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Dark matter 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,

16

Yoni Kahn 1



Open questions about DM
What is its mass? Does it interact non-gravitationally?

How was it made in the early universe?

How can we detect galactic DM on Earth?
Use tools from high-energy physics plus condensed matter, 
atomic physics, materials science, quantum information, …  

to understand DM interactions in terrestrial detectors

Yoni Kahn 2

postulate some answers 
(viable benchmark models)
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a)

FIG. 10: a) Scalar DM pair production in electron-nucleus

collisions. An on-shell A0
is radiated and decays o↵ diago-

nally to 'h,` pairs. b) Inelastic up scattering of the lighter

'` into the heavier state via A0
exchange inside the detector.

For order-one (or larger) mass splittings, the metastable state

promptly de-excites inside the detector via 'h ! '`e
+e�.

This process yields a target (nucleus, nucleon, or electron)

recoil ER and two charged tracks, which is a instinctive, zero

background signature, so nuclear recoil cuts need not be lim-

iting.
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DM-nuclear scattering
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m� � mN

Strategy: fill a giant tank with e.g. liquid xenon, bury it under a  
mountain or in a mine, look for nuclear recoil energy deposited by DM

(100 GeV - 1 TeV)

Yoni Kahn 3[Goodman & Witten PRD 1985]



The landscape so far18 27. Dark Matter

mass parameter space, above masses of 0.3 GeV.

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

27.7 Astrophysical detection of dark matter
DM as a microscopic constituent can have measurable, macroscopic e�ects on astrophysical

systems. Indirect DM detection refers to the search for the annihilation or decay debris from DM
particles, resulting in detectable species, including especially gamma rays, neutrinos, and antimatter
particles. The production rate of such particles depends on (i) the annihilation (or decay) rate (ii)
the density of pairs (respectively, of individual particles) in the region of interest, and (iii) the
number of final-state particles produced in one annihilation (decay) event. In formulae, the rate
for production of a final state particle f per unit volume from DM annihilation can be cast as

≈
A

f = c
fl

2

DM

m
2

DM

È‡vÍN
A

f , (27.18)

where È‡vÍ indicates the thermally-averaged cross section for DM annihilation times relative velocity
[27], calculated at the appropriate temperature, flDM is the physical density of DM, and N

A

f
is the

number of final state particles f produced in one individual annihilation event. The constant c

depends on whether the DM is its on antiparticle, in which case c = 1/2, or if there is a mixture of
DM particles and antiparticles (in case there is no asymmetry, c = 1/4). The analog for decay is

≈
D

f = flDM

mDM

1
·DM

N
D

f , (27.19)

with the same conventions for the symbols, and where ·DM is the DM’s lifetime.
Gamma Rays: DM annihilation to virtually any final state produces gamma rays: emis-

sion processes include the dominant two-photon decay mode of neutral pions resulting from the
hadronization of strongly-interacting final states; final state radiation; and internal bremsshtralung,
the latter two including, possibly, the emission of massive gauge or Higgs bosons subsequently pro-
ducing photons via their decay products. Similarly, neutrinos are produced from charged pion

1st June, 2020 8:29am

Zero background with multi-ton detectors, 
a stunning technical achievement. But all null results so far! 

Yoni Kahn 4[PDG 2020]

threshold DM flux
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18 27. Dark Matter

mass parameter space, above masses of 0.3 GeV.

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

27.7 Astrophysical detection of dark matter
DM as a microscopic constituent can have measurable, macroscopic e�ects on astrophysical

systems. Indirect DM detection refers to the search for the annihilation or decay debris from DM
particles, resulting in detectable species, including especially gamma rays, neutrinos, and antimatter
particles. The production rate of such particles depends on (i) the annihilation (or decay) rate (ii)
the density of pairs (respectively, of individual particles) in the region of interest, and (iii) the
number of final-state particles produced in one annihilation (decay) event. In formulae, the rate
for production of a final state particle f per unit volume from DM annihilation can be cast as

≈
A

f = c
fl
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DM

È‡vÍN
A

f , (27.18)

where È‡vÍ indicates the thermally-averaged cross section for DM annihilation times relative velocity
[27], calculated at the appropriate temperature, flDM is the physical density of DM, and N

A

f
is the

number of final state particles f produced in one individual annihilation event. The constant c

depends on whether the DM is its on antiparticle, in which case c = 1/2, or if there is a mixture of
DM particles and antiparticles (in case there is no asymmetry, c = 1/4). The analog for decay is

≈
D

f = flDM

mDM

1
·DM

N
D

f , (27.19)

with the same conventions for the symbols, and where ·DM is the DM’s lifetime.
Gamma Rays: DM annihilation to virtually any final state produces gamma rays: emis-

sion processes include the dominant two-photon decay mode of neutral pions resulting from the
hadronization of strongly-interacting final states; final state radiation; and internal bremsshtralung,
the latter two including, possibly, the emission of massive gauge or Higgs bosons subsequently pro-
ducing photons via their decay products. Similarly, neutrinos are produced from charged pion

1st June, 2020 8:29am

we have only looked in a small 
part of this huge parameter space! 

(though see D. Hooper talk for motivation)

This talk: some fun and exciting new approaches  
(non-exhaustive!) to covering the rest of it
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dB ⌧ 1
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Rare collisions
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⇢ sub-GeV 
particle-like 

 DM
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100 MeV

10 MeV

1 MeV

100 keV

zero-point momentum 
 (50 keV)

atomic binding energy  
(10 eV)

semiconductor band gap  
(1 eV)

optical phonon energy 
(100 meV)

Detector is not a bag of free particles: condensed matter physics mandatory! 
(c.f. M. Sholapulkar talk from Monday)

[YK and Lin, arXiv:2108.03239]
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<latexit sha1_base64="nS+NbcafDIEr65VqgNfFi48XVyU=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEVyURQTdC0Y3LCvYCTQiT6aQdOjMJM5NCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPOHyaMKu04X9bS8srq2nplo7q5tb2za+/tt1WcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJRzdFvTMmUtFY3OtJQnyOBoJGFCNtrMA+8jjSwzDKkhxeQR54eEjhjzfOA7vm1J2p4CK4JdRAqWZgf3r9GKecCI0ZUqrnOon2MyQ1xYzkVS9VJEF4hAakZ1AgTpSfTe/I4Ylx+jCKpXlCw6n7eyJDXKkJD01nsaGarxXmf7VeqqNLP6MiSTURePZRlDKoY1iEAvtUEqzZxADCkppdIR4iibA20VVNCO78yYvQPqu7hu/Oa43rMo4KOATH4BS44AI0wC1oghbA4AE8gRfwaj1az9ab9T5rXbLKmQPwR9bHN8zImUI=</latexit><latexit sha1_base64="nS+NbcafDIEr65VqgNfFi48XVyU=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEVyURQTdC0Y3LCvYCTQiT6aQdOjMJM5NCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPOHyaMKu04X9bS8srq2nplo7q5tb2za+/tt1WcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJRzdFvTMmUtFY3OtJQnyOBoJGFCNtrMA+8jjSwzDKkhxeQR54eEjhjzfOA7vm1J2p4CK4JdRAqWZgf3r9GKecCI0ZUqrnOon2MyQ1xYzkVS9VJEF4hAakZ1AgTpSfTe/I4Ylx+jCKpXlCw6n7eyJDXKkJD01nsaGarxXmf7VeqqNLP6MiSTURePZRlDKoY1iEAvtUEqzZxADCkppdIR4iibA20VVNCO78yYvQPqu7hu/Oa43rMo4KOATH4BS44AI0wC1oghbA4AE8gRfwaj1az9ab9T5rXbLKmQPwR9bHN8zImUI=</latexit><latexit sha1_base64="nS+NbcafDIEr65VqgNfFi48XVyU=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEVyURQTdC0Y3LCvYCTQiT6aQdOjMJM5NCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPOHyaMKu04X9bS8srq2nplo7q5tb2za+/tt1WcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJRzdFvTMmUtFY3OtJQnyOBoJGFCNtrMA+8jjSwzDKkhxeQR54eEjhjzfOA7vm1J2p4CK4JdRAqWZgf3r9GKecCI0ZUqrnOon2MyQ1xYzkVS9VJEF4hAakZ1AgTpSfTe/I4Ylx+jCKpXlCw6n7eyJDXKkJD01nsaGarxXmf7VeqqNLP6MiSTURePZRlDKoY1iEAvtUEqzZxADCkppdIR4iibA20VVNCO78yYvQPqu7hu/Oa43rMo4KOATH4BS44AI0wC1oghbA4AE8gRfwaj1az9ab9T5rXbLKmQPwR9bHN8zImUI=</latexit><latexit sha1_base64="nS+NbcafDIEr65VqgNfFi48XVyU=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEVyURQTdC0Y3LCvYCTQiT6aQdOjMJM5NCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPOHyaMKu04X9bS8srq2nplo7q5tb2za+/tt1WcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJRzdFvTMmUtFY3OtJQnyOBoJGFCNtrMA+8jjSwzDKkhxeQR54eEjhjzfOA7vm1J2p4CK4JdRAqWZgf3r9GKecCI0ZUqrnOon2MyQ1xYzkVS9VJEF4hAakZ1AgTpSfTe/I4Ylx+jCKpXlCw6n7eyJDXKkJD01nsaGarxXmf7VeqqNLP6MiSTURePZRlDKoY1iEAvtUEqzZxADCkppdIR4iibA20VVNCO78yYvQPqu7hu/Oa43rMo4KOATH4BS44AI0wC1oghbA4AE8gRfwaj1az9ab9T5rXbLKmQPwR9bHN8zImUI=</latexit>

p� q
<latexit sha1_base64="KNJlto16yZWOLEbQ+eh/sFd5Glw=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwY0lEUGXRTcuK9gHtKFMppN26GQSZyZCCdn4K25cKOLWz3Dn3zhpI2jrgYEz59zLvff4MWdKO86XVVpaXlldK69XNja3tnfs3b2WihJJaJNEPJIdHyvKmaBNzTSnnVhSHPqctv3xde63H6hULBJ3ehJTL8RDwQJGsDZS3z7ohViP/CCNM3SKfj73Wd+uOjVnCrRI3IJUoUCjb3/2BhFJQio04VipruvE2kux1IxwmlV6iaIxJmM8pF1DBQ6p8tLpARk6NsoABZE0T2g0VX93pDhUahL6pjLfUM17ufif1010cOmlTMSJpoLMBgUJRzpCeRpowCQlmk8MwUQysysiIywx0SazignBnT95kbTOaq7ht+fV+lURRxkO4QhOwIULqMMNNKAJBDJ4ghd4tR6tZ+vNep+VlqyiZx/+wPr4BqGZlms=</latexit><latexit sha1_base64="KNJlto16yZWOLEbQ+eh/sFd5Glw=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwY0lEUGXRTcuK9gHtKFMppN26GQSZyZCCdn4K25cKOLWz3Dn3zhpI2jrgYEz59zLvff4MWdKO86XVVpaXlldK69XNja3tnfs3b2WihJJaJNEPJIdHyvKmaBNzTSnnVhSHPqctv3xde63H6hULBJ3ehJTL8RDwQJGsDZS3z7ohViP/CCNM3SKfj73Wd+uOjVnCrRI3IJUoUCjb3/2BhFJQio04VipruvE2kux1IxwmlV6iaIxJmM8pF1DBQ6p8tLpARk6NsoABZE0T2g0VX93pDhUahL6pjLfUM17ufif1010cOmlTMSJpoLMBgUJRzpCeRpowCQlmk8MwUQysysiIywx0SazignBnT95kbTOaq7ht+fV+lURRxkO4QhOwIULqMMNNKAJBDJ4ghd4tR6tZ+vNep+VlqyiZx/+wPr4BqGZlms=</latexit><latexit sha1_base64="KNJlto16yZWOLEbQ+eh/sFd5Glw=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwY0lEUGXRTcuK9gHtKFMppN26GQSZyZCCdn4K25cKOLWz3Dn3zhpI2jrgYEz59zLvff4MWdKO86XVVpaXlldK69XNja3tnfs3b2WihJJaJNEPJIdHyvKmaBNzTSnnVhSHPqctv3xde63H6hULBJ3ehJTL8RDwQJGsDZS3z7ohViP/CCNM3SKfj73Wd+uOjVnCrRI3IJUoUCjb3/2BhFJQio04VipruvE2kux1IxwmlV6iaIxJmM8pF1DBQ6p8tLpARk6NsoABZE0T2g0VX93pDhUahL6pjLfUM17ufif1010cOmlTMSJpoLMBgUJRzpCeRpowCQlmk8MwUQysysiIywx0SazignBnT95kbTOaq7ht+fV+lURRxkO4QhOwIULqMMNNKAJBDJ4ghd4tR6tZ+vNep+VlqyiZx/+wPr4BqGZlms=</latexit><latexit sha1_base64="KNJlto16yZWOLEbQ+eh/sFd5Glw=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwY0lEUGXRTcuK9gHtKFMppN26GQSZyZCCdn4K25cKOLWz3Dn3zhpI2jrgYEz59zLvff4MWdKO86XVVpaXlldK69XNja3tnfs3b2WihJJaJNEPJIdHyvKmaBNzTSnnVhSHPqctv3xde63H6hULBJ3ehJTL8RDwQJGsDZS3z7ohViP/CCNM3SKfj73Wd+uOjVnCrRI3IJUoUCjb3/2BhFJQio04VipruvE2kux1IxwmlV6iaIxJmM8pF1DBQ6p8tLpARk6NsoABZE0T2g0VX93pDhUahL6pjLfUM17ufif1010cOmlTMSJpoLMBgUJRzpCeRpowCQlmk8MwUQysysiIywx0SazignBnT95kbTOaq7ht+fV+lURRxkO4QhOwIULqMMNNKAJBDJ4ghd4tR6tZ+vNep+VlqyiZx/+wPr4BqGZlms=</latexit>

<latexit sha1_base64="NGJDK7kTAW1FBj63EP7E9ozkDyI="></latexit>

!q =
p2

2m�
� (p� q)2

2m�
= q · v � q2

2m�

Energy deposited by DM:

R ⇠
Z

d3v f(v)

Z
d3qF 2(q)S(q,!q)

<latexit sha1_base64="82tR9r7v52Kh6aBIdjBIXx2BG50="></latexit><latexit sha1_base64="82tR9r7v52Kh6aBIdjBIXx2BG50="></latexit><latexit sha1_base64="82tR9r7v52Kh6aBIdjBIXx2BG50="></latexit><latexit sha1_base64="82tR9r7v52Kh6aBIdjBIXx2BG50="></latexit>

DM properties Material properties

<latexit sha1_base64="Y7iuWhioOr15uc5RNjamhEIcCkI=">AAACCnicdVDJSgNBEO2JW4zbqEcvrUGIIGE6SJZb0IvHiGaBzBB6Oj1Jk57F7h4hDDl78Ve8eFDEq1/gzb+xJ4m4oA8KHu9VUVXPjTiTyrLejczC4tLySnY1t7a+sbllbu+0ZBgLQpsk5KHouFhSzgLaVExx2okExb7LadsdnaV++4YKycLgSo0j6vh4EDCPEay01DP3Lwu2j9XQ9ZLrybEd+nSAe8mXNDnqmXmraFkWQgimBFXKlia1WrWEqhCllkYezNHomW92PySxTwNFOJayi6xIOQkWihFOJzk7ljTCZIQHtKtpgH0qnWT6ygQeaqUPvVDoChScqt8nEuxLOfZd3ZneKH97qfiX142VV3USFkSxogGZLfJiDlUI01xgnwlKFB9rgolg+lZIhlhgonR6OR3C56fwf9IqFVG5iC5O8vXTeRxZsAcOQAEgUAF1cA4aoAkIuAX34BE8GXfGg/FsvMxaM8Z8Zhf8gPH6ARCDmys=</latexit>

S(q,!q)

does the target have 
an energy eigenstate at      ?<latexit sha1_base64="wVLkKotYRYZG+vOOLLo5N4TQ4Ow=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqkyK9LErunFZwT6gMwyZNNOGZh4mGWEYxl9x40IRt36IO//GTFtBRQ8EDufcyz05XsyZVJb1YZTW1jc2t8rblZ3dvf0D8/BoIKNEENonEY/EyMOSchbSvmKK01EsKA48Tofe/LLwh3dUSBaFNyqNqRPgach8RrDSkmtW7SigU+xmdoDVzPOz2zx3zZpVtywLIQQLglpNS5NOp91AbYgKS6MGVui55rs9iUgS0FARjqUcIytWToaFYoTTvGInksaYzPGUjjUNcUClky3C5/BUKxPoR0K/UMGF+n0jw4GUaeDpySKi/O0V4l/eOFF+28lYGCeKhmR5yE84VBEsmoATJihRPNUEE8F0VkhmWGCidF8VXcLXT+H/ZNCoo2YdXZ/XuherOsrgGJyAM4BAC3TBFeiBPiAgBQ/gCTwb98aj8WK8LkdLxmqnCn7AePsE4yCVmA==</latexit>!q

General framework that works for any many-body system 

Yoni Kahn 7

Response functions

[Trickle, Zhang, Zurek, Inzani, Griffin, JHEP 2020; YK and Lin, arXiv:2108.03239]

<latexit sha1_base64="YkUx+0oN0J5YIBh+t1dCwx7dpxU="></latexit>

S(q,!q) /
X

f

|hf |
X

j

eiq·rj |ii|2�(!f � !q)



eV keV MeV

q

meV

eV

keV

!

m¬ = 100 MeV, v¬ = 10°3

forward scattering

stop the DM

brick 
wall
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DM scattering 
lives here

<latexit sha1_base64="K7j+9i/widdj/I3TIofZLqos1es="></latexit>

!  qv� � q2

2m�

<latexit sha1_base64="Th4UjCbFpF12EKMyh4mt2erJkZU="></latexit>

�(v) /
Z

d3qS(q,!q)

Sub-GeV DM kinematics

<latexit sha1_base64="ycHssWF4y6XOlBtMsdAOFstVxlo="></latexit>!

Goal: maximize the response function inside the DM parabola



Daily modulation
rotation

<latexit sha1_base64="jvuxsAu2Js/+XrMYHSqvo+CqKgI=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElJlpfNuGU89m6WyNFVhq+ghYqOkTLn1DwL9gmBSRMNTuzq92dIFbSkut+OkvLK6tr66WN8ubW9s5uZW+/ZaPECGyKSEWmE4BFJTU2SZLCTmwQwkBhOxhf5X77AY2Vkb6lSYx+CCMth1IAZdJd2jMhNxEV1bRfqbo1twBfJN6MVNkMjX7lqzeIRBKiJqHA2q7nxuSnYEgKhdNyL7EYgxjDCLsZ1RCi9dPi6ik/TixQxGM0XCpeiPh7IoXQ2kkYZJ0h0L2d93LxP6+b0PDST6WOE0It8kUkFRaLrDAyiwP5QBokgvxy5FJzAQaI0EgOQmRikiVSzvLw5r9fJK3TmufWvJuzav18lkyJHbIjdsI8dsHq7Jo1WJMJZtgTe2YvzqPz6rw57z+tS85s5oD9gfPxDciLl0I=</latexit><latexit sha1_base64="jvuxsAu2Js/+XrMYHSqvo+CqKgI=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElJlpfNuGU89m6WyNFVhq+ghYqOkTLn1DwL9gmBSRMNTuzq92dIFbSkut+OkvLK6tr66WN8ubW9s5uZW+/ZaPECGyKSEWmE4BFJTU2SZLCTmwQwkBhOxhf5X77AY2Vkb6lSYx+CCMth1IAZdJd2jMhNxEV1bRfqbo1twBfJN6MVNkMjX7lqzeIRBKiJqHA2q7nxuSnYEgKhdNyL7EYgxjDCLsZ1RCi9dPi6ik/TixQxGM0XCpeiPh7IoXQ2kkYZJ0h0L2d93LxP6+b0PDST6WOE0It8kUkFRaLrDAyiwP5QBokgvxy5FJzAQaI0EgOQmRikiVSzvLw5r9fJK3TmufWvJuzav18lkyJHbIjdsI8dsHq7Jo1WJMJZtgTe2YvzqPz6rw57z+tS85s5oD9gfPxDciLl0I=</latexit><latexit sha1_base64="jvuxsAu2Js/+XrMYHSqvo+CqKgI=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElJlpfNuGU89m6WyNFVhq+ghYqOkTLn1DwL9gmBSRMNTuzq92dIFbSkut+OkvLK6tr66WN8ubW9s5uZW+/ZaPECGyKSEWmE4BFJTU2SZLCTmwQwkBhOxhf5X77AY2Vkb6lSYx+CCMth1IAZdJd2jMhNxEV1bRfqbo1twBfJN6MVNkMjX7lqzeIRBKiJqHA2q7nxuSnYEgKhdNyL7EYgxjDCLsZ1RCi9dPi6ik/TixQxGM0XCpeiPh7IoXQ2kkYZJ0h0L2d93LxP6+b0PDST6WOE0It8kUkFRaLrDAyiwP5QBokgvxy5FJzAQaI0EgOQmRikiVSzvLw5r9fJK3TmufWvJuzav18lkyJHbIjdsI8dsHq7Jo1WJMJZtgTe2YvzqPz6rw57z+tS85s5oD9gfPxDciLl0I=</latexit><latexit sha1_base64="jvuxsAu2Js/+XrMYHSqvo+CqKgI=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElJlpfNuGU89m6WyNFVhq+ghYqOkTLn1DwL9gmBSRMNTuzq92dIFbSkut+OkvLK6tr66WN8ubW9s5uZW+/ZaPECGyKSEWmE4BFJTU2SZLCTmwQwkBhOxhf5X77AY2Vkb6lSYx+CCMth1IAZdJd2jMhNxEV1bRfqbo1twBfJN6MVNkMjX7lqzeIRBKiJqHA2q7nxuSnYEgKhdNyL7EYgxjDCLsZ1RCi9dPi6ik/TixQxGM0XCpeiPh7IoXQ2kkYZJ0h0L2d93LxP6+b0PDST6WOE0It8kUkFRaLrDAyiwP5QBokgvxy5FJzAQaI0EgOQmRikiVSzvLw5r9fJK3TmufWvJuzav18lkyJHbIjdsI8dsHq7Jo1WJMJZtgTe2YvzqPz6rw57z+tS85s5oD9gfPxDciLl0I=</latexit>

axis
<latexit sha1_base64="TBEgrXT02akkODFkxziL4fWYJF8=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJRBIg+RWNH6sgmnnM/W3RoRWeEraKGiQ7T8CwX/ghNcQMJUo5ld7ewEsZKWXPfTKSwtr6yuFddLG5tb2zvl3b2mjRIjsCEiFZl2ABaV1NggSQrbsUEIA4WtYHQ59Vv3aKyM9A2NY/RDGGo5kAIok27Trgk5PEg76ZUrbtWdgS8SLycVlqPeK391+5FIQtQkFFjb8dyY/BQMSaFwUuomFmMQIxhiJ6MaQrR+Oks84UeJBYp4jIZLxWci/t5IIbR2HAbZZAh0Z+e9qfif10locOGnUscJoRbTQyQVzg5ZYWRWBfK+NEgE0+TIpeYCDBChkRyEyMQk66aU9eHNf79ImidVz61616eV2lneTJEdsEN2zDx2zmrsitVZgwmm2RN7Zi/Oo/PqvDnvP6MFJ9/ZZ3/gfHwDbyWVXw==</latexit><latexit sha1_base64="TBEgrXT02akkODFkxziL4fWYJF8=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJRBIg+RWNH6sgmnnM/W3RoRWeEraKGiQ7T8CwX/ghNcQMJUo5ld7ewEsZKWXPfTKSwtr6yuFddLG5tb2zvl3b2mjRIjsCEiFZl2ABaV1NggSQrbsUEIA4WtYHQ59Vv3aKyM9A2NY/RDGGo5kAIok27Trgk5PEg76ZUrbtWdgS8SLycVlqPeK391+5FIQtQkFFjb8dyY/BQMSaFwUuomFmMQIxhiJ6MaQrR+Oks84UeJBYp4jIZLxWci/t5IIbR2HAbZZAh0Z+e9qfif10locOGnUscJoRbTQyQVzg5ZYWRWBfK+NEgE0+TIpeYCDBChkRyEyMQk66aU9eHNf79ImidVz61616eV2lneTJEdsEN2zDx2zmrsitVZgwmm2RN7Zi/Oo/PqvDnvP6MFJ9/ZZ3/gfHwDbyWVXw==</latexit><latexit sha1_base64="TBEgrXT02akkODFkxziL4fWYJF8=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJRBIg+RWNH6sgmnnM/W3RoRWeEraKGiQ7T8CwX/ghNcQMJUo5ld7ewEsZKWXPfTKSwtr6yuFddLG5tb2zvl3b2mjRIjsCEiFZl2ABaV1NggSQrbsUEIA4WtYHQ59Vv3aKyM9A2NY/RDGGo5kAIok27Trgk5PEg76ZUrbtWdgS8SLycVlqPeK391+5FIQtQkFFjb8dyY/BQMSaFwUuomFmMQIxhiJ6MaQrR+Oks84UeJBYp4jIZLxWci/t5IIbR2HAbZZAh0Z+e9qfif10locOGnUscJoRbTQyQVzg5ZYWRWBfK+NEgE0+TIpeYCDBChkRyEyMQk66aU9eHNf79ImidVz61616eV2lneTJEdsEN2zDx2zmrsitVZgwmm2RN7Zi/Oo/PqvDnvP6MFJ9/ZZ3/gfHwDbyWVXw==</latexit><latexit sha1_base64="TBEgrXT02akkODFkxziL4fWYJF8=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJRBIg+RWNH6sgmnnM/W3RoRWeEraKGiQ7T8CwX/ghNcQMJUo5ld7ewEsZKWXPfTKSwtr6yuFddLG5tb2zvl3b2mjRIjsCEiFZl2ABaV1NggSQrbsUEIA4WtYHQ59Vv3aKyM9A2NY/RDGGo5kAIok27Trgk5PEg76ZUrbtWdgS8SLycVlqPeK391+5FIQtQkFFjb8dyY/BQMSaFwUuomFmMQIxhiJ6MaQrR+Oks84UeJBYp4jIZLxWci/t5IIbR2HAbZZAh0Z+e9qfif10locOGnUscJoRbTQyQVzg5ZYWRWBfK+NEgE0+TIpeYCDBChkRyEyMQk66aU9eHNf79ImidVz61616eV2lneTJEdsEN2zDx2zmrsitVZgwmm2RN7Zi/Oo/PqvDnvP6MFJ9/ZZ3/gfHwDbyWVXw==</latexit>

�e
<latexit sha1_base64="hqjQp0Pb/9qLbkjw/xV0Yy+guLk=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo0UhfwELVR0iJafoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgClUqdHYyToY79SdWtuDr5MvIJUWYFGv/LVG0QiCVGTUGBt13Nj8mdgSAqF83IvsRiDmMAIuynVEKL1Z3neOT9NLFDEYzRcKp6L+HtjBqG10zBIJ0OgsV30MvE/r5vQ8NqfSR0nhFpkh0gqzA9ZYWRaBPKBNEgEWXLkUnMBBojQSA5CpGKSNlNO+/AWv18mrfOa59a8u4tq/bJopsSO2Qk7Yx67YnV2yxqsyQRT7Ik9sxfn0Xl13pz3n9EVp9g5Yn/gfHwD12KUeQ==</latexit><latexit sha1_base64="hqjQp0Pb/9qLbkjw/xV0Yy+guLk=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo0UhfwELVR0iJafoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgClUqdHYyToY79SdWtuDr5MvIJUWYFGv/LVG0QiCVGTUGBt13Nj8mdgSAqF83IvsRiDmMAIuynVEKL1Z3neOT9NLFDEYzRcKp6L+HtjBqG10zBIJ0OgsV30MvE/r5vQ8NqfSR0nhFpkh0gqzA9ZYWRaBPKBNEgEWXLkUnMBBojQSA5CpGKSNlNO+/AWv18mrfOa59a8u4tq/bJopsSO2Qk7Yx67YnV2yxqsyQRT7Ik9sxfn0Xl13pz3n9EVp9g5Yn/gfHwD12KUeQ==</latexit><latexit sha1_base64="hqjQp0Pb/9qLbkjw/xV0Yy+guLk=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo0UhfwELVR0iJafoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgClUqdHYyToY79SdWtuDr5MvIJUWYFGv/LVG0QiCVGTUGBt13Nj8mdgSAqF83IvsRiDmMAIuynVEKL1Z3neOT9NLFDEYzRcKp6L+HtjBqG10zBIJ0OgsV30MvE/r5vQ8NqfSR0nhFpkh0gqzA9ZYWRaBPKBNEgEWXLkUnMBBojQSA5CpGKSNlNO+/AWv18mrfOa59a8u4tq/bJopsSO2Qk7Yx67YnV2yxqsyQRT7Ik9sxfn0Xl13pz3n9EVp9g5Yn/gfHwD12KUeQ==</latexit><latexit sha1_base64="hqjQp0Pb/9qLbkjw/xV0Yy+guLk=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo0UhfwELVR0iJafoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgClUqdHYyToY79SdWtuDr5MvIJUWYFGv/LVG0QiCVGTUGBt13Nj8mdgSAqF83IvsRiDmMAIuynVEKL1Z3neOT9NLFDEYzRcKp6L+HtjBqG10zBIJ0OgsV30MvE/r5vQ8NqfSR0nhFpkh0gqzA9ZYWRaBPKBNEgEWXLkUnMBBojQSA5CpGKSNlNO+/AWv18mrfOa59a8u4tq/bJopsSO2Qk7Yx67YnV2yxqsyQRT7Ik9sxfn0Xl13pz3n9EVp9g5Yn/gfHwD12KUeQ==</latexit>

crystal
<latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit>

z�axis
<latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit><latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit><latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit><latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit>

t = 0
<latexit sha1_base64="FykfVh8EGafe2dktb3LF+5DfqWQ=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2FhG8JJAcoS9zSQu2ftgd04IR36DrVZ2YuvPsfC/eHdeoYmverw3w7x5fqykIdv+tCorq2vrG9XN2tb2zu5eff+gY6JEC3RFpCLd87lBJUN0SZLCXqyRB77Crj+9yf3uI2ojo/CeZjF6AZ+EciwFp0xyiV0ze1hv2E27AFsmTkkaUKI9rH8NRpFIAgxJKG5M37Fj8lKuSQqF89ogMRhzMeUT7Gc05AEaLy3CztlJYjhFLEbNpGKFiL83Uh4YMwv8bDLg9GAWvVz8z+snNL7yUhnGCWEo8kMkFRaHjNAyawHZSGok4nlyZDJkgmtOhFoyLkQmJlkttawPZ/H7ZdI5azp207k7b7QuymaqcATHcAoOXEILbqENLgiQ8ATP8GLNrFfrzXr/Ga1Y5c4h/IH18Q0hBJJG</latexit><latexit sha1_base64="FykfVh8EGafe2dktb3LF+5DfqWQ=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2FhG8JJAcoS9zSQu2ftgd04IR36DrVZ2YuvPsfC/eHdeoYmverw3w7x5fqykIdv+tCorq2vrG9XN2tb2zu5eff+gY6JEC3RFpCLd87lBJUN0SZLCXqyRB77Crj+9yf3uI2ojo/CeZjF6AZ+EciwFp0xyiV0ze1hv2E27AFsmTkkaUKI9rH8NRpFIAgxJKG5M37Fj8lKuSQqF89ogMRhzMeUT7Gc05AEaLy3CztlJYjhFLEbNpGKFiL83Uh4YMwv8bDLg9GAWvVz8z+snNL7yUhnGCWEo8kMkFRaHjNAyawHZSGok4nlyZDJkgmtOhFoyLkQmJlkttawPZ/H7ZdI5azp207k7b7QuymaqcATHcAoOXEILbqENLgiQ8ATP8GLNrFfrzXr/Ga1Y5c4h/IH18Q0hBJJG</latexit><latexit sha1_base64="FykfVh8EGafe2dktb3LF+5DfqWQ=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2FhG8JJAcoS9zSQu2ftgd04IR36DrVZ2YuvPsfC/eHdeoYmverw3w7x5fqykIdv+tCorq2vrG9XN2tb2zu5eff+gY6JEC3RFpCLd87lBJUN0SZLCXqyRB77Crj+9yf3uI2ojo/CeZjF6AZ+EciwFp0xyiV0ze1hv2E27AFsmTkkaUKI9rH8NRpFIAgxJKG5M37Fj8lKuSQqF89ogMRhzMeUT7Gc05AEaLy3CztlJYjhFLEbNpGKFiL83Uh4YMwv8bDLg9GAWvVz8z+snNL7yUhnGCWEo8kMkFRaHjNAyawHZSGok4nlyZDJkgmtOhFoyLkQmJlkttawPZ/H7ZdI5azp207k7b7QuymaqcATHcAoOXEILbqENLgiQ8ATP8GLNrFfrzXr/Ga1Y5c4h/IH18Q0hBJJG</latexit><latexit sha1_base64="FykfVh8EGafe2dktb3LF+5DfqWQ=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2FhG8JJAcoS9zSQu2ftgd04IR36DrVZ2YuvPsfC/eHdeoYmverw3w7x5fqykIdv+tCorq2vrG9XN2tb2zu5eff+gY6JEC3RFpCLd87lBJUN0SZLCXqyRB77Crj+9yf3uI2ojo/CeZjF6AZ+EciwFp0xyiV0ze1hv2E27AFsmTkkaUKI9rH8NRpFIAgxJKG5M37Fj8lKuSQqF89ogMRhzMeUT7Gc05AEaLy3CztlJYjhFLEbNpGKFiL83Uh4YMwv8bDLg9GAWvVz8z+snNL7yUhnGCWEo8kMkFRaHjNAyawHZSGok4nlyZDJkgmtOhFoyLkQmJlkttawPZ/H7ZdI5azp207k7b7QuymaqcATHcAoOXEILbqENLgiQ8ATP8GLNrFfrzXr/Ga1Y5c4h/IH18Q0hBJJG</latexit>

t = 1/2 day
<latexit sha1_base64="sArTlKCJZIUZVTYSV66yDVVy/mk=">AAACBnicbVDLSgNBEJyNrxhfMR69DAbBU9wNooIIAS8eI5gHZEPonXTikNkHM71iWHL3K7zqyZt49Tc8+C9u4h40sU5FVTddXV6kpCHb/rRyS8srq2v59cLG5tb2TnG31DRhrAU2RKhC3fbAoJIBNkiSwnakEXxPYcsbXU391j1qI8PglsYRdn0YBnIgBVAq9Yol4pfcOa66F4mrfd6H8aRXLNsVewa+SJyMlFmGeq/45fZDEfsYkFBgTMexI+omoEkKhZOCGxuMQIxgiJ2UBuCj6Saz7BN+GBugkEeouVR8JuLvjQR8Y8a+l076QHdm3puK/3mdmAbn3UQGUUwYiOkhkgpnh4zQMi0FeV9qJIJpcuQy4AI0EKGWHIRIxThtqZD24cx/v0ia1YpjV5ybk3LtNGsmz/bZATtiDjtjNXbN6qzBBHtgT+yZvViP1qv1Zr3/jOasbGeP/YH18Q21/peD</latexit><latexit sha1_base64="sArTlKCJZIUZVTYSV66yDVVy/mk=">AAACBnicbVDLSgNBEJyNrxhfMR69DAbBU9wNooIIAS8eI5gHZEPonXTikNkHM71iWHL3K7zqyZt49Tc8+C9u4h40sU5FVTddXV6kpCHb/rRyS8srq2v59cLG5tb2TnG31DRhrAU2RKhC3fbAoJIBNkiSwnakEXxPYcsbXU391j1qI8PglsYRdn0YBnIgBVAq9Yol4pfcOa66F4mrfd6H8aRXLNsVewa+SJyMlFmGeq/45fZDEfsYkFBgTMexI+omoEkKhZOCGxuMQIxgiJ2UBuCj6Saz7BN+GBugkEeouVR8JuLvjQR8Y8a+l076QHdm3puK/3mdmAbn3UQGUUwYiOkhkgpnh4zQMi0FeV9qJIJpcuQy4AI0EKGWHIRIxThtqZD24cx/v0ia1YpjV5ybk3LtNGsmz/bZATtiDjtjNXbN6qzBBHtgT+yZvViP1qv1Zr3/jOasbGeP/YH18Q21/peD</latexit><latexit sha1_base64="sArTlKCJZIUZVTYSV66yDVVy/mk=">AAACBnicbVDLSgNBEJyNrxhfMR69DAbBU9wNooIIAS8eI5gHZEPonXTikNkHM71iWHL3K7zqyZt49Tc8+C9u4h40sU5FVTddXV6kpCHb/rRyS8srq2v59cLG5tb2TnG31DRhrAU2RKhC3fbAoJIBNkiSwnakEXxPYcsbXU391j1qI8PglsYRdn0YBnIgBVAq9Yol4pfcOa66F4mrfd6H8aRXLNsVewa+SJyMlFmGeq/45fZDEfsYkFBgTMexI+omoEkKhZOCGxuMQIxgiJ2UBuCj6Saz7BN+GBugkEeouVR8JuLvjQR8Y8a+l076QHdm3puK/3mdmAbn3UQGUUwYiOkhkgpnh4zQMi0FeV9qJIJpcuQy4AI0EKGWHIRIxThtqZD24cx/v0ia1YpjV5ybk3LtNGsmz/bZATtiDjtjNXbN6qzBBHtgT+yZvViP1qv1Zr3/jOasbGeP/YH18Q21/peD</latexit><latexit sha1_base64="sArTlKCJZIUZVTYSV66yDVVy/mk=">AAACBnicbVDLSgNBEJyNrxhfMR69DAbBU9wNooIIAS8eI5gHZEPonXTikNkHM71iWHL3K7zqyZt49Tc8+C9u4h40sU5FVTddXV6kpCHb/rRyS8srq2v59cLG5tb2TnG31DRhrAU2RKhC3fbAoJIBNkiSwnakEXxPYcsbXU391j1qI8PglsYRdn0YBnIgBVAq9Yol4pfcOa66F4mrfd6H8aRXLNsVewa+SJyMlFmGeq/45fZDEfsYkFBgTMexI+omoEkKhZOCGxuMQIxgiJ2UBuCj6Saz7BN+GBugkEeouVR8JuLvjQR8Y8a+l076QHdm3puK/3mdmAbn3UQGUUwYiOkhkgpnh4zQMi0FeV9qJIJpcuQy4AI0EKGWHIRIxThtqZD24cx/v0ia1YpjV5ybk3LtNGsmz/bZATtiDjtjNXbN6qzBBHtgT+yZvViP1qv1Zr3/jOasbGeP/YH18Q21/peD</latexit>

crystal
<latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit>

z�axis
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FIG. 1. Orientation setup of the experimental apparatus. At t = 0 the z-axis of the crystal is aligned

with the Earth’s velocity (which is approximately in the direction of Cygnus). With this choice for the

crystal orientation, the modulation of the signal is independent of the position of the laboratory.

first is kinematic, where the flux of DM particles in the kinematic configuration that can excite
a response in the target changes on a daily basis. This effect is dominated by the anisotropy
of the Fermi velocity in the material. The second is due to the size of the matrix element,
as shown for example in Eq. (14), where the direction of the momentum transfer (typically
oriented along the DM wind) changes with respect to the anisotropic dielectric tensor ✏. We
will detail these effects separately for both absorption and scattering below.

But before moving to the results we summarize here our conventions for the DM velocity
distribution and the orientation of the DM wind in the crystal rest frame, using a set-up
similar to Ref. [39]. For the velocity distribution in the galactic rest frame, fgal(v), we assume
a Maxwellian form, with velocity dispersion v0 = 220Km/ s, truncated at vesc = 500Km/ s.
The velocity distribution in the laboratory frame is related to the one in the galactic frame by
flab(v, t) = fgal(v + ve(t)):

flab(v, t) =
1

N0
exp


�
(v + ve)2

v20

�
⇥(vesc � |v + ve|) , (15)

where ve(t) is the Earth’s velocity with respect to the DM rest frame due to its revolution
around the Sun and N0 is a normalization constant given by

N0 = ⇡3/2v30


erf(vesc

v0
) �

2
p
⇡

vesc

v0
exp

✓
�(

vesc

v0
)2
◆�

. (16)
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R(t) ⇠
Z

d3v d3q f�(v, t)S(q,!q)
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!q = q · v � q2

2m�

If S is peaked in particular directions of q, R will change 
periodically over 24 hours as        rotates in lab frame
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Smoking gun for DM signal!



DM-electron scattering

Single e/h excitation 
in semiconductors: 

now running!

Molecular excitation: 
daily modulation

Low-gap materials 
(e.g. Eu5In2Sb6) 
for sub-MeV DM

Sensitivity driven by  
electron energy gap:

19 

Direct detection also provides a unique opportunity, relative to higher energy probes, to explore dark 
matter candidates when the mass of the particle mediating the interaction is relatively light (lighter than 
the momentum transfer from the dark matter to the target particle).  In this case, the scattering rate 
scales inversely as the fourth power of the momentum transfer, allowing for an enormous enhancement 
in the scattering rate for low-threshold probes like direct detection experiments.  
 
With the realization that the dark matter sector may be disconnected from the visible one, 
communicating only through new forces, the dark matter theory landscape has evolved in new 
directions in the last decade, emphasizing the need to probe non-WIMP dark matter candidates with a 
mass below about 1 GeV (��� eV).  Several concrete benchmark models, created in the new theory 
panorama and shown in Figures 2-7 and 2-8, exist in which the dark matter abundance is related to its 
coupling to ordinary matter via this dark force.  These models provide guidance and sharp targets in 
parameter space for direct detection experiments, which in some cases, can be probed by first-
generation, low-cost experiments with target exposures of as little as 1 gram per day. 
 
 
 
                                    HEAVY MEDIATOR                                                        ULTRALIGHT MEDIATOR 

 
Figure 2-8: Parameter space for galactic dark matter scattering off electrons, which can be probed by advanced 
detectors with demonstrated technologies (green region) and additional R&D (blue region), for a mediator with a 
mass that is heavy (left plot) or ultralight (right plot).  Constraints of existing direct detection experiments are 
shown in peach.  The orange regions (labelled “Model Milestones”) present a range of model examples in which 
dark matter attains the observed relic abundance from its thermal contact with Standard Model particles (regions 
are as in the “US Cosmic Visions” report).  In the right plot, the upper green region is currently unconstrained, 
assuming the dark matter is a subdominant component.  
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Figure 12: Modulation plots for FDM = 1

Figure 13: Modulation plots for FDM = 1/q2
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Single-electron detection
Harness amazing industrial/technological development of ultra-pure Si:
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FIG. 4. 90% CL constraints (cyan
solid line) on: DM- e� cross section,
�e, versus DM mass, m�, for two
DM form factors, FDM(q) = 1 (top
left) and FDM(q) = (↵me/q)

2 (top
right); DM-nucleus cross section, �n,
for a light mediator (bottom left);
and the kinetic-mixing parameter, ✏,
versus the dark-photon mass, mA0 , for
dark-photon-DM absorption (bottom
right). Constraints are shown on DM-
e� scattering also from the SENSEI
prototype [14, 15], XENON10/100 [19],
DarkSide-50 [20], EDELWEISS [21],
CDMS-HVeV [22], XENON1T [23],
DAMIC [24], solar reflection (assum-
ing DM couples only to e�) [25]; con-
straints on DM-nucleus scattering from
SENSEI, XENON10/100/1T [12] and
LUX [26]; and constraints on absorp-
tion from SENSEI [14, 15], DAMIC [24,
27], EDELWEISS [21], XENON10/100,
CDMSlite [9], and the Sun [9, 28, 29].
Orange regions are combined bench-
mark model regions for heavy [2, 5, 30–
34] and light [2, 5, 35, 36] mediators.

which corresponds to the Halo Mask (described below)
for any possible high-energy events occurring just out-
side of the quadrant.

• Bleeding Zone Mask. To avoid spurious events from
charge-transfer ine�ciencies, we mask 100 (50) pixels
upstream in the vertical and horizontal direction of any
pixel containing more than 100 e� for the 1 e� (�2 e�)
analyses. This distance is doubled for columns where
we observe a high bleeding rate.

• Bad Pixels and Bad Columns. We further limit the
impact of defects that cause charge leakage or charge-
transfer ine�ciencies by identifying and masking pixels
and columns that have a significant excess of charge.

• Halo Mask. Pixels with more than 100 e�, from high-
energy background events, correlate with an increased
rate of low-energy events in nearby pixels. We observe
a monotonic decrease in R1e� as a function of the radial
distance, R, from pixels with a large charge. We mask
pixels out to R = 60 pix (R = 20 pix) for the 1 e�

(�2 e�) analyses.

• Loose Cluster Mask. We find a correlation between
the number of 1 e� and 2 e� events in regions of size
⇠103 pix2. Since there is no reason for a 2 e� DM
event to be spatially correlated with an excess of 1 e�

events, we mask regions with an excess of 1 e� events.
We apply this mask only for the �2 e� analyses.

• Neighbor Mask. For the 1 e� and 2 e� DM analyses
only, we require the DM signal to be contained in a sin-
gle pixel and only select pixels whose eight neighboring
pixels are empty. We thus mask all pixels that have a
neighboring pixel with � 1 e�.

The e�ciencies of, and number of events passing, these
selection cuts are given in Table I, which also shows
the number of observed events and the inferred 90%
confidence-level (CL) upper limits on the rates. We as-
sume that a DM signal is uniformly distributed across
the CCD, so that a cut’s e�ciency on a DM signal is
proportional to the loss in exposure from that cut.
DARK MATTER RESULTS. The results for the four
analyses are:

• 1e�: From the observed R1e� of (3.363 ± 0.094) ⇥
10�4 e�/pix/day, we subtract the (exposure indepen-
dent) spurious charge contribution of (1.664±0.122)⇥
10�4 e�/pix, to arrive at a R1e� of (1.594 ± 0.160) ⇥
10�4 e�/pix/day, or (450 ± 45) events/g-day, where
the errors have been added in quadrature. For cal-
culating a DM limit below, we conservatively take the
1311.7 observed 1 e� events and subtract the 2� lower
limit on the number of expected spurious-charge events
(649 � 2 ⇥ 47.5 = 554 events), arriving at ⇠758 1 e�-
events. The known contributions to R1e� that we do
not subtract are environmental backgrounds and dark

Well-motivated parameter space is very close:  
reliable estimate of the signal in solid-state detectors is crucial!



Organic crystals

Kg for kg, same total rate as Si, 
but modulation means discovery does not require zero background

quantum-classical approach used for the simulations of the
photoisomerization of polyatomic molecules are described in
Sec. III. The results obtained are presented and discussed in
Sec. IV. In Sec. V we summarize the results obtained.

II. BASIC ASSUMPTIONS

Two models were suggested in the literature to explain
the mechanism of the photoinduced isomerization of trans-
stilbene and similar systems and to simulate the correspond-
ing experimental data.14–19 In an adiabatic model,14,15 see
Fig. 1, one assumes the existence of a small barrier on the
first excited state !S1" and fast intramolecular vibrational en-
ergy redistribution !IVR", so that the Rice–Ramsperger–
Kassel–Marcus !RRKM" model can be used to calculate the
reaction rate.20,21 The adiabatic model was successfully
applied to the description of the molecular beam
experiments18,22 and an effective barrier height was esti-
mated to be about 1200 cm−1. However, the pressure depen-
dence of the reaction rate is not well reproduced and its
description requires the introduction/assumption of a “pres-
sure dependent barrier,” without any physically clear picture.
In particular, at low pressures the theoretical model fits rea-
sonably well to the experimental data,23,24 but at pressures
above 5 bar the experimental rate constant levels off at
20–30 ns−1, while the theoretical high-pressure limit24 is at
76 ns−1. Alternatively, a nonadiabatic model involving the
transition to another excited state was suggested16–19 in order
to explain the photoisomerization mechanism. This model is
supported by the fact that the twisted conformation of stil-
bene, where the radiationless transition to the ground state
takes place, belongs to the distinct electronic state !S2" char-
acterized as the doubly excited or zwitterionic state.16–19

The origin of the small barrier in the adiabatic model for
the twist around the central ethylenic bond, which is also
assumed to be the reaction coordinate, is not clear. A bond
length is typically a good qualitative measure for the electron
density located on it and for the associated barrier height of
the torsional motion around it. The longer the bond length,
the lower the barrier, and vice-versa. A series of accurate
quantum-chemical calculations !done by us with the GAMESS

U.S. software at the MCSCF level" show !see Table I" that in

the ground state the central ethylenic bond !C7uC8 in
Fig. 2" of trans-stilbene has a double bond character with the
length of about 1.36 Å #this is in good agreement with pre-
vious reported values for this bond, of 1.354/1.33 Å !Refs.
25–28"$, whereas the neighboring ones !C2uC7, C8uC9"
have more a single bond character with the length of about
1.47 Å !1.483/1.45 Å according to Refs. 25–28". As a result,
the direct twist around the central bond in the ground state
has a large activation barrier, while the potential energy sur-
face for the twist of the phenyl rings is flat in the range of
about 30º.29,30 The results of the bond lengths for trans-
stilbene molecule are also summarized in the Table I.

On the other hand, in the first exited state the corre-
sponding lengths are estimated to be 1.40 Å !1.432 Å ac-
cording to Refs. 25–28" for the central ethylenic bond
!C7uC8 shown in Table I" and 1.41 Å !1.419 Å according to
Refs. 25–28" for the neighboring ones !C2uC7, C8uC9",
which is in between the single !%1.5 Å" and the double
bond character !%1.35 Å". As a result, the twist around the
central bond is still expected to have a considerable barrier.
In this state the molecule still maintain the planar
configuration.25,31

Finally, our quantum-chemical calculations have shown
that in the doubly excited state the central bond has the
length of 1.45 Å, shown in Table I, which is closer to the
single bond character. Thus, in the double excited state the
twist around the central ethylenic bond could be almost bar-
rierless.

Thus, the nonadiabatic pathway of the photoisomeriza-
tion, involving the preliminary transition from S1 to S2 state
within the planar geometry of trans-stilbene, should be fa-
vored over the direct twist around the central bond in the S1
state. In this case the twist around the central bond is not
considered as the rate limiting step, and the reaction coordi-

FIG. 1. Schematic representation of the adiabatic model for the trans-cis
photoisomerization of stilbene and stilbenelike molecules. It assumes the
existence of a small barrier in the first excited state PES and fast IVR.
Activated barrier crossing is assumed to be the rate limiting step, a radia-
tionless transition into the ground state takes place from the twisted confor-
mation, which nevertheless belongs to the distinct electron PES.

TABLE I. In this table are given the bond lengths for the central ethylenic
bond !C7uC8" and for the neighboring ones !C2uC7, C8uC9" for trans-
stilbene.

Trans-stilbene electronic
structure calculations

Bond lengths

C2uC7 C7uC8 C8uC9

Ground state !S0" 1.47 1.36 1.47
First excited state !S1" 1.41 1.40 1.41
Second excited state !S2" 1.39 1.44 1.39

FIG. 2. Schematic representation of trans-stilbene and its bond lengths for
the ground !S0" state. Carbon atoms are represented through gray balls,
whereas the hydrogen atoms through white balls.

134109-2 D. C. Tranca and A. A. Neufeld J. Chem. Phys. 132, 134109 !2010"

Downloaded 03 Aug 2012 to 134.28.254.18. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

Figure 1: Left: our indexing of the carbons in trans-stilbene, which follows the convention in
Ref. [6]. We place the (x, y) coordinate origin at the center of the 7–8 double bond, with x̂ and ŷ
unit vectors pointing to the right and up, respectively, with ẑ pointing out of the page. The long
axis, defined by r12 � r3, is o↵set by about +7.280� with respect to the x̂ direction. Right: the
bond lengths for the ground state according to Ref. [1].

2 Properties

2.1 Structure

The bond lengths themselves change for the excited states, so that the S1 state has roughly equal
6–7, 7–8 and 8–9 bond lengths of about 1.40Å. We ignore this detail and use the ground state
geometry for our rate calculation, including the excited states. We also neglect the percent-level
deviations in bond lengths within the aromatic rings, setting

Ra = 1.40Å, R6–7 = R8–9 ⌘ Rs = 1.47Å, R7–8 ⌘ Rd = 1.36Å (39)

for the aromatic rings, the o↵-center single bonds, and the central double bond, respectively. In
each molecule there is a 10� or 3� twist between the two phenol rings [5], which is close enough to
zero that we approximate the stilbene molecule as being entirely planar.

In terms of Ra, Rd, and Rs, the locations of the nuclei Ri=1...14 in the (x, y) plane are

R8 = Rd(
1
4 ,

p
3
4 ), Rj=9...14 = Rr +Ra(cos�j, sin�j), Rj=1...7 = �R15�j, (40)

where

�j=9...14 =
⇡(12� j)

3
, Rr = R8 + (Rs +Ra)(1, 0). (41)

Rather than using Angstroms, the numeric code uses units of Bohr radius a0,

a0 = 0.529177 Å. (42)

2.1.1 Crystal Structure

Trans-stilbene forms monoclinic crystals, with the space group P21/c. The crystal axes are typi-
cally labelled by vectors (a, b, c), where a · b = b · c = 0 are orthogonal; a and c are not orthogonal,
with an angle � between them [7]:

a = 12.287(3) Å, b = 5.660(2) Å, c = 15.478(5) Å, � = 112.03(1)�. (43)
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response function 
(lowest transition) 20% daily modulation!

Carbon bonds give eV-scale energy gaps, anisotropic response

Yoni Kahn 12[Blanco, YK, Lillard, McDermott, PRD 2021]
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Measuring electron response
Just like deep inelastic scattering lets us measure strong QCD effects 

with QED probes, electrons can act as “proxy” for DM

9

a
)

F
I
G
.
1
0
:
a
)
S
c
a
la
r
D
M

p
a
ir

p
r
o
d
u
c
t
io
n

in
e
le
c
t
r
o
n
-
n
u
c
le
u
s

c
o
llis

io
n
s
.

A
n

o
n
-
s
h
e
ll

A
0
is

r
a
d
ia
t
e
d

a
n
d

d
e
c
a
y
s
o
↵

d
ia
g
o
-

n
a
lly

t
o
'

h
,`

p
a
ir
s
.
b
)
I
n
e
la
s
t
ic

u
p
s
c
a
t
t
e
r
in
g
o
f
t
h
e
lig

h
t
e
r

'
`
in
t
o
t
h
e
h
e
a
v
ie
r
s
t
a
t
e
v
ia

A
0
e
x
c
h
a
n
g
e
in
s
id
e
t
h
e
d
e
t
e
c
t
o
r
.

F
o
r
o
r
d
e
r
-
o
n
e
(
o
r
la
r
g
e
r
)
m
a
s
s
s
p
lit
t
in
g
s
,
t
h
e
m
e
t
a
s
t
a
b
le

s
t
a
t
e

p
r
o
m
p
t
ly

d
e
-
e
x
c
it
e
s
in
s
id
e
t
h
e
d
e
t
e
c
t
o
r
v
ia

'
h

!
'

` e
+
e
�
.

T
h
is

p
r
o
c
e
s
s
y
ie
ld
s
a
t
a
r
g
e
t
(
n
u
c
le
u
s
,
n
u
c
le
o
n
,
o
r
e
le
c
t
r
o
n
)

r
e
c
o
il
E

R
a
n
d
t
w
o
c
h
a
r
g
e
d
t
r
a
c
k
s
,
w
h
ic
h
is

a
in
s
t
in
c
t
iv
e
,
z
e
r
o

b
a
c
k
g
r
o
u
n
d
s
ig
n
a
t
u
r
e
,
s
o
n
u
c
le
a
r
r
e
c
o
il
c
u
t
s
n
e
e
d
n
o
t
b
e
lim

-

it
in
g
.

�
1

�
2

A
0

f
+

f
�

A
0

�
1

�
2

T
T

�
1

�
2

f
�

f
+

A
0

9

a
)

F
I
G
.
1
0
:
a
)
S
c
a
la
r
D
M

p
a
ir

p
r
o
d
u
c
t
io
n

in
e
le
c
t
r
o
n
-
n
u
c
le
u
s

c
o
llis

io
n
s
.

A
n

o
n
-
s
h
e
ll

A
0
is

r
a
d
ia
t
e
d

a
n
d

d
e
c
a
y
s
o
↵

d
ia
g
o
-

n
a
lly

t
o
'

h
,`

p
a
ir
s
.
b
)
I
n
e
la
s
t
ic

u
p
s
c
a
t
t
e
r
in
g
o
f
t
h
e
lig

h
t
e
r

'
`
in
t
o
t
h
e
h
e
a
v
ie
r
s
t
a
t
e
v
ia

A
0
e
x
c
h
a
n
g
e
in
s
id
e
t
h
e
d
e
t
e
c
t
o
r
.

F
o
r
o
r
d
e
r
-
o
n
e
(
o
r
la
r
g
e
r
)
m
a
s
s
s
p
lit
t
in
g
s
,
t
h
e
m
e
t
a
s
t
a
b
le

s
t
a
t
e

p
r
o
m
p
t
ly

d
e
-
e
x
c
it
e
s
in
s
id
e
t
h
e
d
e
t
e
c
t
o
r
v
ia

'
h

!
'

` e
+
e
�
.

T
h
is

p
r
o
c
e
s
s
y
ie
ld
s
a
t
a
r
g
e
t
(
n
u
c
le
u
s
,
n
u
c
le
o
n
,
o
r
e
le
c
t
r
o
n
)

r
e
c
o
il
E

R
a
n
d
t
w
o
c
h
a
r
g
e
d
t
r
a
c
k
s
,
w
h
ic
h
is

a
in
s
t
in
c
t
iv
e
,
z
e
r
o

b
a
c
k
g
r
o
u
n
d
s
ig
n
a
t
u
r
e
,
s
o
n
u
c
le
a
r
r
e
c
o
il
c
u
t
s
n
e
e
d
n
o
t
b
e
lim

-

it
in
g
.

�
1

�
2

A
0

f
+

f
�

A
0

�
1

�
2

T
T

�
1

�
2

f
�

f
+

A
0

<latexit sha1_base64="N0wed2Bn1+WdFsxC0iZ0Kjz+1tY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REKnosevFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8NJME/YgOJQ85o8ZK7R4b8QuC/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/m5U3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2e9kwBUyIyaWUKa4vZWwEVWUGZtQyYbgLb+8SlqXVe+q6j7UKvXbPI4inMApnIMH11CHe2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AGBS48F</latexit>�, e <latexit sha1_base64="N0wed2Bn1+WdFsxC0iZ0Kjz+1tY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REKnosevFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8NJME/YgOJQ85o8ZK7R4b8QuC/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/m5U3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2e9kwBUyIyaWUKa4vZWwEVWUGZtQyYbgLb+8SlqXVe+q6j7UKvXbPI4inMApnIMH11CHe2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AGBS48F</latexit>�, e

<latexit sha1_base64="AKCrKUxwoJN8mM4OR32A8pynTgU="></latexit>q,!

<latexit sha1_base64="13TlLXP6p67RLCrPdqMMt8q6WeE="></latexit>

✏(q,!)

[Pines and Nozieres Phys. Rev. 1959;  
Berggren, Hochberg, YK, Kurinsky, Lehmann, Yu, PRL 2021]Yoni Kahn 13

DM-electron interaction 
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Response function 
(dielectric, for electrons)
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From nuclei to phonons
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Figure 9. Phonon dispersions calculated with VASP and phonopy [134] including non-analytic corrections. The path through
the high symmetry points is found using SeeK-path [135].

Each line is a dispersion relation            for a collective oscillation 
of many nuclei, which contributes to               . 

Many more modes than a single free nucleus! Also strong anisotropy
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Figure 8. Phonon dispersions calculated with VASP and phonopy [134] including non-analytic corrections. The path through
the high symmetry points is found using SeeK-path [135].
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Yoni Kahn 14[Griffin, Inzani, Trickle, Zhang, Zurek, PRD 2020]



DM-nuclear scattering
At low momentum transfer, nuclei oscillate collectively: phonons

Sensitivity driven by readout: arbitrarily low-energy phonon 
modes exist, but need to read out at meV thresholds with no background

� �
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Yoni Kahn 15[Campbell-Deem, Knapen, Lin, Villarama, arXiv:2205.02250;  
Griffin, Knapen, Lin, Zurek, PRD 2018; YK, Krnjaic, Mandava, PRL 2021]



Migdal effect
Electrons and nuclei are always coupled!  

Whack a nucleus, QM says that electrons can transition

Can get charge signal from nuclear scattering (avoid threshold!) and 
possible daily modulations (c.f. I. Harris and D. Adams talks Tuesday). 

Fascinating new area of research: effects usually ignored in CM!

molecule semiconductor 
(phonon-mediated)atom

Yoni Kahn 16[Dolan, Kahlhoefer, McCabe PRL 2018; Blanco, Harris, YK, Lillard, Perez Rios to appear; 
Liang et al, arXiv:2205.03395]



Ultralight DM
⇢

10�22 eV 1019 GeV1 eV 1 keV 1 GeV 100 TeV

Wavelength fits 
in a galaxy

coherent-field bosonic 
(e.g. axions)

Yoni Kahn 17

nDM�3
dB � 1
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KEDM =
1

2
mDMv2DM ⌧ 1 µeV
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Behaves as classical field

Elementary 
particle

Magnets, superconducting cavities, 
atomic clocks…dark matter acts 
like an oscillating external source 
of fixed but unknown frequency 

for any quantum-mechanical system

[ABRACADABRA collab., ADMX collab.]



In axion DM background, get oscillating observables:

Axion direct detection

dn = gda

HN � gaNNra · ~�N

Time-varying EDM

Effective AC magnetic field

)
Effective 

AC charge  
and current

Note: 

a(x, t) =

p
2⇢DM

ma
cos(mat+O(vDM)x)
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Yoni Kahn 18[Sikivie, PRL 1983; Graham and Rajendran, PRD 2013]

ra ⇠ vDM ⇠ 10�3
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so some are easier than others 

r⇥Ba =
@Ea

@t
� ga��

✓
E0 ⇥ra�B0

@a

@t

◆
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r ·Ea = �ga��B0 ·ra
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Landscape of axion DM

axion = 
effective current

axion = 
effective B-field

Very very weak continuous signals: 
quantum-limited readout is key!

Yoni Kahn 19[Jaeckel, Rybka, Winslow, Snowmass WP arXiv:2203.14923]

R. Janish’s 
talk Monday



Axion DM interferometry

Yoni Kahn 20[Foster, YK, Nguyen, Rodd, Safdi, PRD 2021]

Covariance between two spatially-separated detectors 
shows interference effects which modulate over a day

If 1 detector sees a signal, 2 can measure 
3-dimensional DM velocity distribution in a day!

off-diagonal covariance reconstruction of solar velocity



Super-heavy DM
10�22 eV 1019 GeV1 eV 1 keV 1 GeV 100 TeV

Wavelength fits 
in a galaxy

Elementary 
particle

Yoni Kahn 21

If DM is heavy enough, 
can (in principle) 
detect it with only 

gravitational coupling

Gravity is weak, but who knows, DM 
could be purely gravitationally coupled! 

Quantum readout essential
[Carney, Ghosh, Krnjaic, Taylor, PRD 2020]



From theory to the lab

From theory paper to first data possible in < 5 yrs: 
rapidly-advancing field and much more progress remains to be made!

Yoni Kahn 22
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Spier Moreira Alves, Daniele   6 

is predicted to be important in de-
termining the bandgap28. We 
therefore hypothesize that unre-
ported Eu5Ga2Sb6 will exhibit a 
smaller bandgap than Eu5In2Sb6. 
Single crystals can be grown by 
the molten metal flux technique.  
   La3Cd2As6 is a completely new 
material discovered by our team in 
our search for narrow gap materi-
als. Its electrical resistivity in-
creases by nearly fourteen orders 
of magnitude on cooling from 
room temperature to 10 K, but measurements at lower temperatures are hindered by leakage cur-
rent through the cryostat wiring. Our team will construct a new probe for measuring high-imped-
ance samples that will contain higher isolation between all wires and ground. From the existing 
high-temperature electrical resistivity data, the activated gap extracted from an Arrhenius plot is 
of O(100 meV), and the low-temperature specific heat coefficient of La3Cd2As6 extrapolates to 
zero within experimental uncertainty, which points to a clean semiconducting ground state. These 
crystals are grown by a technique called chemical vapor transport.  
   Growth optimization to minimize in-gap states can be achieved through changes in the starting 
stoichiometry, thermal profiles, and elemental purification. Though these processes inherently in-
volve trial and error, they are relatively low risk. The quality of the resulting materials will be 
verified using a state-of-the-art single crystal x-ray diffractometer at MPA-Q. Ohmic contacts will 
then be fabricated on the surface of the crystals for electrical transport characterization. As a stretch 
goal, our team will search for new narrow-gap materials following the organizing principles de-
scribed above. Beyond the primary goal of synthesizing and optimizing narrow-gap semiconduc-
tors for dark matter detection lies the exciting possibility of informed discoveries of unanticipated 
quantum materials that could open new avenues of inquiry in materials science. 
Materials Characterization  Zhu (T-4), Sirica (CINT), Abbamonte (UIUC) 
   Our team will combine theoretical calculations with two powerful spectroscopic techniques, 
ARPES and M-EELS, to fully characterize the energy gap, dielectric function, and possible in-gap 
states of Eu5In2Sb6 and La3Cd2As6. By thermally populating unoccupied states with increasing 
temperature48, ARPES will provide a spectroscopic measure of the band gap that will complement 
transport measurements and determine whether unfavorable in-gap states might contribute to bulk 
transport. Further, charge readout entails interfacing our materials with metallic contacts, and the 
difference in work function between these two materials is required to determine the electrical 
behavior at the junction. Photoemission will be used to measure the work function from the thresh-
old/cut-off energy49. In parallel, our materials will be probed with M-EELS to obtain a direct 
measure of their dielectric loss function. Abbamonte has pioneered the development of the first 
dedicated M-EELS instrument capable of measuring -('⃗, +) with meV energy resolution and 
0.02 Å-1 momentum resolution29. This technique has been established with demonstrations of, e.g., 
measurements of a Bose condensate of excitons in the transition metal dichalcogenide TiSe230, and 
the discovery of a marginal Fermi liquid-like continuum in strange metals31,32. 
   M-EELS experiments will be performed at 20 K, with a beam energy of 50 eV and resolution of 
5 meV, to measure collective excitations and determine -('⃗, +) over the ranges of + ~ 0 –100 

[SPLENDOR, Windchime, SENSEI, ABRACADABRA collabs.]


