM0oh2nJSxTEhI7JELpGhkSA6qWzu6b4wJABDiJpXqjxjH6fSIlQaiJ805ltqn57GfzL6yY6OOulLIwTDSGdfxQkHOsIZyHhAZNANZ8YQahkZldMR0QSqk2UJRPC16X4f9E6rrpGX52U6+d5HEW0h/ZRBbnoFNXRJWqgJqLoDj2gJ/Rs3VuP1ov1Om8tWPnMLvpR1tsnt3SdxA==</latexit><latexit sha1_base64="ZkoRjjlP6cijZrxbHwNUz3tw2nQ=">AAACF3icdZDLSsNAFIYn9VbrLerSzWARKkhJxKLLohuXFewFmlIm05N26EwSZyZCCX0LN76KGxeKuNWdb+OkjaCiBwZ+vv8c5pzfjzlT2nE+rMLC4tLySnG1tLa+sbllb++0VJRICk0a8Uh2fKKAsxCammkOnVgCET6Htj++yPz2LUjFovBaT2LoCTIMWcAo0Qb17WrFiwQMCfYUE9itYQ+nnhQYWtMj7AmiR36Q3kzntnPYt8tOteZkhZ2q8yVy4uakjPJq9O13bxDRRECoKSdKdV0n1r2USM0oh2nJSxTEhI7JELpGhkSA6qWzu6b4wJABDiJpXqjxjH6fSIlQaiJ805ltqn57GfzL6yY6OOulLIwTDSGdfxQkHOsIZyHhAZNANZ8YQahkZldMR0QSqk2UJRPC16X4f9E6rrpGX52U6+d5HEW0h/ZRBbnoFNXRJWqgJqLoDj2gJ/Rs3VuP1ov1Om8tWPnMLvpR1tsnt3SdxA==</latexit><latexit sha1_base64="ZkoRjjlP6cijZrxbHwNUz3tw2nQ=">AAACF3icdZDLSsNAFIYn9VbrLerSzWARKkhJxKLLohuXFewFmlIm05N26EwSZyZCCX0LN76KGxeKuNWdb+OkjaCiBwZ+vv8c5pzfjzlT2nE+rMLC4tLySnG1tLa+sbllb++0VJRICk0a8Uh2fKKAsxCammkOnVgCET6Htj++yPz2LUjFovBaT2LoCTIMWcAo0Qb17WrFiwQMCfYUE9itYQ+nnhQYWtMj7AmiR36Q3kzntnPYt8tOteZkhZ2q8yVy4uakjPJq9O13bxDRRECoKSdKdV0n1r2USM0oh2nJSxTEhI7JELpGhkSA6qWzu6b4wJABDiJpXqjxjH6fSIlQaiJ805ltqn57GfzL6yY6OOulLIwTDSGdfxQkHOsIZyHhAZNANZ8YQahkZldMR0QSqk2UJRPC16X4f9E6rrpGX52U6+d5HEW0h/ZRBbnoFNXRJWqgJqLoDj2gJ/Rs3VuP1ov1Om8tWPnMLvpR1tsnt3SdxA==</latexit>

(q ⇠ 15 keV)
<latexit sha1_base64="7UEx2CKr3Ka9b34cVfWMf5SKfM0=">AAACCXicdVDLSgMxFM3UV62vqks3wSLUzTBjp1h3RTcuK9gHdErJpJk2NMmMSUYow2zd+CtuXCji1j9w59+YPgQVPXDhcM693HtPEDOqtON8WLml5ZXVtfx6YWNza3unuLvXUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYX0z99i2RikbiWk9i0uNoKGhIMdJG6hdh2edIj4IwvcmgryiHbhX6MPUlh2PSyo77xZJjOzWvUnOhY1crZ65XMcTxap5RXNuZoQQWaPSL7/4gwgknQmOGlOq6Tqx7KZKaYkaygp8oEiM8RkPSNVQgTlQvnX2SwSOjDGAYSVNCw5n6fSJFXKkJD0zn9Gz125uKf3ndRIe1XkpFnGgi8HxRmDCoIziNBQ6oJFiziSEIS2puhXiEJMLahFcwIXx9Cv8nrRPbNfzKK9XPF3HkwQE4BGXgglNQB5egAZoAgzvwAJ7As3VvPVov1uu8NWctZvbBD1hvn8eGmR0=</latexit><latexit sha1_base64="7UEx2CKr3Ka9b34cVfWMf5SKfM0=">AAACCXicdVDLSgMxFM3UV62vqks3wSLUzTBjp1h3RTcuK9gHdErJpJk2NMmMSUYow2zd+CtuXCji1j9w59+YPgQVPXDhcM693HtPEDOqtON8WLml5ZXVtfx6YWNza3unuLvXUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYX0z99i2RikbiWk9i0uNoKGhIMdJG6hdh2edIj4IwvcmgryiHbhX6MPUlh2PSyo77xZJjOzWvUnOhY1crZ65XMcTxap5RXNuZoQQWaPSL7/4gwgknQmOGlOq6Tqx7KZKaYkaygp8oEiM8RkPSNVQgTlQvnX2SwSOjDGAYSVNCw5n6fSJFXKkJD0zn9Gz125uKf3ndRIe1XkpFnGgi8HxRmDCoIziNBQ6oJFiziSEIS2puhXiEJMLahFcwIXx9Cv8nrRPbNfzKK9XPF3HkwQE4BGXgglNQB5egAZoAgzvwAJ7As3VvPVov1uu8NWctZvbBD1hvn8eGmR0=</latexit><latexit sha1_base64="7UEx2CKr3Ka9b34cVfWMf5SKfM0=">AAACCXicdVDLSgMxFM3UV62vqks3wSLUzTBjp1h3RTcuK9gHdErJpJk2NMmMSUYow2zd+CtuXCji1j9w59+YPgQVPXDhcM693HtPEDOqtON8WLml5ZXVtfx6YWNza3unuLvXUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYX0z99i2RikbiWk9i0uNoKGhIMdJG6hdh2edIj4IwvcmgryiHbhX6MPUlh2PSyo77xZJjOzWvUnOhY1crZ65XMcTxap5RXNuZoQQWaPSL7/4gwgknQmOGlOq6Tqx7KZKaYkaygp8oEiM8RkPSNVQgTlQvnX2SwSOjDGAYSVNCw5n6fSJFXKkJD0zn9Gz125uKf3ndRIe1XkpFnGgi8HxRmDCoIziNBQ6oJFiziSEIS2puhXiEJMLahFcwIXx9Cv8nrRPbNfzKK9XPF3HkwQE4BGXgglNQB5egAZoAgzvwAJ7As3VvPVov1uu8NWctZvbBD1hvn8eGmR0=</latexit><latexit sha1_base64="7UEx2CKr3Ka9b34cVfWMf5SKfM0=">AAACCXicdVDLSgMxFM3UV62vqks3wSLUzTBjp1h3RTcuK9gHdErJpJk2NMmMSUYow2zd+CtuXCji1j9w59+YPgQVPXDhcM693HtPEDOqtON8WLml5ZXVtfx6YWNza3unuLvXUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYX0z99i2RikbiWk9i0uNoKGhIMdJG6hdh2edIj4IwvcmgryiHbhX6MPUlh2PSyo77xZJjOzWvUnOhY1crZ65XMcTxap5RXNuZoQQWaPSL7/4gwgknQmOGlOq6Tqx7KZKaYkaygp8oEiM8RkPSNVQgTlQvnX2SwSOjDGAYSVNCw5n6fSJFXKkJD0zn9Gz125uKf3ndRIe1XkpFnGgi8HxRmDCoIziNBQ6oJFiziSEIS2puhXiEJMLahFcwIXx9Cv8nrRPbNfzKK9XPF3HkwQE4BGXgglNQB5egAZoAgzvwAJ7As3VvPVov1uu8NWctZvbBD1hvn8eGmR0=</latexit>

DM is like an electron, 
with a long-range force. 

Identical dynamics to EELS,  
but no multiple scattering 

in a thick detector

56 Theory and Analysis of Plasmon-Regime EELS Spectra 

5>» ko 

£ . q 

A 
ko 

<7t 

XBL 8811-3963 

Figure 3.5 - Kinematics of an EELS scattering event. 
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Parameter space
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thermal target…

Suggests immediate discovery  
potential with 50 meV thresholds  

and mg-month exposures
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[Kurinsky, Baxter, YK, Krnjaic]

fast DM fraction



This is a completely 
new kind of signal

For direct plasmon excitation through a long-range force:
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FIG. 2. Left: Light (dark) shaded regions show the cumulative Migdal event rates in xenon for m� = 1GeV (100MeV) as
a function of deposited electronic energy �E for contact interactions (top panel) and light mediator scaling (bottom panel).
Individual contributions from the various shells are indicated by the various dashed lines. For the light mediator a reference
momentum of q0 = ↵me and mV = 0 is chosen. The rates for DM-electron scattering for m� = 1GeV (100MeV) are shown by
the thick (thin) orange solid lines. Right: Same as left panel, but for silicon and evaluated using our formulation of the Migdal
e↵ect in semiconductors. The rates are averaged over a 1 eV energy bin.

At this point, one may be tempted to exploit the dipole
scaling relationship in Eq. (6) to conclude that the RHS
scales as Z2m2

e/m
2
N ⇠ 10�6(Z/A)2 implying that the

rate for Migdal ionization is always much smaller than
for DM-electron scattering. However, whereas the dipole
approximation is always valid for the Migdal e↵ect, since
qere ⌧ 1, kinematic arguments imply that for DM-
electron scattering �En,l/vmax . q . 2µNvmax. In this
region, q & 1/re and the dipole scaling breaks down. In-
spection of Fig. 1 shows that at large enough momentum
transfer the form factors become strongly suppressed, so
that at some critical value qcrit > 1/re, |f ion

nl (pe, qcrit)|2 =
|f ion

nl (pe, qcrite )|2 ⇥ Z2 (with qcrite = me
mN

qcrit) is certainly
met. Hence, for the di↵erential rates in Eq. (13), DM-
electron scattering only dominates over Migdal scattering
for q < qcrit, while the Migdal e↵ect dominates over DM-
electron scattering for higher mass DM. Clearly, both ef-
fects need to be taken into account to derive accurate DM
constraints. For contact interactions, the Migdal e↵ect
dominates form� & (qcrit)2/(2�En,l). For long-range in-
teractions, DM-electron interactions dominate essentially
for all masses as there is a bias towards lower momenta
introduced by |FDM(q)|2.

Application to semiconductors. Until now, all
studies of the Migdal e↵ect in semiconductor targets con-
sidered isolated atoms. Using our above results and work-
ing along the lines of [22] that previously exposed the
connection for DM-electron scattering between isolated
atoms and semiconductors, we are in a position to arrive
at a rate equation for Migdal scattering in semiconduc-

tors. The replacement to be made in Eq. (10) to obtain
the analogous cross section dh�crystalvi/d lnEe is

|f ion
n,l (qe, Ee)|2 ! 8↵m2

eEe

q3e
⇥ |fcrystal(qe, Ee)|2 , (14)

where |fcrystal(qe, Ee)|2 is a dimensionless crys-
tal form factor obtained in [22, 59]. The ion-
ization rate is then given by dRcrystal/d lnEe =
Ncell(⇢�/m�)dh�crystalvi/d lnEe where Ncell ⌘
Mtarget/Mcell = NT /2 is the number of unit cells
in the crystal.
In deriving Eq. (14) we made use of the dipole scaling

relation (6). This scaling is only approximate: due to
the crystal’s electronic structure, there are only discrete
values of qe available for a given Ee . Moreover, because
of small qe, the Migdal e↵ect favors direct-gap transitions
(&3 eV) over indirect-gap transition (&1.2 eV), a↵ecting
the threshold behavior with respect to DM-e scattering.
A more refined computation of the crystal form-factor
at low momentum is warranted and left to [49]. Here
we show a proof of concept of the mapping between the
ionization and crystal form-factors, and calculate the first
projections on �n from the Migdal e↵ect in silicon. Since
the dipole approximation is valid when qre ⌧ 1, where
re ⇠ 1/(↵me) in silicon, we anchor our form-factors at
q0 = 0.5↵me and take the average value of fion in a
neighborhood around q0. The QEdark [59] form-factors
are calculated up to Ee = 50 eV, which is su�cient for
DM-electron scattering. However, from Fig. 2 (right), we

Phonon detector: sharp peak at 15 eV with width 3 eV, long tail 
Charge detector: sharp peak in 2-electron bin, tail to 3 electrons

Migdal

[Essig, Pradler, Sholapulkar, Yu, PRL 2020]

Looks nothing like electron recoil, nuclear recoil, or Migdal! 
Quintessential many-body effect: only in semiconductors, not in Xe.  

Spectrum determined by the material, NOT the DM!!

vs.

Theory and Analysis of Plasmon-Regime EELS Spectra 
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Figure 3.8a - Comparison between original data (top) and extracted SSD (bot-
tom) of Si. 

Si

[M. Kundmann, Ph.D. thesis 1988]



What about XENON? 9

FIG. 5. Limits on � (defined below Eq. (15); to compare with standard conventions, the reference cross section for electron
scattering is �e = �, and the reference cross section for proton scattering is �p = � ⇥ µ2

�p/µ
2
�e) for heavy A0 (FDM = 1)

mediated DM-electron (dashed purple) and DM-Migdal (dashed red) scattering are shown for ne = 4 for XENON100 (left) and
for ne = 5 for XENON1T (right). In the mass and coupling range shown on the plot, the XENON10 limits are sub-dominant.
For comparison, we show the published electron scattering limits [16, 41] computed with hydrogenic final-state wavefunctions
and binding energies from Ref. [16] (solid purple); our electron scattering results use the smaller (unphysical) binding energies
from [32] to facilitate a comparison with Migdal scattering using the same binding energies (see Sec. IVB). The thick blue curve
is the complex scalar DM freeze-out target (particle-antiparticle symmetric DM population). Points along this curve account
for the full DM abundance as long as mA0 � m�; near resonance at mA0 ⇡ 2m� this target moves down in the parameter
space, but is otherwise robust [65, 66]. The thin blue curve is the looser asymmetric Dirac fermion DM target. Any points
above this line can account for the full DM abundance, but with di↵erent particle-antiparticle asymmetries [2, 65]; points below
this curve are excluded by Planck limits on CMB energy injection from the annihilation of the symmetric component [67]. The
dotted blue curve taken from Ref. [2] represents sensitivity targets for ELDER DM [68]; points above this curve correspond to
SIMP DM models with the same A0 mediator considered here [69]. Shaded regions represent an envelope of exclusions from
beam dump searches (LSND [70], E137 [71, 72], and MiniBooNE [73, 74]), nuclear recoil direct detection limits from CRESST
II [75], and the BaBar monophoton search for invisibly decaying dark photons [76–78].

full DM mass range, but as expected, smaller binding
energies lead to stronger cross section limits. The same
procedure cannot be directly applied to Migdal scattering
as the wavefunctions from Ref. [16] are not orthogonal,
but the magnitude of the di↵erence should be compara-
ble (about a factor of 2 for masses above 100 MeV where
Migdal scattering dominates).

We leave to future work a precise determination of ex-
perimental limits on Migdal scattering using more so-
phisticated quantum chemistry codes which correctly re-
produce the observed binding energies with orthogonal
wavefunctions. Indeed, recent progress for electron scat-
tering has already been made by incorporating relativis-
tic e↵ects and electron-electron interactions into a many-
body calculation, using the observed ionization energies
from photoabsorption data as a figure of merit for the
quality of the wavefunctions [79]; the result is that at
large ne, the spectrum di↵ers significantly from that ob-
tained with hydrogenic final-state wavefunctions, poten-
tially a↵ecting the limits at large DM masses by an order
of magnitude. In particular, the size of relativistic e↵ects
will grow as the atomic number of the atom increases, so
this may be a significant source of systematic uncertainty

for Migdal scattering in xenon.

V. RESULTS AND CONCLUSION

In this paper we have placed sub-GeV DM detection
via electron and Migdal scattering on equivalent theoret-
ical footing. Intriguingly, we have found that if DM cou-
ples comparably to electrons and protons through a con-
tact interaction (FDM = 1), the Migdal rate can dominate
for masses above ⇠100 MeV. Thus, all existing limits for
electron scattering in such models (such as dark photon-
mediated scenarios), including those from XENON10,
XENON100, and XENON1T [16, 41], have omitted the
dominant signal component at higher DM masses. In
Fig. 5, we recalculate the full signal for DM-xenon scat-
tering in XENON100 and XENON1T and extract up-
per bounds on � which include both electron and Migdal
scattering. It is clear that by exploiting the combination
of electron and Migdal scattering, experiments with ex-
posures and background rates comparable to XENON1T
can start to probe the target parameter space for com-
plex scalar DM freezing out through a heavy dark photon,

XENON1T seems to set a much stronger limit… 4
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FIG. 2. Left: Light (dark) shaded regions show the cumulative Migdal event rates in xenon for m� = 1GeV (100MeV) as
a function of deposited electronic energy �E for contact interactions (top panel) and light mediator scaling (bottom panel).
Individual contributions from the various shells are indicated by the various dashed lines. For the light mediator a reference
momentum of q0 = ↵me and mV = 0 is chosen. The rates for DM-electron scattering for m� = 1GeV (100MeV) are shown by
the thick (thin) orange solid lines. Right: Same as left panel, but for silicon and evaluated using our formulation of the Migdal
e↵ect in semiconductors. The rates are averaged over a 1 eV energy bin.

At this point, one may be tempted to exploit the dipole
scaling relationship in Eq. (6) to conclude that the RHS
scales as Z2m2

e/m
2
N ⇠ 10�6(Z/A)2 implying that the

rate for Migdal ionization is always much smaller than
for DM-electron scattering. However, whereas the dipole
approximation is always valid for the Migdal e↵ect, since
qere ⌧ 1, kinematic arguments imply that for DM-
electron scattering �En,l/vmax . q . 2µNvmax. In this
region, q & 1/re and the dipole scaling breaks down. In-
spection of Fig. 1 shows that at large enough momentum
transfer the form factors become strongly suppressed, so
that at some critical value qcrit > 1/re, |f ion

nl (pe, qcrit)|2 =
|f ion

nl (pe, qcrite )|2 ⇥ Z2 (with qcrite = me
mN

qcrit) is certainly
met. Hence, for the di↵erential rates in Eq. (13), DM-
electron scattering only dominates over Migdal scattering
for q < qcrit, while the Migdal e↵ect dominates over DM-
electron scattering for higher mass DM. Clearly, both ef-
fects need to be taken into account to derive accurate DM
constraints. For contact interactions, the Migdal e↵ect
dominates form� & (qcrit)2/(2�En,l). For long-range in-
teractions, DM-electron interactions dominate essentially
for all masses as there is a bias towards lower momenta
introduced by |FDM(q)|2.

Application to semiconductors. Until now, all
studies of the Migdal e↵ect in semiconductor targets con-
sidered isolated atoms. Using our above results and work-
ing along the lines of [22] that previously exposed the
connection for DM-electron scattering between isolated
atoms and semiconductors, we are in a position to arrive
at a rate equation for Migdal scattering in semiconduc-

tors. The replacement to be made in Eq. (10) to obtain
the analogous cross section dh�crystalvi/d lnEe is

|f ion
n,l (qe, Ee)|2 ! 8↵m2

eEe

q3e
⇥ |fcrystal(qe, Ee)|2 , (14)

where |fcrystal(qe, Ee)|2 is a dimensionless crys-
tal form factor obtained in [22, 59]. The ion-
ization rate is then given by dRcrystal/d lnEe =
Ncell(⇢�/m�)dh�crystalvi/d lnEe where Ncell ⌘
Mtarget/Mcell = NT /2 is the number of unit cells
in the crystal.
In deriving Eq. (14) we made use of the dipole scaling

relation (6). This scaling is only approximate: due to
the crystal’s electronic structure, there are only discrete
values of qe available for a given Ee . Moreover, because
of small qe, the Migdal e↵ect favors direct-gap transitions
(&3 eV) over indirect-gap transition (&1.2 eV), a↵ecting
the threshold behavior with respect to DM-e scattering.
A more refined computation of the crystal form-factor
at low momentum is warranted and left to [49]. Here
we show a proof of concept of the mapping between the
ionization and crystal form-factors, and calculate the first
projections on �n from the Migdal e↵ect in silicon. Since
the dipole approximation is valid when qre ⌧ 1, where
re ⇠ 1/(↵me) in silicon, we anchor our form-factors at
q0 = 0.5↵me and take the average value of fion in a
neighborhood around q0. The QEdark [59] form-factors
are calculated up to Ee = 50 eV, which is su�cient for
DM-electron scattering. However, from Fig. 2 (right), we

4

as high-energy events cause a temporary and localized
enhancement in single-electron emission [22], we utilize a
combined p-value cut [23] against events close in time or
reconstructed position to recent high-energy events, with
80% e�ciency, as determined with S1-tagged cathode
events and shown in purple in Figure 2. This last cut
only helps against the single-electron pileup background,
so we apply it only for S2 < 200 PE.

We exclude events in which the S2 waveform is distorted
by a merged S1, with ⇠95% e�ciency, as determined with
220Rn [24] and neutron generator data. To remove double
scatters, we apply the same cut to events with substantial
secondary S2s as in [5, 15], with 99.5% e�ciency.

Finally, we apply two cuts specifically to events with S1s.
Events whose drift time indicates a z outside [�95, �7] cm
are removed, to exclude events high in the detector and
S1-tagged cathode events. We assume no signal or back-
ground events are produced outside this z region. Our
assumption is conservative because this is a limit-only
analysis. We also remove events with a very large S1
(> 200 PE), with negligible e�ciency loss.

Detector response.—We compute XENON1T’s response
to ERs and NRs in the same two-dimensional (S2, z)
space used for the e�ciencies and project the model after
applying e�ciencies onto S2 for comparison with data.
We use the best-fit detector response model from [21],
but we assume in our signal and background models that
NRs below 0.7 keV and ERs below 186 eV (⇠12 produced
electrons) are undetectable, as the LXe charge yield Qy

has never been measured below these energies. Even
without these cuto↵s, the low-energy Qy from [21] is lower
than that favored by other LXe measurements [11, 12]
and models [25]. Thus, our results should be considered
conservative.

While a complete model of backgrounds in the S2-only
channel is unavailable, we can quantify three compo-
nents of the background, illustrated in Figures 3 and
4. First, the ER background from high Q-value �
decays, primarily 214Pb (Q = 1.02 MeV) [21], is flat
in our energy range of interest. We use a rate of
0.142 events/(tonne ⇥ day ⇥ keV), a conservative lower
bound derived from < 210 keV data. Second, coherent
nuclear scattering of 8B solar neutrinos (CEvNS), shown
in red in Figure 3, should produce a background nearly
identical to a 6 GeV/c2, 4 ⇥ 10�45 cm2 spin-independent
(SI) NR DM signal [26, 27]. We expect 2.0 ± 0.3 CEvNS
events inside the 6 GeV/c2 SI NR ROI. Third, we see
events from � decays on the cathode wires. Su�ciently
low-energy cathode events lack S1s. We derive a lower
bound on this background using the ratio of events with
and without S1s measured in a high-S2, high width con-
trol region where cathode events are dominant. This
procedure is detailed in the supplement.

Figure 4 compares the observed events to our nominal
signal and background models. For S2 & 300 PE (⇠
0.3 keVee), we observe rates well below 1/(tonne ⇥ day ⇥
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FIG. 4. Distribution of events that pass all cuts (black dots);
error bars show statistical uncertainties (1� Poisson). The
thick black line shows the predetermined summed background
model, below which its three components are indicated, with
colors as in Fig. 3. The lightly shaded orange (purple) his-
togram, stacked on the total background, shows the signal
model for 4GeV/c2 (20GeV/c2) SI DM models excluded at
exactly 90% confidence level. The arrows show the ROIs
for these analyses, and the dashed line the S2 threshold, as
in Figures 2-3. All rates are shown relative to the e↵ective
remaining exposure after selections. The top x-axis shows
the mean expected energy of events after cuts for a flat ER
spectrum if there were no Qy cuto↵.

keVee), more than one thousand times lower than previous
S2-only analyses [14, 45]. Below 150 PE, the rate rises
quickly, likely due to unmodeled backgrounds.

DM models.— We constrain several DM models, us-
ing [28] to compute the energy spectra. First, we con-
sider spin-independent (SI) and spin-dependent (SD) DM-
nucleus scattering with the same astrophysical (v0, vesc,
etc...) and particle physics models (form factors, struc-
ture functions) as [5, 6]. For SD scattering, we con-
sider the neutron-only (to first order) coupling specifically.
If the DM-matter interaction is mediated by a (scalar)
particle of mass m�, the di↵erential rate has a factor
m�

4/(m�
2 + q2/c2)2, with q =

p
2mNER the momen-

tum transfer, ER the recoil energy, and mN the nuclear
mass [29–31]. Usually, this factor is considered to be ⇠1,
corresponding to m� & 100 MeV/c2. We also consider
the SI light-mediator (SI-LM) limit, m� ⌧ q/c ⇡ 10�3m�

(for m� ⌧ mN ), in which the di↵erential event rate for
DM-nucleus scattering scales with m4

�.

Second, light DM could be detected from its scatter-
ing o↵ bound electrons. We follow [32] to calculate the
DM-electron scattering rates, using the ionization form
factors from [33], the detector response model as above
(from [21]), and dark matter form factor 1. Relativistic
calculations [34] predict 2 � 10⇥ larger rates (for � 5
produced electrons), and thus our results should be con-
sidered conservative. As previous DM-electron scattering

But sees an unexplained excess!  
If signal is ER + Migdal, completely different signal shape

[Essig, Pradler, Sholapulkar, Yu, PRL 2020]

[XENON1T PRL 2019]

[Baxter, YK, Krnjaic 2019]



Conclusions
•There are lots of low-energy excesses  

• The semiconductor rates are the same everywhere, 
regardless of overburden, exposure, or detector  

• Every semiconductor event is ~1-2 e/h pairs plus heat  

• Every semiconductor event is a plasmon excitation  

• Dark matter is exciting a plasmon in semiconductors and a combination of 
electron recoil and Migdal in noble liquids  

• We’ve been seeing dark matter for the past 10 years!

smaller = more speculative
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Naive nuclear recoil limits



All the excesses
3

Readout Type Target Resolution Exposure Threshold Excess Rate (Hz/kg) Depth Reference

Charge (Ee)

Ge 1.6 e� 80 g · d 0.5 eVee (⇠1e�)a 20 (� 2e�); 100 (� 1e�) 1.7 km EDELWEISS [12]
Si ⇠0.2 e� 0.18 g · d 1.2 eVee (<1 e�) 6 (� 2e�); 400 (� 1e�) 100 m SENSEI [4]
Si 0.1 e� 0.5 g · d 1.2 eVee (<1 e�) 10 (� 2e�); 2000 (� 1e�) ⇠1 m CDMS HVeV [3]
Si 1.6 e� 200 g · d 1.2 eVee (⇠1e�)b ⇠ 6.5 2 km DAMIC [13]

Energy (Edet)
Ge 18 eV 200 g · d 60 eV > 0.3 ⇠1 m EDELWEISS [1]

CaWO4 4.6 eV 5600 g · d 30 eV > 3⇥ 10�3 1.4 km CRESST-III[2]
Al2O3 3.8 eV 0.046 g · d 20 eV > 30 ⇠1 m ⌫CLEUS [14]

Photo e�
Xe 6.7 PE (⇠ 0.25e�) 15 kg · d 12.1 eVee (⇠14 PE) [0.6, 3.3]⇥ 10�4 1.4 km XENON10 [15]
Xe 6.2 PE (⇠ 0.31e�) 30kg · yr ⇠70 eVee (⇠80 PE) > 2.2⇥ 10�5 1.4 km XENON100 [5]
Ar 6780 kg · d 50 eVee > 6⇥ 10�4 1.4 km Darkside50 [16]

C6H6 < 1 PE 18.2 kg · d ⇠4–6 eVee ⇠ 14 ⇠1 m EJ301 + PMT [17]
a
There is a very small but non-zero sensitivity to single electrons that, when the large exposure is taken into account, becomes

comparable in sensitivity to the other electron-recoil experiments
b
DAMIC claims a sub-threshold measurement by postulating that a leakage current would create a tail on top of their noise

distribution. Applying a conservative 5� threshold gives the upper threshold number, which is comparable to the methods used by

other experiments, but only allows us to place a lower limit on the event rate

TABLE I. (GK: Noah, DS50 PE threshold still needed) Rate of observed low-energy excess in experiments with single electron
(<100 eV) charge (energy) resolutions. Experiments sensitive to charge energy Ee are in the top section of the table, while
experiments sensitive to total detector energy Edet are in the middle section. The bottom section lists experiments sensitive to
secondary radiation produced by charge interactions.

electron bin, and only ran for less than a gram-day of
exposure. The relative similarity of the limits was strik-
ing, but was considered to be a temporary coincidence
that would soon be overtaken as one of the experiments
improved on their single electron dark rates. It is notable
that neither experiment has demonstrated an improved
dark rate as of this writing, which may point to a dark
rate which is independent of detector environment and is
not reduced with additional overburden.

Subsequently, the first electron-recoil limit in Ge was
released by EDELWEISS [12]; intriguingly, this limit is
within an order of magnitude of the Si limits, despite ex-
posures di↵ering by a factor of 400 among the three ex-
periments, and the fact that the EDELWEISS search was
conducted with significantly greater overburden. Further
investigation reveals that the event rate per unit mass in
the 2–3 electron bins is remarkably similar between the
three experiments, the Ge rate being only roughly twice
the Si rate.

Finally, the latest DAMIC [20] limit is lower than the
other ER limits, but their analysis sets limits based on
a di↵erent ionization model; the inferred rate is actually
consistent with that seen by CDMS and SENSEI. These
results are summarized in Tab. I.

The significance of these apparent coincidences is that
these detectors acquired data in very di↵erent surface or
near-surface environments (YK: not EDELWEISS which
was underground) , each with distinct technologies, at
dramatically di↵erent temperatures and electric fields,
with greatly varying degrees of shielding. There is no de-
tector e↵ect or known background that should conspire to
produce the same event rate in these detectors. Further-
more, the fact that in all four semiconductor detectors
the threshold can extend down to the baseline (YK: this
is jargony, what does it mean?) means much more strin-
gent limits can be placed on the integrated event rate in

these detectors. By contrast, in the NR searches, a direct
comparison is less straightforward, as events can be hid-
den below detector thresholds depending on the energy
spectrum signal.
However, at face value, a DM-electron scattering in-

terpretation is strongly inconsistent with results from
XENON10 [15], which sees a far smaller event rate, even
accounting for the higher threshold. We also list observed
event rates at the bottom of Table I for experiments with
phototube readout; of these, only XENON10 and the
recent result from the benzene-based scintillator EJ301
(YK: are we sure we want to put benzene back in?) are
able to sample the single charge rate. The observed event
rate in XENON10 is much lower than that observed by
semiconductor experiments, and thus any consistent in-
terpretation of those signals must explain this discrep-
ancy. A significant observation, however, is that all of
these experiments observe unexplained excesses at low
energy, as shown in the table; most intriguing is that the
observed rate in XENON10 and XENON100 matches to
within an order of magnitude when the same threshold
is applied. This implies at the very least some event rate
scaling with mass rather than liquid-gas interface area,
supporting an interpretation as a real signal in the de-
tector rather than a detector readout e↵ect.

C. Determining Signal Origin

At this point in our discussion we make a bold as-
sumption: that these excesses are all caused by a com-
mon source.3 We justify this assumption based on the

3
Note here that we do not, at this stage, argue that this is dark

matter. Even if dark matter turns out not to be the explanation



Models for millicharge 
acceleration

KE ⇠ eV
<latexit sha1_base64="Dr00zwnk0f/dLg1OzTVC5XC0hHA=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZKuhKCiIIbirYB3SGkkkzbWiSGZKMUMZZ+CtuXCji1t9w59+YTmehrQcunJxzL7n3BDGjSjvOt1VaWl5ZXSuvVzY2t7Z37N29tooSiUkLRyyS3QApwqggLU01I91YEsQDRjrB+Grqdx6IVDQS93oSE5+joaAhxUgbqW8fpJ7k8PY6g56iHOYv0s76dtWpOTngInELUgUFmn37yxtEOOFEaMyQUj3XibWfIqkpZiSreIkiMcJjNCQ9QwXiRPlpvn8Gj40ygGEkTQkNc/X3RIq4UhMemE6O9EjNe1PxP6+X6PDCT6mIE00Enn0UJgzqCE7DgAMqCdZsYgjCkppdIR4hibA2kVVMCO78yYukXa+5p7X63Vm1cVnEUQaH4AicABecgwa4AU3QAhg8gmfwCt6sJ+vFerc+Zq0lq5jZB39gff4A5G2VXQ==</latexit>

KE ⇠ keV
<latexit sha1_base64="qI10kh5JoRvty6yR0mwZH89+tRA=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSVEFPUhBB8FLBtkITymY7bZfuJmF3I5SQi3/FiwdFvPozvPlv3KY5aOuDgbfvzbAzL4g5U9pxvq3S0vLK6lp5vbKxubW9Y+/utVWUSAotGvFIPgREAWchtDTTHB5iCUQEHDrB+Grqdx5BKhaF93oSgy/IMGQDRok2Us8+SD0p8O11hj3FBM5fY2hnPbvq1JwceJG4BamiAs2e/eX1I5oICDXlRKmu68TaT4nUjHLIKl6iICZ0TIbQNTQkApSf5gdk+NgofTyIpKlQ41z9PZESodREBKZTED1S895U/M/rJnpw4acsjBMNIZ19NEg41hGepoH7TALVfGIIoZKZXTEdEUmoNplVTAju/MmLpF2vuae1+t1ZtXFZxFFGh+gInSAXnaMGukFN1EIUZegZvaI368l6sd6tj1lrySpm9tEfWJ8/s7SV0g==</latexit>

fDM ⇠ 10�4
<latexit sha1_base64="AtiFxUmzoxmOozzdY/OpeKhzPTU=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4MaS1IKupKALN0IF+4Amhsl00g6dmYSZiVBCNv6KGxeKuPUz3Pk3Th8LbT1w4XDOvdx7T5gwqrTjfFuFpeWV1bXiemljc2t7x97da6k4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdDq/GfvuRSEVjca9HCfE56gsaUYy0kQL7IAoyT3J4fZtDT1EOXechO63lgV12Ks4EcJG4M1IGMzQC+8vrxTjlRGjMkFJd10m0nyGpKWYkL3mpIgnCQ9QnXUMF4kT52eSBHB4bpQejWJoSGk7U3xMZ4kqNeGg6OdIDNe+Nxf+8bqqjCz+jIkk1EXi6KEoZ1DEcpwF7VBKs2cgQhCU1t0I8QBJhbTIrmRDc+ZcXSatacc8q1btauX45i6MIDsEROAEuOAd1cAMaoAkwyMEzeAVv1pP1Yr1bH9PWgjWb2Qd/YH3+AMdClTc=</latexit>

mDM ⇠ keV
<latexit sha1_base64="eenaCmrG/sx975fqRUrqe8FgDx0=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2WmCrqSgi7cCBXsAzrDkEkzbWiSGZKMUIbBjb/ixoUibv0Kd/6NaTsLbT1w4eSce8m9J0wYVdpxvq3S0vLK6lp5vbKxubW9Y+/utVWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJR1cTv/NApKKxuNfjhPgcDQSNKEbaSIF9wIPMkxxe3+bQU5TD6WtE2nlgV52aMwVcJG5BqqBAM7C/vH6MU06Exgwp1XOdRPsZkppiRvKKlyqSIDxCA9IzVCBOlJ9NT8jhsVH6MIqlKaHhVP09kSGu1JiHppMjPVTz3kT8z+ulOrrwMyqSVBOBZx9FKYM6hpM8YJ9KgjUbG4KwpGZXiIdIIqxNahUTgjt/8iJp12vuaa1+d1ZtXBZxlMEhOAInwAXnoAFuQBO0AAaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Ynz9HsJaz</latexit>

(locally)

Solar reflection Cosmic ray upscattering

Supernova acceleration


