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Evidence for dark matter
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• Big Bang Nucleosynthesis (BBN)  
• Recombination era - Cosmic microwave background (CMB) 
• Astronomical measurements

1. How many baryons are in the Universe? 
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1. How many baryons are in the Universe? 

2. Does the Universe contain non-baryonic DM?
• Cosmic Microwave Background  (CMB) 
• Large scale structure formation  

• Big Bang Nucleosynthesis (BBN)  
• Recombination era - Cosmic microwave background (CMB) 
• Astronomical measurement 
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CMB Black body

Observable: angular power spectrum

DTT(θ) = ⟨δT
T

(n1)
δT
T

(n2)⟩

Evidence from CMB
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Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:
adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent

estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
parameters compared with ignoring spectrum-based polariza-
tion e�ciency corrections entirely; the largest of these shifts
are +0.5� in !b, +0.1� in !c, and +0.3� in ns (to be com-
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Ωmh2 = 0.1430 ± 0.0011

Ωch2 = 0.1200 ± 0.0012

Ωbh2 = 0.02230 ± 0.00020

N. Aghanim et al. Planck 2018 results. VI. Cosmological parameters. 2018.
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Figure 1: The galaxy distribution obtained from spectroscopic redshift surveys and from mock
catalogues constructed from cosmological simulations. The small slice at the top shows the CfA2
“Great Wall”3, with the Coma cluster at the centre. Drawn to the same scale is a small section of the
SDSS, in which an even larger “Sloan Great Wall” has been identified100. This is one of the largest
observed structures in the Universe, containing over 10,000 galaxies and stretching over more than 1.37
billion light years. The wedge on the left shows one-half of the 2dFGRS, which determined distances
to more than 220,000 galaxies in the southern sky out to a depth of 2 billion light years. The SDSS
has a similar depth but a larger solid angle and currently includes over 650,000 observed redshifts
in the northern sky. At the bottom and on the right, mock galaxy surveys constructed using semi-
analytic techniques to simulate the formation and evolution of galaxies within the evolving dark matter
distribution of the “Millennium” simulation5 are shown, selected with matching survey geometries and
magnitude limits.

28

Galaxies 2019, 7, 81 9 of 54

The procedure illustrated in Figure 2 for CDM can be readily applied to other dark matter models
with different initial power spectra. In fact, in models where dark matter only behaves differently
from CDM at very early times, e.g., in thermal-relic WDM models, it is the different initial conditions
(the lack of power on small scales in WDM relative to CDM in the linear regime) that gives rise to the
main differences between these models (since the residual thermal motions in WDM models of interest
are negligible (see e.g., [73]). In models with a truncated initial power spectrum, the subsequent
evolution is affected by particle discreteness in the reconstruction of the density field which introduces
an irreducible (shot-noise) power. This results in spurious clustering on scales close to the cutoff
length [74] that requires careful treatment to either remove small-scale artificial clumps [75] or avoid
their formation altogether by using non-standard simulation techniques [45,76].

Once the initial conditions are generated, an N-body simulation is performed, most commonly in
a computational cube with periodic boundary conditions, to follow the evolution of the density and
velocity fields into the non-linear regime across all resolved scales. An example, the Millennium II
simulation [77], is illustrated in Figure 3. The left set of panels shows the projected dark matter
density distribution at various snapshots corresponding to the redshifts shown at the top right of
each panel. The emergence of the cosmic web, the result of gravitational clustering, is apparent, with
its now familiar pattern of filaments over a range of scales surrounding voids. The right panel shows
the evolution of the power spectrum at the same snapshots (solid lines). The hierarchical onset of
non-linear structure, from small to large scales is clearly apparent by reference to the linear power
spectrum (grey lines).

  

z=6.2 z=2.1

z=1 z=0

non-linear CDM

linear CDM 

Figure 3. Emergence of the cosmic web. Left: evolution of the (projected) dark matter density field
in a slab of length L = 100 Mpc/h and thickness 15 Mpc/h from the Millennium-II simulation [77].
The redshift corresponding to each snapshot is shown on the top right. Right: The dimensionless dark
matter power spectrum (solid lines) at the redshifts shown on the left. For comparison, also shown are:
the linear power spectrum (thin grey lines) and the non-linear power spectrum for the lower resolution
but larger scale (500 Mpc/h) Millennium I simulation (in dotted lines; [4]). The dashed lines show the
Poisson noise limit for the Millennium I (left) and Millennium-II (right) simulations. Figure adapted
from [77]18.

18 Reproduced from Michael Boylan-Kolchin et al. Resolving cosmic structure formation with the Millennium-II Simulation. MNRAS (2009)
398 (3): 1150-1164, doi: 10.1111/j.1365-2966.2009.15191.x. By permission of Oxford University Press on behalf of the Royal Astronomical
Society. For the original article, please visit the following u. This figure is not included under the CC-BY license of this publication. For
permissions, please email: journals.permissions@oup.com.

Mon. Not. Roy. Astron. Soc., 398:1150, 2009.

The large-scale structure of the Universe. Nature, 440:1137, 2006

Evidence from large scale structure formation

Does the Universe contain non-baryonic DM?



Evidence for dark matter (DM)

1. How many baryons are in the Universe? 

2. Does the Universe contain non-baryonic DM?
• Cosmic Microwave Background  (CMB) 
• Large scale structure formation  

• Big Bang Nucleosynthesis (BBN)  
• Recombination era - Cosmic microwave background (CMB)

Evidence for DM at astrophysical scale

• Gravitational lensing 
• Galactic rotation curves 
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Rep. Prog. Phys. 73 (2010) 086901 R Massey et al

Figure 14. The ‘bullet cluster’ 1E0657-56 and ‘baby bullet’ MACSJ0025.4-1222. The background images show the location of galaxies,
with most of the larger yellow galaxies associated with one of the clusters. The overlaid pink features show x-ray emission from hot,
intra-cluster gas. Galaxies and gas are baryonic material. The overlaid blue features show a reconstruction of the total mass from
measurements of gravitational lensing. This appears coincident with the locations of the galaxies, implying it has a similarly small
interaction cross-section. However, there is far more mass than that present in the stars within those galaxies, providing strong evidence
for the existence of an additional reserve of dark matter. (Figure credit: left: x-ray: NASA/CXC/CfA/ M Markevitch et al ; lensing map:
NASA/STScI; ESO WFI; Magellan/U.Arizona/ D Clowe et al Optical image: NASA/STScI; Magellan/U.Arizona/D Clowe et al ; Right:
NASA/ESA/M Bradac et al ).

so far, this mass must have a self-interaction collisional cross-
section σ/m < 1.25 cm2 g−1 at 68% confidence (or σ/m <

0.7 cm2 g−1 under the assumption that the mass-to-light ratio
of the initial clusters was the same) [284]. Note that this does
not include a constraint on the dark matter–baryon interaction
cross-section.

The visible separation between the three ingredients of
each cluster is temporary. Within another billion years, the
mutual gravitational attraction of the galaxies, gas and dark
matter will have pulled them back together, spiralling back
into the usual configuration of baryonic material within a dark
matter cocoon. Consequently, such objects are rare. One
very similar ‘baby bullet’ object has been detected [285] (see
right panel of figure 14), as well as a ‘cosmic train wreck’
counter-example [286], which shows separated dark matter and
gas components, but in a complex distribution that probably
implies a collision between three clusters. Collisions along
the line of sight would provide complementary information,
but the one possible example [287] is probably an artefact
of spurious instrumental effects [288] and substructure within
the cluster [289]. However, the race is now on to find more
bullet clusters, at a range of collision speeds, masses, impact
parameters and angles to the line of sight [290]. A statistical
analysis of many bullet clusters would overcome uncertainties
in any individual system, and help dispel any lingering doubts
that a set of chance effects (or features of the nature of gravity)
conspire to produce the observed appearance.

5.3. Self-annihilation/decay

As discussed in section 4.4, gravitational lensing observations
of flat cores in the centres of dark matter haloes could be
explained by a finite self-interaction dark matter cross-section.
Relying on this effect to produce cores in galaxy haloes
requires a cross-section σ ∼ 0.56–5.6 cm2 g−1 [291, 292].
However, smoothing the mass profile of clusters requires
a much larger σ ∼ 200 cm2 g−1 [293]. If both are to
be explained by self-interaction, either the cross-section is

velocity dependent and/or other astrophysical effects are
dominant. Self-interacting dark matter also generally produces
haloes that are more spherical than standard CDM, especially
in the core [291], although current measurement uncertainty is
too large to discriminate. Measurements from the PAMELA
satellite [294], ATIC balloon [295] and of the WMAP haze
[296, 297] tentatively suggest a high value of the related dark
matter–dark matter annihilation rate. These results are being
greeted with cautious skepticism, as similar effects have not
been reproduced in other detectors that ought to see decay
products.

If axions exist as a component of dark matter, they would
couple to standard-model particles [298, 299] and should be
detectable via photon–photon decay into a single optical
emission line with a flux proportional to the dark matter
density. Integral field spectroscopic searches for this signature
emission from the dark matter haloes of two galaxy clusters
have benefited from strong gravitational lensing [300]. The
search efficiency was improved by a factor of 3 over previous
analyses by correlating the search with strong-lensing mass
maps of the densest regions, where the emission from such
decays is expected to be strongest. The sensitivity for emission
line detection in the optical wavelength range allowed them to
derive interesting upper limits on the two-photon coupling in
the mass range 4.5 eV < m < 7.7 eV. This work highlights the
potential of spectroscopy coupled with accurate maps of the
dark matter distribution to explore a larger axion mass window
at higher sensitivity, and the same data can also be used to
constrain the decay rate of other ∼5 eV relics, such as sterile
neutrinos.

5.4. Particles or planets?

In the broadest sense, ‘dark matter’ refers to any matter that
is undetectable through either emission or absorption in the
electromagnetic spectrum. Some astrophysical objects are
naturally dark, such as black holes—and we face technological
limitations in the detection of any faint sources. It is

17

Annual Review of Astronomy and Astrophysics, 48:87{125, 2010}

Evidence from gravitational lensing, e.g. Bullet cluster

Does the Universe contain non-baryonic DM?
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Evidence from spiral galaxy velocity rotation curves

7

The Astronomical Journal, 
152(6):157, 2016

Does the Universe contain non-baryonic DM?
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Alternative to DM
Example: MoND

{
g = gN if g ≫ a0

g = gN
a0

g if g ≪ a0

g m r = m V2
C → V2

C = g r = gN a0 r = GN M a0 = const

Phenomenological modification of Newtonian dynamics which reproduces experimental 
rotation curves

No fundamental theory of modified gravity have been found yet which 
can explain all the gravitational observations at the same time

M. Milgrom. A Modification of the Newtonian dynamics as a possible 
alternative to the hidden mass hypothesis. Astrophys. J., 270:365-370, 1983.
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Missing mass problem

Dark matter Modify gravity

Particle • MAcroscopic Compact Halo Objects (MACHOs) 
- Primordial Black Holes (PBH)

Ruled out as the main component of DM 
Phys. Rev. Lett., 121(14):141101, 2018. 
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mD [eV]
7−10 5−10 3−10 1−10 10 310 510 710 910 1110 1310 1510

Axion Sterile neutrino WIMP

WIMPZILLA

Mirror particles

- Fermionic particle

- Right handed massive neutrino

- Promising candidate as extension of the standard 

model if involved in the neutrino mass term

-  mN ∼ 𝒪(keV)

- Pseudoscalar particle 

- Roberto Peccei and Helen Quinn’s model 

- Solution of the strong CP violation problem

- ma → 10−6 − 10−3eV

WIMP definition as a thermal 
relic can be extended to sub-
GeV dark matter particles

V. Zema, Master thesis, University of 
Rome La Sapienza, 2016
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DM mass density distribution 
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ρ(r) = ρ−2 exp −
2
α [( r

r−2 )
α

− 1]

DM mass density distribution 

Jaan Einasto. On the construction of a composite model for the galaxy 
and on the determination of the system of galactic parameters. Trudy 
Astrozicheskogo Instituta Alma-Ata, 5:87-100, 1965.

The most accurate DM-halo mass density profile is the spherically symmetric Einasto profile

Houjun Mo, Frank Van den Bosch, and Simon White. Galaxy formation 
and evolution. Galaxy formation and evolution. Cambridge University 
Press, 2010.
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DM velocity distribution 

Nassim Bozorgnia and Gianfranco Bertone. Implications of hydrodynamical
simulations for the interpretation of direct dark matter searches. Int. J. Mod.
Phys., A32(21):1730016, 2017.
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Astrozicheskogo Instituta Alma-Ata, 5:87-100, 1965.

The most accurate DM-halo mass density profile is the spherically symmetric Einasto profile

Houjun Mo, Frank Van den Bosch, and Simon White. Galaxy formation 
and evolution. Galaxy formation and evolution. Cambridge University 
Press, 2010.

DM mass density distribution 
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Simulations show that the Maxwell-Boltzmann distribution function is the most accurate velocity distribution 
in the Solar neighbourhood when also the role of baryons is included in the simulations
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DM velocity distribution 

Generalities of dark matter direct detection

ρ(r) = ρ−2 exp −
2
α [( r

r−2 )
α

− 1]
Jaan Einasto. On the construction of a composite model for the galaxy 
and on the determination of the system of galactic parameters. Trudy 
Astrozicheskogo Instituta Alma-Ata, 5:87-100, 1965.

The most accurate DM-halo mass density profile is the spherically symmetric Einasto profile

Houjun Mo, Frank Van den Bosch, and Simon White. Galaxy formation 
and evolution. Galaxy formation and evolution. Cambridge University 
Press, 2010.

DM mass density distribution 

|vgal
χ | ≈ 0

Sun

DM is on average at rest in the galactic reference frame

Simulations show that the Maxwell-Boltzmann distribution function is the most accurate velocity distribution 
in the Solar neighbourhood when also the role of baryons is included in the simulations

Nassim Bozorgnia and Gianfranco Bertone. Implications of hydrodynamical
simulations for the interpretation of direct dark matter searches. Int. J. Mod.
Phys., A32(21):1730016, 2017.
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Generalities of dark matter direct detection

Sun

v0 ≃ 220 km /s ≈ 10−3c ≪ c

vdet
χ = vgal

χ + vdet
gal ≡ vgal

χ − vgal
det

|vgal
χ | ≈ 0

http://cdms.berkeley.edu/Education/DMpages/science/directDetection.shtml
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Two observables: 
1. Energy spectrum 
2. Annually modulating energy spectrum

Generalities of dark matter direct detection

R = NT ϕ σ

!
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χ +vgal
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|vdet
χ |>vmin

dvdet
χ |vdet

χ | f(vdet
χ + vgal

det)
dσ

dER
(ER, vdet

χ )

R = NT ϕ σ
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dR
dER

=
ρχ

mχmT ∫
|vdet

χ +vgal
det|<vesc

|vdet
χ |>vmin

dvdet
χ |vdet

χ | f(vdet
χ + vgal

det)
dσ

dER
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(Komatsu et al., 2011). Identifying the nature of this dark
matter is the longest outstanding problem in all of modern
physics, stemming back to observations in 1933 by Fritz
Zwicky; he proposed the existence of ‘‘dunkle materie’’
(German for ‘‘dark matter’’) as a source of gravitational
potential to explain rapid motions of galaxies in the Coma
Cluster (Zwicky, 1937). Subsequently, others discovered flat
rotation curves in disk galaxies, starting with Babcock (1939)
and followed (more persuasively and with better data) by
Rubin, Ford, and Kent (1970) and Roberts and Whitehurst
(1975). Their results imply that the predominant constituent
of mass inside galaxies must be nonluminous matter [see
Sandage, Sandage, and Kristian (1975) and Faber and
Gallagher (1979) for reviews].

A leading candidate for this dark matter is a weakly
interacting massive particle (WIMP). The terminology refers
to the fact that these particles undergo weak interactions in
addition to feeling the effects of gravity, but do not participate
in electromagnetic or strong interactions. WIMPs are electri-
cally neutral and the average number of interactions with the
human body is at most one per minute, even with billions
passing through every second (Freese and Savage, 2012). The
expected WIMP mass ranges from 1 GeV to 10 TeV. These
particles, if present in thermal equilibrium in the early
Universe, annihilate with one another so that a predictable
number of them remain today. The relic density of these
particles is

!!h
2 ! ð3# 10$26 cm3=sÞ=h"viann; (1)

where !! is the fractional contribution of WIMPs to the

energy density of the Universe. An annihilation cross section
h"viann of weak interaction strength automatically gives the
right answer, near the value measured by the Wilkinson
Microwave Anisotropy Probe (WMAP) (Komatsu et al.,
2011). This coincidence is known as the ‘‘WIMP miracle’’
and is why WIMPs are taken so seriously as dark matter
candidates. Possibly the best WIMP candidate is motivated
by supersymmetry (SUSY): the lightest neutralino in the
minimal supersymmetric standard model (MSSM) and its
extensions (Jungman, Kamionkowski, and Griest, 1996).
However, other WIMP candidates arise in a variety of theo-
ries beyond the standard model [see Bergstrom (2000) and
Bertone, Hooper, and Silk (2005) for a review].

A multitude of experimental efforts are currently underway
to detect WIMPs, with some claiming hints of detection.
There is a three-pronged approach: particle accelerator,
indirect detection (astrophysical), and direct detection
experiments. The focus of this Colloquium is the third
option—direct detection experiments. This field began 30
years ago with the work of Drukier and Stodolsky (1984),
who proposed searching for weakly interacting particles (with
a focus on neutrinos) by observing the nuclear recoil caused
by their weak interactions with nuclei in detectors. Then,
Goodman and Witten (1985) made the important point that
this approach could be used to search not just for neutrinos
but also for WIMPs, again via their weak interactions with
detectors. Soon after, Drukier, Freese, and Spergel (1986)
extended this work by taking into account the halo distribu-
tion of WIMPs in the Milky Way, as well as proposing the
annual modulation that is the subject of this Colloquium.

The basic goal of direct detection experiments is to mea-
sure the energy deposited when WIMPs interact with nuclei
in a detector, causing those nuclei to recoil. The experiments,
which are typically located far underground to reduce back-
ground contamination, are sensitive to WIMPs that stream
through the Earth and interact with nuclei in the detector
target. The recoiling nucleus can deposit energy in the form
of ionization, heat, and/or light that is subsequently detected.
In the mid 1980s, the development of ultrapure germanium
detectors provided the first limits on WIMPs (Ahlen et al.,
1987). Since then, numerous collaborations worldwide have
been searching for these particles, including ANAIS (Amare
et al., 2011), ArDM (Marchionni et al., 2011), CDEX/
TEXONO (Wong and Lin, 2010), CDMS (Akerib et al.,
2005; Ahmed et al., 2010, 2011, 2012), CoGeNT (Aalseth
et al., 2011a, 2011b, 2013), COUPP (Behnke et al., 2012),
CRESST (Angloher et al., 2012), DAMA/NaI (Bernabei
et al., 2003), DAMA/LIBRA (Bernabei et al., 2008, 2010),
DEAP/CLEAN (Kos, 2010), DM-Ice (Cherwinka et al.,
2012), DRIFT (Alner et al., 2005; Daw et al., 2012),
EDELWEISS (Sanglard et al., 2005; Armengaud et al.,
2011, 2012), EURECA (Kraus et al., 2011), KIMS (Kim
et al., 2012), LUX (Hall et al., 2010), NAIAD (Alner et al.,
2005), PandaX (Gong et al., 2013), PICASSO (Barnabe-
Heider et al., 2005; Archambault et al., 2012), ROSEBUD
(Coron et al., 2011), SIMPLE (Felizardo et al., 2012),
TEXONO (Lin et al., 2009), WArP (Acciarri et al., 2011),
XENON10 (Angle et al., 2008, 2011; Aprile et al., 2011b),
XENON100 (Aprile et al., 2012b, 2012c), XENON1T
(Aprile, 2012a), XMASS (Moriyama, 2011), ZEPLIN
(Akimov et al., 2007, 2012), and many others.

The count rate in direct detection experiments experiences
an annual modulation (Drukier, Freese, and Spergel, 1986;
Freese, Frieman, and Gould, 1988) due to the motion of the
Earth around the Sun (see Fig. 1). Because the relative
velocity of the detector with respect to the WIMPs depends

FIG. 1 (color online). A simplified view of the WIMP velocities
as seen from the Sun and Earth. Because of the rotation of the
galactic disk (containing the Sun) through the essentially nonrotat-
ing dark matter halo, the Solar System experiences an effective
‘‘WIMP wind.’’ From the perspective of the Earth, the wind changes
throughout the year due to the Earth’s orbital motion: the wind is at
maximum speed around the beginning of June, when the Earth is
moving fastest in the direction of the disk rotation, and at a
minimum speed around the beginning of December, when the
Earth is moving fastest in the direction opposite to the disk rotation.
The Earth’s orbit is inclined at !60& relative to the plane of
the disk.
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(Komatsu et al., 2011). Identifying the nature of this dark
matter is the longest outstanding problem in all of modern
physics, stemming back to observations in 1933 by Fritz
Zwicky; he proposed the existence of ‘‘dunkle materie’’
(German for ‘‘dark matter’’) as a source of gravitational
potential to explain rapid motions of galaxies in the Coma
Cluster (Zwicky, 1937). Subsequently, others discovered flat
rotation curves in disk galaxies, starting with Babcock (1939)
and followed (more persuasively and with better data) by
Rubin, Ford, and Kent (1970) and Roberts and Whitehurst
(1975). Their results imply that the predominant constituent
of mass inside galaxies must be nonluminous matter [see
Sandage, Sandage, and Kristian (1975) and Faber and
Gallagher (1979) for reviews].

A leading candidate for this dark matter is a weakly
interacting massive particle (WIMP). The terminology refers
to the fact that these particles undergo weak interactions in
addition to feeling the effects of gravity, but do not participate
in electromagnetic or strong interactions. WIMPs are electri-
cally neutral and the average number of interactions with the
human body is at most one per minute, even with billions
passing through every second (Freese and Savage, 2012). The
expected WIMP mass ranges from 1 GeV to 10 TeV. These
particles, if present in thermal equilibrium in the early
Universe, annihilate with one another so that a predictable
number of them remain today. The relic density of these
particles is

!!h
2 ! ð3# 10$26 cm3=sÞ=h"viann; (1)

where !! is the fractional contribution of WIMPs to the

energy density of the Universe. An annihilation cross section
h"viann of weak interaction strength automatically gives the
right answer, near the value measured by the Wilkinson
Microwave Anisotropy Probe (WMAP) (Komatsu et al.,
2011). This coincidence is known as the ‘‘WIMP miracle’’
and is why WIMPs are taken so seriously as dark matter
candidates. Possibly the best WIMP candidate is motivated
by supersymmetry (SUSY): the lightest neutralino in the
minimal supersymmetric standard model (MSSM) and its
extensions (Jungman, Kamionkowski, and Griest, 1996).
However, other WIMP candidates arise in a variety of theo-
ries beyond the standard model [see Bergstrom (2000) and
Bertone, Hooper, and Silk (2005) for a review].

A multitude of experimental efforts are currently underway
to detect WIMPs, with some claiming hints of detection.
There is a three-pronged approach: particle accelerator,
indirect detection (astrophysical), and direct detection
experiments. The focus of this Colloquium is the third
option—direct detection experiments. This field began 30
years ago with the work of Drukier and Stodolsky (1984),
who proposed searching for weakly interacting particles (with
a focus on neutrinos) by observing the nuclear recoil caused
by their weak interactions with nuclei in detectors. Then,
Goodman and Witten (1985) made the important point that
this approach could be used to search not just for neutrinos
but also for WIMPs, again via their weak interactions with
detectors. Soon after, Drukier, Freese, and Spergel (1986)
extended this work by taking into account the halo distribu-
tion of WIMPs in the Milky Way, as well as proposing the
annual modulation that is the subject of this Colloquium.

The basic goal of direct detection experiments is to mea-
sure the energy deposited when WIMPs interact with nuclei
in a detector, causing those nuclei to recoil. The experiments,
which are typically located far underground to reduce back-
ground contamination, are sensitive to WIMPs that stream
through the Earth and interact with nuclei in the detector
target. The recoiling nucleus can deposit energy in the form
of ionization, heat, and/or light that is subsequently detected.
In the mid 1980s, the development of ultrapure germanium
detectors provided the first limits on WIMPs (Ahlen et al.,
1987). Since then, numerous collaborations worldwide have
been searching for these particles, including ANAIS (Amare
et al., 2011), ArDM (Marchionni et al., 2011), CDEX/
TEXONO (Wong and Lin, 2010), CDMS (Akerib et al.,
2005; Ahmed et al., 2010, 2011, 2012), CoGeNT (Aalseth
et al., 2011a, 2011b, 2013), COUPP (Behnke et al., 2012),
CRESST (Angloher et al., 2012), DAMA/NaI (Bernabei
et al., 2003), DAMA/LIBRA (Bernabei et al., 2008, 2010),
DEAP/CLEAN (Kos, 2010), DM-Ice (Cherwinka et al.,
2012), DRIFT (Alner et al., 2005; Daw et al., 2012),
EDELWEISS (Sanglard et al., 2005; Armengaud et al.,
2011, 2012), EURECA (Kraus et al., 2011), KIMS (Kim
et al., 2012), LUX (Hall et al., 2010), NAIAD (Alner et al.,
2005), PandaX (Gong et al., 2013), PICASSO (Barnabe-
Heider et al., 2005; Archambault et al., 2012), ROSEBUD
(Coron et al., 2011), SIMPLE (Felizardo et al., 2012),
TEXONO (Lin et al., 2009), WArP (Acciarri et al., 2011),
XENON10 (Angle et al., 2008, 2011; Aprile et al., 2011b),
XENON100 (Aprile et al., 2012b, 2012c), XENON1T
(Aprile, 2012a), XMASS (Moriyama, 2011), ZEPLIN
(Akimov et al., 2007, 2012), and many others.

The count rate in direct detection experiments experiences
an annual modulation (Drukier, Freese, and Spergel, 1986;
Freese, Frieman, and Gould, 1988) due to the motion of the
Earth around the Sun (see Fig. 1). Because the relative
velocity of the detector with respect to the WIMPs depends

FIG. 1 (color online). A simplified view of the WIMP velocities
as seen from the Sun and Earth. Because of the rotation of the
galactic disk (containing the Sun) through the essentially nonrotat-
ing dark matter halo, the Solar System experiences an effective
‘‘WIMP wind.’’ From the perspective of the Earth, the wind changes
throughout the year due to the Earth’s orbital motion: the wind is at
maximum speed around the beginning of June, when the Earth is
moving fastest in the direction of the disk rotation, and at a
minimum speed around the beginning of December, when the
Earth is moving fastest in the direction opposite to the disk rotation.
The Earth’s orbit is inclined at !60& relative to the plane of
the disk.
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(Komatsu et al., 2011). Identifying the nature of this dark
matter is the longest outstanding problem in all of modern
physics, stemming back to observations in 1933 by Fritz
Zwicky; he proposed the existence of ‘‘dunkle materie’’
(German for ‘‘dark matter’’) as a source of gravitational
potential to explain rapid motions of galaxies in the Coma
Cluster (Zwicky, 1937). Subsequently, others discovered flat
rotation curves in disk galaxies, starting with Babcock (1939)
and followed (more persuasively and with better data) by
Rubin, Ford, and Kent (1970) and Roberts and Whitehurst
(1975). Their results imply that the predominant constituent
of mass inside galaxies must be nonluminous matter [see
Sandage, Sandage, and Kristian (1975) and Faber and
Gallagher (1979) for reviews].

A leading candidate for this dark matter is a weakly
interacting massive particle (WIMP). The terminology refers
to the fact that these particles undergo weak interactions in
addition to feeling the effects of gravity, but do not participate
in electromagnetic or strong interactions. WIMPs are electri-
cally neutral and the average number of interactions with the
human body is at most one per minute, even with billions
passing through every second (Freese and Savage, 2012). The
expected WIMP mass ranges from 1 GeV to 10 TeV. These
particles, if present in thermal equilibrium in the early
Universe, annihilate with one another so that a predictable
number of them remain today. The relic density of these
particles is

!!h
2 ! ð3# 10$26 cm3=sÞ=h"viann; (1)

where !! is the fractional contribution of WIMPs to the

energy density of the Universe. An annihilation cross section
h"viann of weak interaction strength automatically gives the
right answer, near the value measured by the Wilkinson
Microwave Anisotropy Probe (WMAP) (Komatsu et al.,
2011). This coincidence is known as the ‘‘WIMP miracle’’
and is why WIMPs are taken so seriously as dark matter
candidates. Possibly the best WIMP candidate is motivated
by supersymmetry (SUSY): the lightest neutralino in the
minimal supersymmetric standard model (MSSM) and its
extensions (Jungman, Kamionkowski, and Griest, 1996).
However, other WIMP candidates arise in a variety of theo-
ries beyond the standard model [see Bergstrom (2000) and
Bertone, Hooper, and Silk (2005) for a review].

A multitude of experimental efforts are currently underway
to detect WIMPs, with some claiming hints of detection.
There is a three-pronged approach: particle accelerator,
indirect detection (astrophysical), and direct detection
experiments. The focus of this Colloquium is the third
option—direct detection experiments. This field began 30
years ago with the work of Drukier and Stodolsky (1984),
who proposed searching for weakly interacting particles (with
a focus on neutrinos) by observing the nuclear recoil caused
by their weak interactions with nuclei in detectors. Then,
Goodman and Witten (1985) made the important point that
this approach could be used to search not just for neutrinos
but also for WIMPs, again via their weak interactions with
detectors. Soon after, Drukier, Freese, and Spergel (1986)
extended this work by taking into account the halo distribu-
tion of WIMPs in the Milky Way, as well as proposing the
annual modulation that is the subject of this Colloquium.

The basic goal of direct detection experiments is to mea-
sure the energy deposited when WIMPs interact with nuclei
in a detector, causing those nuclei to recoil. The experiments,
which are typically located far underground to reduce back-
ground contamination, are sensitive to WIMPs that stream
through the Earth and interact with nuclei in the detector
target. The recoiling nucleus can deposit energy in the form
of ionization, heat, and/or light that is subsequently detected.
In the mid 1980s, the development of ultrapure germanium
detectors provided the first limits on WIMPs (Ahlen et al.,
1987). Since then, numerous collaborations worldwide have
been searching for these particles, including ANAIS (Amare
et al., 2011), ArDM (Marchionni et al., 2011), CDEX/
TEXONO (Wong and Lin, 2010), CDMS (Akerib et al.,
2005; Ahmed et al., 2010, 2011, 2012), CoGeNT (Aalseth
et al., 2011a, 2011b, 2013), COUPP (Behnke et al., 2012),
CRESST (Angloher et al., 2012), DAMA/NaI (Bernabei
et al., 2003), DAMA/LIBRA (Bernabei et al., 2008, 2010),
DEAP/CLEAN (Kos, 2010), DM-Ice (Cherwinka et al.,
2012), DRIFT (Alner et al., 2005; Daw et al., 2012),
EDELWEISS (Sanglard et al., 2005; Armengaud et al.,
2011, 2012), EURECA (Kraus et al., 2011), KIMS (Kim
et al., 2012), LUX (Hall et al., 2010), NAIAD (Alner et al.,
2005), PandaX (Gong et al., 2013), PICASSO (Barnabe-
Heider et al., 2005; Archambault et al., 2012), ROSEBUD
(Coron et al., 2011), SIMPLE (Felizardo et al., 2012),
TEXONO (Lin et al., 2009), WArP (Acciarri et al., 2011),
XENON10 (Angle et al., 2008, 2011; Aprile et al., 2011b),
XENON100 (Aprile et al., 2012b, 2012c), XENON1T
(Aprile, 2012a), XMASS (Moriyama, 2011), ZEPLIN
(Akimov et al., 2007, 2012), and many others.

The count rate in direct detection experiments experiences
an annual modulation (Drukier, Freese, and Spergel, 1986;
Freese, Frieman, and Gould, 1988) due to the motion of the
Earth around the Sun (see Fig. 1). Because the relative
velocity of the detector with respect to the WIMPs depends

FIG. 1 (color online). A simplified view of the WIMP velocities
as seen from the Sun and Earth. Because of the rotation of the
galactic disk (containing the Sun) through the essentially nonrotat-
ing dark matter halo, the Solar System experiences an effective
‘‘WIMP wind.’’ From the perspective of the Earth, the wind changes
throughout the year due to the Earth’s orbital motion: the wind is at
maximum speed around the beginning of June, when the Earth is
moving fastest in the direction of the disk rotation, and at a
minimum speed around the beginning of December, when the
Earth is moving fastest in the direction opposite to the disk rotation.
The Earth’s orbit is inclined at !60& relative to the plane of
the disk.
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(Komatsu et al., 2011). Identifying the nature of this dark
matter is the longest outstanding problem in all of modern
physics, stemming back to observations in 1933 by Fritz
Zwicky; he proposed the existence of ‘‘dunkle materie’’
(German for ‘‘dark matter’’) as a source of gravitational
potential to explain rapid motions of galaxies in the Coma
Cluster (Zwicky, 1937). Subsequently, others discovered flat
rotation curves in disk galaxies, starting with Babcock (1939)
and followed (more persuasively and with better data) by
Rubin, Ford, and Kent (1970) and Roberts and Whitehurst
(1975). Their results imply that the predominant constituent
of mass inside galaxies must be nonluminous matter [see
Sandage, Sandage, and Kristian (1975) and Faber and
Gallagher (1979) for reviews].

A leading candidate for this dark matter is a weakly
interacting massive particle (WIMP). The terminology refers
to the fact that these particles undergo weak interactions in
addition to feeling the effects of gravity, but do not participate
in electromagnetic or strong interactions. WIMPs are electri-
cally neutral and the average number of interactions with the
human body is at most one per minute, even with billions
passing through every second (Freese and Savage, 2012). The
expected WIMP mass ranges from 1 GeV to 10 TeV. These
particles, if present in thermal equilibrium in the early
Universe, annihilate with one another so that a predictable
number of them remain today. The relic density of these
particles is

!!h
2 ! ð3# 10$26 cm3=sÞ=h"viann; (1)

where !! is the fractional contribution of WIMPs to the

energy density of the Universe. An annihilation cross section
h"viann of weak interaction strength automatically gives the
right answer, near the value measured by the Wilkinson
Microwave Anisotropy Probe (WMAP) (Komatsu et al.,
2011). This coincidence is known as the ‘‘WIMP miracle’’
and is why WIMPs are taken so seriously as dark matter
candidates. Possibly the best WIMP candidate is motivated
by supersymmetry (SUSY): the lightest neutralino in the
minimal supersymmetric standard model (MSSM) and its
extensions (Jungman, Kamionkowski, and Griest, 1996).
However, other WIMP candidates arise in a variety of theo-
ries beyond the standard model [see Bergstrom (2000) and
Bertone, Hooper, and Silk (2005) for a review].

A multitude of experimental efforts are currently underway
to detect WIMPs, with some claiming hints of detection.
There is a three-pronged approach: particle accelerator,
indirect detection (astrophysical), and direct detection
experiments. The focus of this Colloquium is the third
option—direct detection experiments. This field began 30
years ago with the work of Drukier and Stodolsky (1984),
who proposed searching for weakly interacting particles (with
a focus on neutrinos) by observing the nuclear recoil caused
by their weak interactions with nuclei in detectors. Then,
Goodman and Witten (1985) made the important point that
this approach could be used to search not just for neutrinos
but also for WIMPs, again via their weak interactions with
detectors. Soon after, Drukier, Freese, and Spergel (1986)
extended this work by taking into account the halo distribu-
tion of WIMPs in the Milky Way, as well as proposing the
annual modulation that is the subject of this Colloquium.

The basic goal of direct detection experiments is to mea-
sure the energy deposited when WIMPs interact with nuclei
in a detector, causing those nuclei to recoil. The experiments,
which are typically located far underground to reduce back-
ground contamination, are sensitive to WIMPs that stream
through the Earth and interact with nuclei in the detector
target. The recoiling nucleus can deposit energy in the form
of ionization, heat, and/or light that is subsequently detected.
In the mid 1980s, the development of ultrapure germanium
detectors provided the first limits on WIMPs (Ahlen et al.,
1987). Since then, numerous collaborations worldwide have
been searching for these particles, including ANAIS (Amare
et al., 2011), ArDM (Marchionni et al., 2011), CDEX/
TEXONO (Wong and Lin, 2010), CDMS (Akerib et al.,
2005; Ahmed et al., 2010, 2011, 2012), CoGeNT (Aalseth
et al., 2011a, 2011b, 2013), COUPP (Behnke et al., 2012),
CRESST (Angloher et al., 2012), DAMA/NaI (Bernabei
et al., 2003), DAMA/LIBRA (Bernabei et al., 2008, 2010),
DEAP/CLEAN (Kos, 2010), DM-Ice (Cherwinka et al.,
2012), DRIFT (Alner et al., 2005; Daw et al., 2012),
EDELWEISS (Sanglard et al., 2005; Armengaud et al.,
2011, 2012), EURECA (Kraus et al., 2011), KIMS (Kim
et al., 2012), LUX (Hall et al., 2010), NAIAD (Alner et al.,
2005), PandaX (Gong et al., 2013), PICASSO (Barnabe-
Heider et al., 2005; Archambault et al., 2012), ROSEBUD
(Coron et al., 2011), SIMPLE (Felizardo et al., 2012),
TEXONO (Lin et al., 2009), WArP (Acciarri et al., 2011),
XENON10 (Angle et al., 2008, 2011; Aprile et al., 2011b),
XENON100 (Aprile et al., 2012b, 2012c), XENON1T
(Aprile, 2012a), XMASS (Moriyama, 2011), ZEPLIN
(Akimov et al., 2007, 2012), and many others.

The count rate in direct detection experiments experiences
an annual modulation (Drukier, Freese, and Spergel, 1986;
Freese, Frieman, and Gould, 1988) due to the motion of the
Earth around the Sun (see Fig. 1). Because the relative
velocity of the detector with respect to the WIMPs depends

FIG. 1 (color online). A simplified view of the WIMP velocities
as seen from the Sun and Earth. Because of the rotation of the
galactic disk (containing the Sun) through the essentially nonrotat-
ing dark matter halo, the Solar System experiences an effective
‘‘WIMP wind.’’ From the perspective of the Earth, the wind changes
throughout the year due to the Earth’s orbital motion: the wind is at
maximum speed around the beginning of June, when the Earth is
moving fastest in the direction of the disk rotation, and at a
minimum speed around the beginning of December, when the
Earth is moving fastest in the direction opposite to the disk rotation.
The Earth’s orbit is inclined at !60& relative to the plane of
the disk.
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(Komatsu et al., 2011). Identifying the nature of this dark
matter is the longest outstanding problem in all of modern
physics, stemming back to observations in 1933 by Fritz
Zwicky; he proposed the existence of ‘‘dunkle materie’’
(German for ‘‘dark matter’’) as a source of gravitational
potential to explain rapid motions of galaxies in the Coma
Cluster (Zwicky, 1937). Subsequently, others discovered flat
rotation curves in disk galaxies, starting with Babcock (1939)
and followed (more persuasively and with better data) by
Rubin, Ford, and Kent (1970) and Roberts and Whitehurst
(1975). Their results imply that the predominant constituent
of mass inside galaxies must be nonluminous matter [see
Sandage, Sandage, and Kristian (1975) and Faber and
Gallagher (1979) for reviews].

A leading candidate for this dark matter is a weakly
interacting massive particle (WIMP). The terminology refers
to the fact that these particles undergo weak interactions in
addition to feeling the effects of gravity, but do not participate
in electromagnetic or strong interactions. WIMPs are electri-
cally neutral and the average number of interactions with the
human body is at most one per minute, even with billions
passing through every second (Freese and Savage, 2012). The
expected WIMP mass ranges from 1 GeV to 10 TeV. These
particles, if present in thermal equilibrium in the early
Universe, annihilate with one another so that a predictable
number of them remain today. The relic density of these
particles is

!!h
2 ! ð3# 10$26 cm3=sÞ=h"viann; (1)

where !! is the fractional contribution of WIMPs to the

energy density of the Universe. An annihilation cross section
h"viann of weak interaction strength automatically gives the
right answer, near the value measured by the Wilkinson
Microwave Anisotropy Probe (WMAP) (Komatsu et al.,
2011). This coincidence is known as the ‘‘WIMP miracle’’
and is why WIMPs are taken so seriously as dark matter
candidates. Possibly the best WIMP candidate is motivated
by supersymmetry (SUSY): the lightest neutralino in the
minimal supersymmetric standard model (MSSM) and its
extensions (Jungman, Kamionkowski, and Griest, 1996).
However, other WIMP candidates arise in a variety of theo-
ries beyond the standard model [see Bergstrom (2000) and
Bertone, Hooper, and Silk (2005) for a review].

A multitude of experimental efforts are currently underway
to detect WIMPs, with some claiming hints of detection.
There is a three-pronged approach: particle accelerator,
indirect detection (astrophysical), and direct detection
experiments. The focus of this Colloquium is the third
option—direct detection experiments. This field began 30
years ago with the work of Drukier and Stodolsky (1984),
who proposed searching for weakly interacting particles (with
a focus on neutrinos) by observing the nuclear recoil caused
by their weak interactions with nuclei in detectors. Then,
Goodman and Witten (1985) made the important point that
this approach could be used to search not just for neutrinos
but also for WIMPs, again via their weak interactions with
detectors. Soon after, Drukier, Freese, and Spergel (1986)
extended this work by taking into account the halo distribu-
tion of WIMPs in the Milky Way, as well as proposing the
annual modulation that is the subject of this Colloquium.

The basic goal of direct detection experiments is to mea-
sure the energy deposited when WIMPs interact with nuclei
in a detector, causing those nuclei to recoil. The experiments,
which are typically located far underground to reduce back-
ground contamination, are sensitive to WIMPs that stream
through the Earth and interact with nuclei in the detector
target. The recoiling nucleus can deposit energy in the form
of ionization, heat, and/or light that is subsequently detected.
In the mid 1980s, the development of ultrapure germanium
detectors provided the first limits on WIMPs (Ahlen et al.,
1987). Since then, numerous collaborations worldwide have
been searching for these particles, including ANAIS (Amare
et al., 2011), ArDM (Marchionni et al., 2011), CDEX/
TEXONO (Wong and Lin, 2010), CDMS (Akerib et al.,
2005; Ahmed et al., 2010, 2011, 2012), CoGeNT (Aalseth
et al., 2011a, 2011b, 2013), COUPP (Behnke et al., 2012),
CRESST (Angloher et al., 2012), DAMA/NaI (Bernabei
et al., 2003), DAMA/LIBRA (Bernabei et al., 2008, 2010),
DEAP/CLEAN (Kos, 2010), DM-Ice (Cherwinka et al.,
2012), DRIFT (Alner et al., 2005; Daw et al., 2012),
EDELWEISS (Sanglard et al., 2005; Armengaud et al.,
2011, 2012), EURECA (Kraus et al., 2011), KIMS (Kim
et al., 2012), LUX (Hall et al., 2010), NAIAD (Alner et al.,
2005), PandaX (Gong et al., 2013), PICASSO (Barnabe-
Heider et al., 2005; Archambault et al., 2012), ROSEBUD
(Coron et al., 2011), SIMPLE (Felizardo et al., 2012),
TEXONO (Lin et al., 2009), WArP (Acciarri et al., 2011),
XENON10 (Angle et al., 2008, 2011; Aprile et al., 2011b),
XENON100 (Aprile et al., 2012b, 2012c), XENON1T
(Aprile, 2012a), XMASS (Moriyama, 2011), ZEPLIN
(Akimov et al., 2007, 2012), and many others.

The count rate in direct detection experiments experiences
an annual modulation (Drukier, Freese, and Spergel, 1986;
Freese, Frieman, and Gould, 1988) due to the motion of the
Earth around the Sun (see Fig. 1). Because the relative
velocity of the detector with respect to the WIMPs depends

FIG. 1 (color online). A simplified view of the WIMP velocities
as seen from the Sun and Earth. Because of the rotation of the
galactic disk (containing the Sun) through the essentially nonrotat-
ing dark matter halo, the Solar System experiences an effective
‘‘WIMP wind.’’ From the perspective of the Earth, the wind changes
throughout the year due to the Earth’s orbital motion: the wind is at
maximum speed around the beginning of June, when the Earth is
moving fastest in the direction of the disk rotation, and at a
minimum speed around the beginning of December, when the
Earth is moving fastest in the direction opposite to the disk rotation.
The Earth’s orbit is inclined at !60& relative to the plane of
the disk.
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Two observables: 

dR(t)
dER

= A0 +
∞

∑
n=1

An cos nω(t − t0) +
∞

∑
n=1

Bn sin nω(t − t0)

vdet
gal(t) = v⊙

gal + vdet
⊙ (t) f(vgal

χ (t)) with period 1 year

(Komatsu et al., 2011). Identifying the nature of this dark
matter is the longest outstanding problem in all of modern
physics, stemming back to observations in 1933 by Fritz
Zwicky; he proposed the existence of ‘‘dunkle materie’’
(German for ‘‘dark matter’’) as a source of gravitational
potential to explain rapid motions of galaxies in the Coma
Cluster (Zwicky, 1937). Subsequently, others discovered flat
rotation curves in disk galaxies, starting with Babcock (1939)
and followed (more persuasively and with better data) by
Rubin, Ford, and Kent (1970) and Roberts and Whitehurst
(1975). Their results imply that the predominant constituent
of mass inside galaxies must be nonluminous matter [see
Sandage, Sandage, and Kristian (1975) and Faber and
Gallagher (1979) for reviews].

A leading candidate for this dark matter is a weakly
interacting massive particle (WIMP). The terminology refers
to the fact that these particles undergo weak interactions in
addition to feeling the effects of gravity, but do not participate
in electromagnetic or strong interactions. WIMPs are electri-
cally neutral and the average number of interactions with the
human body is at most one per minute, even with billions
passing through every second (Freese and Savage, 2012). The
expected WIMP mass ranges from 1 GeV to 10 TeV. These
particles, if present in thermal equilibrium in the early
Universe, annihilate with one another so that a predictable
number of them remain today. The relic density of these
particles is

!!h
2 ! ð3# 10$26 cm3=sÞ=h"viann; (1)

where !! is the fractional contribution of WIMPs to the

energy density of the Universe. An annihilation cross section
h"viann of weak interaction strength automatically gives the
right answer, near the value measured by the Wilkinson
Microwave Anisotropy Probe (WMAP) (Komatsu et al.,
2011). This coincidence is known as the ‘‘WIMP miracle’’
and is why WIMPs are taken so seriously as dark matter
candidates. Possibly the best WIMP candidate is motivated
by supersymmetry (SUSY): the lightest neutralino in the
minimal supersymmetric standard model (MSSM) and its
extensions (Jungman, Kamionkowski, and Griest, 1996).
However, other WIMP candidates arise in a variety of theo-
ries beyond the standard model [see Bergstrom (2000) and
Bertone, Hooper, and Silk (2005) for a review].

A multitude of experimental efforts are currently underway
to detect WIMPs, with some claiming hints of detection.
There is a three-pronged approach: particle accelerator,
indirect detection (astrophysical), and direct detection
experiments. The focus of this Colloquium is the third
option—direct detection experiments. This field began 30
years ago with the work of Drukier and Stodolsky (1984),
who proposed searching for weakly interacting particles (with
a focus on neutrinos) by observing the nuclear recoil caused
by their weak interactions with nuclei in detectors. Then,
Goodman and Witten (1985) made the important point that
this approach could be used to search not just for neutrinos
but also for WIMPs, again via their weak interactions with
detectors. Soon after, Drukier, Freese, and Spergel (1986)
extended this work by taking into account the halo distribu-
tion of WIMPs in the Milky Way, as well as proposing the
annual modulation that is the subject of this Colloquium.

The basic goal of direct detection experiments is to mea-
sure the energy deposited when WIMPs interact with nuclei
in a detector, causing those nuclei to recoil. The experiments,
which are typically located far underground to reduce back-
ground contamination, are sensitive to WIMPs that stream
through the Earth and interact with nuclei in the detector
target. The recoiling nucleus can deposit energy in the form
of ionization, heat, and/or light that is subsequently detected.
In the mid 1980s, the development of ultrapure germanium
detectors provided the first limits on WIMPs (Ahlen et al.,
1987). Since then, numerous collaborations worldwide have
been searching for these particles, including ANAIS (Amare
et al., 2011), ArDM (Marchionni et al., 2011), CDEX/
TEXONO (Wong and Lin, 2010), CDMS (Akerib et al.,
2005; Ahmed et al., 2010, 2011, 2012), CoGeNT (Aalseth
et al., 2011a, 2011b, 2013), COUPP (Behnke et al., 2012),
CRESST (Angloher et al., 2012), DAMA/NaI (Bernabei
et al., 2003), DAMA/LIBRA (Bernabei et al., 2008, 2010),
DEAP/CLEAN (Kos, 2010), DM-Ice (Cherwinka et al.,
2012), DRIFT (Alner et al., 2005; Daw et al., 2012),
EDELWEISS (Sanglard et al., 2005; Armengaud et al.,
2011, 2012), EURECA (Kraus et al., 2011), KIMS (Kim
et al., 2012), LUX (Hall et al., 2010), NAIAD (Alner et al.,
2005), PandaX (Gong et al., 2013), PICASSO (Barnabe-
Heider et al., 2005; Archambault et al., 2012), ROSEBUD
(Coron et al., 2011), SIMPLE (Felizardo et al., 2012),
TEXONO (Lin et al., 2009), WArP (Acciarri et al., 2011),
XENON10 (Angle et al., 2008, 2011; Aprile et al., 2011b),
XENON100 (Aprile et al., 2012b, 2012c), XENON1T
(Aprile, 2012a), XMASS (Moriyama, 2011), ZEPLIN
(Akimov et al., 2007, 2012), and many others.

The count rate in direct detection experiments experiences
an annual modulation (Drukier, Freese, and Spergel, 1986;
Freese, Frieman, and Gould, 1988) due to the motion of the
Earth around the Sun (see Fig. 1). Because the relative
velocity of the detector with respect to the WIMPs depends

FIG. 1 (color online). A simplified view of the WIMP velocities
as seen from the Sun and Earth. Because of the rotation of the
galactic disk (containing the Sun) through the essentially nonrotat-
ing dark matter halo, the Solar System experiences an effective
‘‘WIMP wind.’’ From the perspective of the Earth, the wind changes
throughout the year due to the Earth’s orbital motion: the wind is at
maximum speed around the beginning of June, when the Earth is
moving fastest in the direction of the disk rotation, and at a
minimum speed around the beginning of December, when the
Earth is moving fastest in the direction opposite to the disk rotation.
The Earth’s orbit is inclined at !60& relative to the plane of
the disk.
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The scattering rate at dark-matter direct-detection experiments should modulate annually due to
the Earth’s orbit around the Sun. The rate is typically thought to be extremized around June 1,
when the relative velocity of the Earth with respect to the dark-matter wind is maximal. We point
out that gravitational focusing can alter this modulation phase. Unbound dark-matter particles are
focused by the Sun’s gravitational potential, a↵ecting their phase-space density in the lab frame.
Gravitational focusing can result in a significant overall shift in the annual-modulation phase, which
is most relevant for dark matter with low scattering speeds. The induced phase shift for light O(10)
GeV dark matter may also be significant, depending on the threshold energy of the experiment.

An annually modulating signal at a direct-detection
experiment is considered to be one of the tell-tale sig-
natures of dark matter [1] (for a recent review, see [2]).
Due to the motion of the Sun around the Galactic Center,
there is a “wind” of dark matter (DM) particles in the
Solar reference frame. This wind would result in a con-
stant flux in the lab frame, but the Earth’s orbit around
the Sun leads, instead, to an annually modulating signal.

The time dependence in the detection rate can be seen
explicitly as follows. For typical spin-independent and
-dependent interactions, the di↵erential rate for a DM
particle scattering o↵ a target nucleus is proportional to

dR

dEnr
/ ⇢

Z 1

vmin

f (v, t)

v
d3v , (1)

where ⇢ is the local DM density, vmin is the minimum
DM speed to induce a nuclear recoil with energy Enr,
and f(v, t) is the DM velocity distribution in the lab
frame [3, 4]. The time dependence in the rate is due to
the changing distribution of DM velocities over a year.

As explored in [5, 6], a harmonic analysis of the mod-
ulation signal can lead to valuable information about the
particle and astrophysics properties of the dark sector.
While [6] focused specifically on the contributions to the
higher-order modes from the eccentricity of the Earth’s
orbit, the Galactic escape velocity, and velocity substruc-
ture, other physical e↵ects can also come into play. Here,
we discuss focusing from the Sun’s gravitational potential
and its e↵ects on the phase of the modulation.

The DM velocity distribution is warped by the gravita-
tional field of the Sun, a phenomenon referred to as grav-
itational focusing (GF). Specifically, the Sun’s potential
deflects the incoming, unbound DM particles, increasing
their density and speed as they pass by the Sun. The
e↵ect of GF on the interstellar medium around a star
was considered by [7, 8], and the relevance of GF for DM
was explored in [9–12]. Ref. [9] concluded that the e↵ect
on the total rate is negligible. In this Letter, however,
we show that GF actually has a profound e↵ect on the

phase of the modulation and is highly relevant for current
direct-detection experiments.

GF a↵ects the time dependence of the di↵erential
rate as follows. The Earth is traveling fastest into the
DM wind around June 1. This means that during the
fall (⇠September 1), the Earth is in front of the Sun,
fully exposed to the DM wind, and during the spring
(⇠March 1), it is behind the Sun. As Fig. 1 illustrates,
GF is stronger during the spring than the fall because
the DM particles have spent more time near the Sun; the
changes in their density and velocity distribution are ac-
cordingly more significant. Thus, when GF is accounted
for, the time dependence in (1) arises not only from the
velocity distribution but also from the density. The ef-
fect on the rate is more pronounced for slower-moving
particles that linger in the Sun’s potential.

To more precisely calculate the e↵ect of GF, we use
the fact that the phase-space density of the DM along
trajectories is constant in time due to Liouville’s theo-

Sun
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DM Wind
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Wednesday, July 31, 13

FIG. 1: A schematic illustration of the e↵ect of gravitational
focusing on unbound DM particles. The phase-space den-
sity of DM at Earth is greater around March 1 than around
September 1 due to this e↵ect.
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Two observables: 

dR(t)
dER

= A0 +
∞

∑
n=1

An cos nω(t − t0) +
∞

∑
n=1

Bn sin nω(t − t0)

vdet
gal(t) = v⊙

gal + vdet
⊙ (t) f(vgal

χ (t)) with period 1 year

(Komatsu et al., 2011). Identifying the nature of this dark
matter is the longest outstanding problem in all of modern
physics, stemming back to observations in 1933 by Fritz
Zwicky; he proposed the existence of ‘‘dunkle materie’’
(German for ‘‘dark matter’’) as a source of gravitational
potential to explain rapid motions of galaxies in the Coma
Cluster (Zwicky, 1937). Subsequently, others discovered flat
rotation curves in disk galaxies, starting with Babcock (1939)
and followed (more persuasively and with better data) by
Rubin, Ford, and Kent (1970) and Roberts and Whitehurst
(1975). Their results imply that the predominant constituent
of mass inside galaxies must be nonluminous matter [see
Sandage, Sandage, and Kristian (1975) and Faber and
Gallagher (1979) for reviews].

A leading candidate for this dark matter is a weakly
interacting massive particle (WIMP). The terminology refers
to the fact that these particles undergo weak interactions in
addition to feeling the effects of gravity, but do not participate
in electromagnetic or strong interactions. WIMPs are electri-
cally neutral and the average number of interactions with the
human body is at most one per minute, even with billions
passing through every second (Freese and Savage, 2012). The
expected WIMP mass ranges from 1 GeV to 10 TeV. These
particles, if present in thermal equilibrium in the early
Universe, annihilate with one another so that a predictable
number of them remain today. The relic density of these
particles is

!!h
2 ! ð3# 10$26 cm3=sÞ=h"viann; (1)

where !! is the fractional contribution of WIMPs to the

energy density of the Universe. An annihilation cross section
h"viann of weak interaction strength automatically gives the
right answer, near the value measured by the Wilkinson
Microwave Anisotropy Probe (WMAP) (Komatsu et al.,
2011). This coincidence is known as the ‘‘WIMP miracle’’
and is why WIMPs are taken so seriously as dark matter
candidates. Possibly the best WIMP candidate is motivated
by supersymmetry (SUSY): the lightest neutralino in the
minimal supersymmetric standard model (MSSM) and its
extensions (Jungman, Kamionkowski, and Griest, 1996).
However, other WIMP candidates arise in a variety of theo-
ries beyond the standard model [see Bergstrom (2000) and
Bertone, Hooper, and Silk (2005) for a review].

A multitude of experimental efforts are currently underway
to detect WIMPs, with some claiming hints of detection.
There is a three-pronged approach: particle accelerator,
indirect detection (astrophysical), and direct detection
experiments. The focus of this Colloquium is the third
option—direct detection experiments. This field began 30
years ago with the work of Drukier and Stodolsky (1984),
who proposed searching for weakly interacting particles (with
a focus on neutrinos) by observing the nuclear recoil caused
by their weak interactions with nuclei in detectors. Then,
Goodman and Witten (1985) made the important point that
this approach could be used to search not just for neutrinos
but also for WIMPs, again via their weak interactions with
detectors. Soon after, Drukier, Freese, and Spergel (1986)
extended this work by taking into account the halo distribu-
tion of WIMPs in the Milky Way, as well as proposing the
annual modulation that is the subject of this Colloquium.

The basic goal of direct detection experiments is to mea-
sure the energy deposited when WIMPs interact with nuclei
in a detector, causing those nuclei to recoil. The experiments,
which are typically located far underground to reduce back-
ground contamination, are sensitive to WIMPs that stream
through the Earth and interact with nuclei in the detector
target. The recoiling nucleus can deposit energy in the form
of ionization, heat, and/or light that is subsequently detected.
In the mid 1980s, the development of ultrapure germanium
detectors provided the first limits on WIMPs (Ahlen et al.,
1987). Since then, numerous collaborations worldwide have
been searching for these particles, including ANAIS (Amare
et al., 2011), ArDM (Marchionni et al., 2011), CDEX/
TEXONO (Wong and Lin, 2010), CDMS (Akerib et al.,
2005; Ahmed et al., 2010, 2011, 2012), CoGeNT (Aalseth
et al., 2011a, 2011b, 2013), COUPP (Behnke et al., 2012),
CRESST (Angloher et al., 2012), DAMA/NaI (Bernabei
et al., 2003), DAMA/LIBRA (Bernabei et al., 2008, 2010),
DEAP/CLEAN (Kos, 2010), DM-Ice (Cherwinka et al.,
2012), DRIFT (Alner et al., 2005; Daw et al., 2012),
EDELWEISS (Sanglard et al., 2005; Armengaud et al.,
2011, 2012), EURECA (Kraus et al., 2011), KIMS (Kim
et al., 2012), LUX (Hall et al., 2010), NAIAD (Alner et al.,
2005), PandaX (Gong et al., 2013), PICASSO (Barnabe-
Heider et al., 2005; Archambault et al., 2012), ROSEBUD
(Coron et al., 2011), SIMPLE (Felizardo et al., 2012),
TEXONO (Lin et al., 2009), WArP (Acciarri et al., 2011),
XENON10 (Angle et al., 2008, 2011; Aprile et al., 2011b),
XENON100 (Aprile et al., 2012b, 2012c), XENON1T
(Aprile, 2012a), XMASS (Moriyama, 2011), ZEPLIN
(Akimov et al., 2007, 2012), and many others.

The count rate in direct detection experiments experiences
an annual modulation (Drukier, Freese, and Spergel, 1986;
Freese, Frieman, and Gould, 1988) due to the motion of the
Earth around the Sun (see Fig. 1). Because the relative
velocity of the detector with respect to the WIMPs depends

FIG. 1 (color online). A simplified view of the WIMP velocities
as seen from the Sun and Earth. Because of the rotation of the
galactic disk (containing the Sun) through the essentially nonrotat-
ing dark matter halo, the Solar System experiences an effective
‘‘WIMP wind.’’ From the perspective of the Earth, the wind changes
throughout the year due to the Earth’s orbital motion: the wind is at
maximum speed around the beginning of June, when the Earth is
moving fastest in the direction of the disk rotation, and at a
minimum speed around the beginning of December, when the
Earth is moving fastest in the direction opposite to the disk rotation.
The Earth’s orbit is inclined at !60& relative to the plane of
the disk.
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The scattering rate at dark-matter direct-detection experiments should modulate annually due to
the Earth’s orbit around the Sun. The rate is typically thought to be extremized around June 1,
when the relative velocity of the Earth with respect to the dark-matter wind is maximal. We point
out that gravitational focusing can alter this modulation phase. Unbound dark-matter particles are
focused by the Sun’s gravitational potential, a↵ecting their phase-space density in the lab frame.
Gravitational focusing can result in a significant overall shift in the annual-modulation phase, which
is most relevant for dark matter with low scattering speeds. The induced phase shift for light O(10)
GeV dark matter may also be significant, depending on the threshold energy of the experiment.

An annually modulating signal at a direct-detection
experiment is considered to be one of the tell-tale sig-
natures of dark matter [1] (for a recent review, see [2]).
Due to the motion of the Sun around the Galactic Center,
there is a “wind” of dark matter (DM) particles in the
Solar reference frame. This wind would result in a con-
stant flux in the lab frame, but the Earth’s orbit around
the Sun leads, instead, to an annually modulating signal.

The time dependence in the detection rate can be seen
explicitly as follows. For typical spin-independent and
-dependent interactions, the di↵erential rate for a DM
particle scattering o↵ a target nucleus is proportional to

dR

dEnr
/ ⇢

Z 1

vmin

f (v, t)

v
d3v , (1)

where ⇢ is the local DM density, vmin is the minimum
DM speed to induce a nuclear recoil with energy Enr,
and f(v, t) is the DM velocity distribution in the lab
frame [3, 4]. The time dependence in the rate is due to
the changing distribution of DM velocities over a year.

As explored in [5, 6], a harmonic analysis of the mod-
ulation signal can lead to valuable information about the
particle and astrophysics properties of the dark sector.
While [6] focused specifically on the contributions to the
higher-order modes from the eccentricity of the Earth’s
orbit, the Galactic escape velocity, and velocity substruc-
ture, other physical e↵ects can also come into play. Here,
we discuss focusing from the Sun’s gravitational potential
and its e↵ects on the phase of the modulation.

The DM velocity distribution is warped by the gravita-
tional field of the Sun, a phenomenon referred to as grav-
itational focusing (GF). Specifically, the Sun’s potential
deflects the incoming, unbound DM particles, increasing
their density and speed as they pass by the Sun. The
e↵ect of GF on the interstellar medium around a star
was considered by [7, 8], and the relevance of GF for DM
was explored in [9–12]. Ref. [9] concluded that the e↵ect
on the total rate is negligible. In this Letter, however,
we show that GF actually has a profound e↵ect on the

phase of the modulation and is highly relevant for current
direct-detection experiments.

GF a↵ects the time dependence of the di↵erential
rate as follows. The Earth is traveling fastest into the
DM wind around June 1. This means that during the
fall (⇠September 1), the Earth is in front of the Sun,
fully exposed to the DM wind, and during the spring
(⇠March 1), it is behind the Sun. As Fig. 1 illustrates,
GF is stronger during the spring than the fall because
the DM particles have spent more time near the Sun; the
changes in their density and velocity distribution are ac-
cordingly more significant. Thus, when GF is accounted
for, the time dependence in (1) arises not only from the
velocity distribution but also from the density. The ef-
fect on the rate is more pronounced for slower-moving
particles that linger in the Sun’s potential.

To more precisely calculate the e↵ect of GF, we use
the fact that the phase-space density of the DM along
trajectories is constant in time due to Liouville’s theo-
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FIG. 1: A schematic illustration of the e↵ect of gravitational
focusing on unbound DM particles. The phase-space den-
sity of DM at Earth is greater around March 1 than around
September 1 due to this e↵ect.
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FIG. 3: (left) The time t0 when the di↵erential rate is maximized changes as a function of vmin. Without GF, this time is
around June 1 for vmin & 200 km/s and ⇠half a year earlier for smaller vmin. With GF, t0 is still approximately June 1 at high
vmin, but as vmin decreases, GF becomes more significant, and t0 ultimately asymptotes to a value ⇡ 21 days later than that
expected with no GF. The dot-dashed brown line marks March 1, which is the time when GF is maximal. The orange region
roughly accounts for the astrophysical error in t0 by varying v0 from 180 to 260 km/s. (right) The time t̄0 that maximizes
the binned rate as a function of the minimal bin energy Emin for DM masses 8, 15, and 50 GeV (thick lines). The thin lines
show the corresponding phases when GF is neglected. We assume 1 keVnr energy bins at a germanium detector; note that the
shapes of these curves are highly sensitive to the bin size and target nucleus.

Earth’s orbit dominates. However, as vmin approaches
⇠200 km/s, GF becomes important. For vmin well below
this scale, the expected maximum is around December 1,
and GF causes it to shift towards March 1 by around
(3 months)⇥1.5/(3+1.5) ⇡ 1 month. A more precise cal-
culation shows that at low vmin, the maximum is shifted
by around 21 days.

We now calculate the phase shift due to GF.The time-
dependence of the di↵erential rate is captured by

dR

dEnr
⇡ A0 +A1 cos !(t� t0 ��t) , (6)

where A1 � 0, t0 is the maximum of the rate, and �t
is a possible phase shift that may arise from including
the biannual and higher-frequency modes, which are not
shown in (6). For isotropic distributions, the biannual
mode is suppressed relative to the mode A1 by ⇠1/30 [6].
This may be enhanced at high vmin, as it becomes in-
creasingly sensitive to the Galactic escape velocity [6].
GF also enhances the biannual mode, as captured by the
phase �t. When GF is neglected, t0 ⇡ June 1 at large
vmin and ⇠half a year later at low vmin. The transition
occurs around vmin ⇡ 200 km/s, at which point A1 has a
zero, as is illustrated by the dashed red curve in the left
panel of Fig. 3.

GF may be accounted for by substituting the expres-
sion (2) for f(v, t) into (1). Assuming the SHM, we com-
pute the di↵erential rate numerically, calculate the time
t0, and perform the harmonic expansion (6) to find �t.
The result for t0 as a function of vmin is shown in the
left panel of Fig. 3 (solid black). The dotted black curve
shows the phase shift �t, which is most significant for
vmin near 200 km/s. The shaded orange region takes

into account astrophysical uncertainties in the calcula-
tion of t0 by varying v0 from 180 to 260 km/s. Varying
v� [17] results in changes that are also contained within
the shaded region. At low vmin ⌧ 200 km/s, we find
that t0 ⇡ t1 � 86 days, where t1 is the time of the vernal
equinox. This is ⇠21 days later than the time one finds
when neglecting GF, indicated by the dashed red line.
In practice, direct-detection experiments measure

the di↵erential rate in terms of Enr instead of
vmin. For elastic scattering, the two are related by
vmin =

p
mnEnr/ (2µ2), where mn is the mass of the nu-

cleus and µ is the reduced mass of the DM-nucleus sys-
tem. Note that, for the same Enr, a lighter DM particle
has a larger vmin than a heavier DM particle. The con-
sequence of this is that lighter DM requires lower energy
thresholds to see the e↵ect of GF.
Experiments typically measure scattering rates in fi-

nite energy bins, so the relevant quantity is

R̄(Emin, Emax) =

Z Emax

Emin

dEnr
dR

dEnr
, (7)

for a bin with Enr = [Emin, Emax]. We use the no-
tation t̄0(Emin, Emax) to refer to the time of maximal
R̄(Emin, Emax). The right panel of Fig. 3 shows t̄0 as
a function of Emin, assuming a germanium target and
1 keVnr energy bins, for DM of mass 8 GeV (dashed red),
15 GeV (dotted black), and 50 GeV (solid orange). GF
causes a phase shift of more than 10 days from June 1
when Emin is below ⇠1, 3, and 20 keVnr for 8, 15, and
50 GeV DM, respectively. The phase shift is particularly
significant for & 15 GeV DM. However, current advances
in low-threshold technology could make it possible to ob-

Time of the year of maximum differential rate
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1. Energy spectrum 
2. Annually modulating energy spectrum
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𝒪SI = χ̄χN̄ N
𝒪SD = χ̄γμγ5χN̄γμγ5N

dσSI

dER q=0
=

2 mT

πv2
[Z fp + (A − Z )fn]2

dσSD

dER q=0
= 2 mT

8G2
F

(2JT + 1)v2
SA(0)

point like and NR approximation
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=

2 mT

πv2
[Z fp + (A − Z )fn]2

dσSD

dER q=0
= 2 mT

8G2
F

(2JT + 1)v2
SA(0)

If the nucleus cannot be considered as point like, nuclear form factors must be included

dσ
dER

=
dσ

dER q=0
⋅ F(q)

Conventionally, Helm form factor for SI interactions (see Lewin & Smith, 1996) 
Axial structure function for SD interactions (see Engel, Pittel & Vogel, 1992)

point like and NR approximation
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R. Bernabei et al. First Model Independent Results from DAMA/LIBRA-Phase2. Universe, 4(11):116, 2018

DARK MATTER DIRECT DETECTION EFT: TWO APPLICATIONS 47

Table 3.1: Combination of DAMA/LIBRA Phase-I and Phase-II results, in the energy
range [2-6] keV. In the third column also DAMA/NaI data are included. In the analysis
here reported, the period is left as free parameter. For the complete discussion of the
results see [25].

Phase-I+Phase-II DAMA/NaI+Phase-I+Phase-II
Total exposure (ton ⇥ yr): 2.17 2.46

Statistical significance: 12.0� 12.9�
Period (yr): 0.9987 ± 0.0008 0.9987 ± 0.0008

Phase (days): 145 ± 5 145 ± 5
Amplitude ([day kg keV]�1): 0.0096 ± 0.0008 0.0103 ± 0.0008

tection of the DM annual modulation signal and the null-results from the other
experiments, see Sec. 6.1.

The case of DAMA/LIBRA
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NREFT application, limitations and subsequent developments

1. The exclusion of light mesons from the theory, motivated by 

2. The use of the shell model for the calculation of the nuclear structure functions

3. From the application point of view, the tendency to use single building blocks to derive 
experimental constraints or phenomenological conclusions, neglecting the matching with the UV-
energy-scale.

q ≲ 200 MeV
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DM direct detection EFT: two applications
1. Annual modulation in NREFT

Motivations

2. Non-standard EFT interactions fit better the latest DAMA results

1. Annual modulation depends on DM interactions

- Sebastian Baum, Katherine Freese, and Chris Kelso. Dark Matter implications
of DAMA/LIBRA-phase2 results. Phys. Lett. B, 789:262{269, 2019

- Sunghyun Kang, Stefano Scopel, Gaurav Tomar, and Jong-Hyun Yoon.
DAMA/LIBRA-phase2 in WIMP effective models. JCAP, 1807(07):016, 2018
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3. Non-standard EFT interactions might in principle give rise to new, observable phenomena 
(target dependence)

Goal

Systematic study of the annual modulation properties in NREFT which can 
help characterising and discriminating the DM signal
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dR
dER

∝ [A(vmin) η(vmin, t) + B(vmin) η̃(vmin, t)]
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1. Annual modulation in NREFT

dR
dE

(vmin, t) ∝ [A(vmin) η(vmin, t) + B(vmin) η̃(vmin, t)]
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FIG. 3. Time of maximum tmax (left) and minimum tmin (right) of the scattering rate as functions of vmin for a 100 GeV (solid
lines) and 1 TeV (dashed lines) magnetic dipole DM particle scattering elastically o↵ di↵erent targets, assuming the SHM. For
germanium, the two lines would overlap (only dashed is shown). Also shown are the low energy thresholds for several current
direct detection experiments, for m = 100 GeV (for larger m the thresholds shift to lower vmin values).

FIG. 4. tmin � t̂min, with t̂min the time six month apart from
tmax. See Fig. 3 for details.

implies that higher order terms in the Fourier expansion
of the rate beyond Eq. (1) cannot be neglected.

To illustrate how important the target element depen-
dence of the rate modulation can be, consider the sig-
nal due to a 100 GeV DM particle being detected with
both xenon and fluorine near the present LUX and PICO
thresholds. Were the modulation due solely to ⌘ or ⌘̃, the
two experiments should observe nearly the same value of
tmax, see Fig. 1. Instead, due to the target-dependent
interplay of ⌘ and ⌘̃, the tmax observed with the two tar-
get elements could di↵er by more than four months and
the modulation in xenon would be better described by
Eq. (1) than the modulation in fluorine.

As we already mentioned, in order to observe the
target-dependent e↵ects described so far, it is essential
that the experimental threshold in vmin, which depends
on the threshold in ER, the DM particle mass and the
scattering kinematics, is below 300 km/s. Fig. 3 shows
that m = 100 GeV is already large enough with present
thresholds to observe this e↵ect. For lower m the ef-
fect will only be present with the light targets, for elastic
scattering.
Should DM scatter inelastically o↵ nuclei, the scat-

tering kinematics would be di↵erent from that of elas-
tic scattering. Inelastic scattering [51, 52] can happen
if there are at least two almost degenerate DM par-
ticles with masses m and m + � (� ⌧ m). If the
particle with mass m scatters into the m + � particle,
vmin = |(mTER/µT ) + �| /

p
2mTER. In particular, if

� < 0 (exothermic scattering [52]), the vmin value cor-
responding to given ER and m can be much smaller than
in the case of elastic scattering.
All the e↵ects we have described here rely on having

a DM-nucleus di↵erential cross section with a particular
v dependence. The issue remains of how such a cross
section could be identified experimentally. We believe
that this would require observing an annual modulation
in at least two experiments with di↵erent target materi-
als. If the velocity and target dependence in the di↵er-
ential cross section factorize, the observables associated
with the modulation as functions of vmin would be in-
dependent of the target element, for any DM distribu-
tion. However, experiments do not measure their signal
in vmin, but in energy, and the values of m and � enter-
ing the ER–vmin relation are not known a priori. This
problem could be overcome by comparing observables of
the modulation, like tmax and tmin, of at least two experi-

 η̃

η

Theoretical framework

η(vmin, t) = ∫ dv f(v)
v

η̃(vmin, t) = ∫ dv v f(v)

ℒMDDM = − λχ χ̄σμνχ Fμν

Magnetic Dipole Dark Matter (MDDM)

Eugenio Del Nobile, Graciela B. Gelmini, and Samuel J. Witte. Target
dependence of the annual modulation in direct dark matter searches. Phys.
Rev. D, 91(12):121302, 2015
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Results: Amplitude of modulation
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dR(t)
dER

≈ A0 + A1 cos ω(t − t0) A1 ≈
1
2 [ dR

dER
(vmin, Jun 1) −

dR
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(vmin, Dec 1)]

Inversion 
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DM direct detection EFT: two applications
2. Search for dark matter with polarised nuclei

Motivations

dσ
dER

= A + B (v ⋅ ST) + B′ (v′ ⋅ ST)

"If WIMPs are fermions and participate in parity-violating interactions with ordinary matter, then the 
recoil-direction and recoil-energy distributions of nuclei in detectors will depend on the orientation 

of the initial nuclear spin with respect to the velocity of the detector through the Galactic halo."

Chi-Ting Chiang, Marc Kamionkowski, and Gordan Z. Krnjaic. Dark Matter Detection with Polarized Detectors. 
Phys. Dark Univ., 1:109-115, 2012.
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DM direct detection EFT: two applications
2. Search for dark matter with polarised nuclei

Motivations

R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with polarised targets. 
JCAP, 11:018, 2018.

Extend previous work to spin-1 dark matter particles using EFTs in order to 
highlight methods to identify the dark matter spin in case of positive signal

"If WIMPs are fermions and participate in parity-violating interactions with ordinary matter, then the 
recoil-direction and recoil-energy distributions of nuclei in detectors will depend on the orientation 

of the initial nuclear spin with respect to the velocity of the detector through the Galactic halo."

Chi-Ting Chiang, Marc Kamionkowski, and Gordan Z. Krnjaic. Dark Matter Detection with Polarized Detectors. 
Phys. Dark Univ., 1:109-115, 2012.

Goal
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2. Search for dark matter with polarised nuclei

R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with 
polarised targets. JCAP, 11:018, 2018Theoretical framework

dR
dERdΩ

=
ρ0

mχmT ∫
|vdet

χ +vgal
det|<vesc

|vdet
χ |>vmin

dvdet
χ |vdet

χ | f(vdet
χ + vgal

det) 2mT
dσ

dq2dΩ

|ℳ |2 =
1

(2jχ + 1) ∑
ss′ 

∑
r′ 

|ℳ |2

Effective Lagrangian for fermionic DM

ℒI
eff,χN = −

λ3h3

m2
G

χ̄γμ χN̄γμN −
λ3h4

m2
G

χ̄γμ χN̄γμγ5N −
λ4h3

m2
G

χ̄γμγ5χN̄γμN −
λ4h4

m2
G

χ̄γμγ5χN̄γμγ5

m2
G ≫ q2

Observable: double differential rate
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R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with 
polarised targets. JCAP, 11:018, 2018Theoretical framework

dR
dERdΩ

=
ρ0

mχmT ∫
|vdet

χ +vgal
det|<vesc

|vdet
χ |>vmin

dvdet
χ |vdet

χ | f(vdet
χ + vgal

det) 2mT
dσ

dq2dΩ

|ℳ |2 =
1

(2jχ + 1) ∑
ss′ 

∑
r′ 

|ℳ |2

Effective Lagrangian for vector DM

ℒI
eff,XN = −

ib5h3

m2
G

X†
ν ∂μXνN̄γμN −

ib5h4

m2
G

X†
ν ∂μXνN̄γμγ5N −

b6h3

m2
G

X†
ν ∂νXμN̄γμN+

−
b6h4

m2
G

X†
ν ∂νXμN̄γμγ5N −

b7h3

m2
G

ϵσνρμ(X†σ∂νXρ)N̄γμN −
b7h4

m2
G

ϵσνρμ(X†σ∂νXρ)N̄γμγ5N + h . c .

m2
G ≫ q2

Observable: double differential rate
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R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with 
polarised targets. JCAP, 11:018, 2018

dR
dERdΩ

=
ρ0

mχmT ∫
|vdet

χ +vgal
det|<vesc

|vdet
χ |>vmin

dvdet
χ |vdet

χ | f(vdet
χ + vgal

det) 2mT
dσ

dq2dΩ

|ℳ |2 =
1

(2jχ + 1) ∑
ss′ 

∑
r′ 

|ℳ |2

Transition amplitude for fermionic DM

−2 (v ⋅ Srr
N) (AB (1 −

mχ

mT ) + 2BD + CD (1 +
mχ

mT ))+

−2 (v′ ⋅ Srr
N) (AB (1 +

mχ

mT ) − 2BD + CD (1 −
mχ

mT ))

|ℳ |2 = (16m2
χ m2

T) [(A2 + 3D2)+

Observable: double differential rate

Results
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R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with 
polarised targets. JCAP, 11:018, 2018

dR
dERdΩ

=
ρ0

mχmT ∫
|vdet

χ +vgal
det|<vesc

|vdet
χ |>vmin

dvdet
χ |vdet

χ | f(vdet
χ + vgal

det) 2mT
dσ

dq2dΩ

|ℳ |2 =
1

(2jχ + 1) ∑
ss′ 

∑
r′ 

|ℳ |2

Transition amplitude for vector DM

1
3 ∑

r′ 
∑
ss′ 

|ℳ |2 = ( 4
m4

G ) ⋅ 16 m2
χ m2

N [ℐ − 𝒥(v ⋅ 2Srr
N ) − 𝒦(v′ ⋅ 2Srr

N )]

Observable: double differential rate

Results
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R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with 
polarised targets. JCAP, 11:018, 2018Results

Figure 2. Top panels. Purely polarisation dependent part of the differential rate of scattering

events plotted against the polar recoil angle ↵ and the azimuthal angle � for spin 1/2 (left panel) and

spin 1 (right panel) DM. The recoil energy ER is set to 20 keV and the polarisation angle is fixed

to # = ⇡/2. A nuclear recoil at cos↵ = 0, � = 0, would be in the direction of ~s. Model parameters

have been set according to Eq. (4.3). Bottom panels. Purely polarisation dependent part of the

differential rate of scattering in the ER, cos↵ plane for spin 1/2 (left panel) and spin 1 (right panel)

DM. Here � = 0 and # = ⇡/2.

– 10 –

Figure 1. An illustration of the coordinate system that is used to evaluate the triple differential rate

of DM nucleus scattering events, Eq. (2.8). The red arrow identifies the direction of the polarisation

vector of the target nuclei, which without loss of generality is taken to be in xz-plane. The purple

arrow corresponds to the direction of nuclear recoil, and the blue arrow to the direction of the incoming

DM particle. By construction, the velocity of the Earth in the galactic rest frame is taken to be in

the z-direction.

ŝ = ~s/|~s | and v̂0 = ~v 0/|~v 0|, where ~v 0 is the DM particle velocity after scattering, can be
written as follows

q̂ = (sin↵ cos�, sin↵ sin�, cos↵) ,

v̂ = (sin ✓ cos�, sin ✓ sin�, cos ✓) ,

ŝ = (sin#, 0, cos#) ,

v̂0 =
v

v0
v̂ +

q

m�v0
q̂ . (2.9)

and the infinitesimal solid angle d⌦ can consistently be expressed in terms of the angles ↵
and �, i.e. d⌦ = dcos↵ d�.

3 Scattering amplitudes

In this section we calculate the squared modulus of the amplitude for polarised DM-nucleus
scattering, |M|2, in simplified models for fermionic and vector DM where the DM-nucleus
interaction is mediated by the exchange of a heavy spin 1 particle. Here, a bar denotes average
over initial DM spin states, and sum over final DM and nucleus spin configurations. Below,
incoming and outgoing four-momenta for the DM particle (target nucleus) are denoted by p
and p0 (k and k0), respectively. Furthermore, we define as ~q = ~k�~k 0 = ~p 0� ~p the momentum
transferred from the nucleus to the DM particle [36, 37]. We also introduce the transverse
relative velocity vector,

2~v? = ~v + ~v 0 +
m�

mN
(~v 0 � ~v) . (3.1)

Finally, we assume nuclei to be point-like, with spin 1/2, and in a given initial spin state. The
calculation of |M|2 will allow us to numerically evaluate the cross section in Eq. (2.3) and
the rate in Eq. (2.8).

– 4 –

mχ = mT = mG = 100 GeV

dΔR
dERdΩ

≡
1
2 ( dR(SN)

dERdΩ
−

dR(−SN)
dERdΩ )

Further observable: Purely polarisation dependent part of the differential scattering rate
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R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with 
polarised targets. JCAP, 11:018, 2018Results

Figure 4. Triple differential event rate, Eq. (2.8), and its purely polarisation dependent part,

Eq. (4.1), integrated over all nuclear recoil angles, ↵ and �, as a function of the nuclear recoil en-

ergy. The left panel refers to fermionic DM, whereas the right panel corresponds to vector DM. Each

panel shows a blue line associated with the total rate, and a red line corresponding to its polarisation

dependent part.

Furthermore, we assume maximal parity violation, in order to maximise the polarisation
dependent contribution to the triple differential rate. A possible choice of coupling constants
compatible with these requirements is

h3 =
1

2
, h4 = �1

2
, =(b6) =

1

2
,

�3 =
1

2
, �4 = �1

2
, <(b7) = �1

2
,

b5 =
1p
2
, <(b6) = 0, =(b7) = 0 . (4.3)

Notice that with this choice of coupling constants, the gamma matrices in the nuclear currents
combine into left-handed projectors

h3 + h4�5 =
1� �5

2
; �3 + �4�5 =

1� �5
2

. (4.4)

As an aside comment, we also mention that the =(b6) parameter only enters the purely
polarisation dependent part of the scattering rate. Consequently, one might in principle use
measurements of polarisation dependent effects at direct detection experiments to constrain
this parameter effectively.

Let us now describe the results illustrated in Figs. (2) and (3). In these figures, left
panels refer to spin 1/2 DM, whereas right panels correspond to spin 1 DM. Fig. 2, top
panels, shows the purely polarisation dependent part of the scattering rate in the cos↵, �
plane for a fixed recoil energy of 20 keV. The polarisation angle is chosen to be # = ⇡/2, which
implies that a recoil at cos↵ = 0, � = 0, would be in the direction of the polarisation vector
~s. The azimuthal angle dependence in these plots is especially interesting, as it would not

– 12 –

Differential rate

mχ = mT = mG = 100 GeV
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CaWO4+TES is the phonon detector

DM search with the CRESST experiment
Cryogenic Rare Event Search with Superconducting Thermometers

CRESST-III: the detectors

Both the energy converted in heat (phonons) and the 
energy converted in scintillation light are detected

  - CaWO4  scintillating crystal 
- Cryogenic temperature ~𝒪(10 mK)
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Silicon on Sapphire (SOS)+TES is the 
light detector

CaWO4+TES is the phonon detector

DM search with the CRESST experiment
Cryogenic Rare Event Search with Superconducting Thermometers

CRESST-III: the detectors

Both the energy converted in heat (phonons) and the 
energy converted in scintillation light are detected

  - CaWO4  scintillating crystal 
- Cryogenic temperature ~𝒪(10 mK)
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DM search with the CRESST experiment

CRESST-III: working principle

Cryogenic Rare Event Search with Superconducting Thermometers

C. Strandhagen
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DM search with the CRESST experiment

CRESST-III: particle discrimination

Cryogenic Rare Event Search with Superconducting Thermometers

C. Strandhagen

 crystal + TES is the 
phonon-channel

Phonon signal  
(almost) independent of particle type
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DM search with the CRESST experiment

CRESST-III: particle discrimination

Cryogenic Rare Event Search with Superconducting Thermometers

C. Strandhagen

 crystal + TES is the 
phonon-channel

SOS + TES is the 
light-channel

Scintillation light 
amount of emitted light depends on 
particle type 
      LIGHT QUENCHING 

Phonon signal  
(almost) independent of particle type
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DM search with the CRESST experiment
Cryogenic Rare Event Search with Superconducting Thermometers

Light Yield (LY ) =
Light pulse energy

Phonon pulse energy

CRESST-III: particle discrimination
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DM search with the CRESST experiment
Cryogenic Rare Event Search with Superconducting Thermometers

Light Yield (LY ) =
Light pulse energy

Phonon pulse energy

The events in the LY vs Energy plane distribute along horizontal  bands

The ratio  is the Quenching 
Factor of the particle X (QF). 

The QF is smaller as heavier is X.

LY(X )/LY(e−)

CRESST-III: particle discrimination

R. Strauss et al., Energy-Dependent Light Quenching in CaWO4 
Crystals at mK Temperatures, Eur.Phys.J.C 74 (2014) 7, 2957

https://arxiv.org/pdf/1401.3332.pdf
https://arxiv.org/pdf/1401.3332.pdf
https://arxiv.org/pdf/1401.3332.pdf
https://arxiv.org/pdf/1401.3332.pdf
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DM search with the CRESST experiment
Cryogenic Rare Event Search with Superconducting Thermometers

1. Spin-dependent search in 7Li target

DARK MATTER SEARCH WITH THE CRESST EXPERIMENT 83

Lithium target nucleus. Lithium nuclear parameters are summarised in Tab. 5.1.
The role of the expectation value of the nucleon spin in the DM-nucleus SD cross-
section is shown in Eqs. 3.22 and 3.23. The spin matrix elements for 6Li in Tab. 5.1,
were not available at the time this studies were done and they have been requested
to the authors of [198] only motivated by the findings of this work. The nucleon
spin expectation values for 7Li are taken from [229], since, among the literature
cited in [230], applies the most advanced method3.

Isotope Z Abundance JP

T
hSpi hSni Ref. for hSN i

6Li 3 0.0759(4) 1+ 0.464(3) 0.464(3) [198]
7Li 3 0.9241(4) 3/2- 0.497 0.004 [229, 230]

Table 5.1: Lithium stable isotopes nuclear properties. Abundances and Jt taken from
https://www.nndc.bnl.gov/nudat2/reCenter.jsp?z=3&n=3.

Detector module design and properties. The Li2MoO4 crystal employed in
this measurement is a small cube of 10 mm of side length and 2.66 g of weight,
incapsulated in a copper housing and held by bronze clamps. It is equipped with
a Neutron Transmutation Doped (NTD) temperature sensor, which is glued on
its surface. The combination Li2MoO4 crystal and NTD constitutes the phonon
detector (PD). The crystal is enclosed in a reflective foil which optimises the scin-
tillation light collection which is measured by a CRESST-III light detector (LD),
a (20⇥ 20⇥ 0.3) mm3 wafer of Silicon-On-Sapphire (SOS) interfaced to the target
crystal and equipped with a TES. A 55Fe X-ray source with 0.055 Bq of activity
is placed at 5 mm from the LD and is used to calibrate the LD energy response.
The combination of PD and LD constitutes the detector module.

Data taking. The measurement was performed at the Max Planck Institute
(MPP) for Physics in Munich, Germany, using a dilution refrigerator not shielded
against environmental background and cosmic radiation (see [216] for the facility
description). After two calibration runs, performed with a 57Co �-source and an
AmBe neutron source, both placed outside the cryostat, 14.77 hours of background
data were collected4.

Despite of the good performance of the LD whose energy resolution is �LD

baseline
=

(5.90 ± 0.13) eV, the module showed a poor light yield (LY) equal to (0.32 ±
0.01) keV/ MeV, which prevented from applying particle identification according
to the light-yield method described in the previous section. The LD was therefore
only used as veto for muons and for backgrounds from the surrounding materials.

3More recent and accurate nuclear calculations are available at the present day, as discussed at the
end of Sec. 4.1, therefore we expect the expectation values for the nucleon spin of 7Li to be soon released,
as it was the case for 6Li.

4The background run is not defined a DM run since the experimental setup was not optimised for
the DM search.

Alex Gnech, Michele Viviani, and Laura Elisa Marcucci. 
Calculation of the 6Li ground state within the 
hyperspherical harmonic basis. 4 2020

V. A. Bednyakov and F. Simkovic. Nuclear spin structure 
in dark matter search: The Zero momentum transfer limit. 
Phys. Part. Nucl., 36:131-152, 2005. [Fiz. Elem. Chast. 
Atom. Yadra36,257(2005)].

Demonstrate the advantage of Li-based target materials for the DM search

1. One of the lightest targets

2. Spin matrix elements 

3. Neutron capture 

⟨Sp,n⟩ ≠ 0
6Li + n → α +3 H + 4.78 MeV

Motivation: Lithium target nucleus

A.H. Abdelhameed et al. First results on sub-GeV spin-dependent dark
matter interactions with 7Li. Eur. Phys. J. C, 79(7):630, 2019
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Lithium target nucleus. Lithium nuclear parameters are summarised in Tab. 5.1.
The role of the expectation value of the nucleon spin in the DM-nucleus SD cross-
section is shown in Eqs. 3.22 and 3.23. The spin matrix elements for 6Li in Tab. 5.1,
were not available at the time this studies were done and they have been requested
to the authors of [198] only motivated by the findings of this work. The nucleon
spin expectation values for 7Li are taken from [229], since, among the literature
cited in [230], applies the most advanced method3.

Isotope Z Abundance JP

T
hSpi hSni Ref. for hSN i

6Li 3 0.0759(4) 1+ 0.464(3) 0.464(3) [198]
7Li 3 0.9241(4) 3/2- 0.497 0.004 [229, 230]

Table 5.1: Lithium stable isotopes nuclear properties. Abundances and Jt taken from
https://www.nndc.bnl.gov/nudat2/reCenter.jsp?z=3&n=3.

Detector module design and properties. The Li2MoO4 crystal employed in
this measurement is a small cube of 10 mm of side length and 2.66 g of weight,
incapsulated in a copper housing and held by bronze clamps. It is equipped with
a Neutron Transmutation Doped (NTD) temperature sensor, which is glued on
its surface. The combination Li2MoO4 crystal and NTD constitutes the phonon
detector (PD). The crystal is enclosed in a reflective foil which optimises the scin-
tillation light collection which is measured by a CRESST-III light detector (LD),
a (20⇥ 20⇥ 0.3) mm3 wafer of Silicon-On-Sapphire (SOS) interfaced to the target
crystal and equipped with a TES. A 55Fe X-ray source with 0.055 Bq of activity
is placed at 5 mm from the LD and is used to calibrate the LD energy response.
The combination of PD and LD constitutes the detector module.

Data taking. The measurement was performed at the Max Planck Institute
(MPP) for Physics in Munich, Germany, using a dilution refrigerator not shielded
against environmental background and cosmic radiation (see [216] for the facility
description). After two calibration runs, performed with a 57Co �-source and an
AmBe neutron source, both placed outside the cryostat, 14.77 hours of background
data were collected4.

Despite of the good performance of the LD whose energy resolution is �LD

baseline
=

(5.90 ± 0.13) eV, the module showed a poor light yield (LY) equal to (0.32 ±
0.01) keV/ MeV, which prevented from applying particle identification according
to the light-yield method described in the previous section. The LD was therefore
only used as veto for muons and for backgrounds from the surrounding materials.

3More recent and accurate nuclear calculations are available at the present day, as discussed at the
end of Sec. 4.1, therefore we expect the expectation values for the nucleon spin of 7Li to be soon released,
as it was the case for 6Li.

4The background run is not defined a DM run since the experimental setup was not optimised for
the DM search.

Alex Gnech, Michele Viviani, and Laura Elisa Marcucci. 
Calculation of the 6Li ground state within the 
hyperspherical harmonic basis. 4 2020

V. A. Bednyakov and F. Simkovic. Nuclear spin structure 
in dark matter search: The Zero momentum transfer limit. 
Phys. Part. Nucl., 36:131-152, 2005. [Fiz. Elem. Chast. 
Atom. Yadra36,257(2005)].
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Theoretical framework: conventional SD interactions

1. One of the lightest targets

2. Spin matrix elements 

3. Neutron capture 

⟨Sp,n⟩ ≠ 0
6Li + n → α +3 H + 4.78 MeV

Motivation: Lithium target nucleus
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Fig. 4 Top: Exclusion limit obtained for neutron-only spin-dependent
interactions of dark matter particles with Standard Model particles.
The cross section for this kind of interactions is shown on the y-
axis (pb on the left, cm2 on the right), while the dark matter parti-
cle mass is on the x-axis. The result of this work with 7Li is drawn
in solid red with the two-sigma band resulting from statistical uncer-
tainty in solid blue: we reach 1.06·10�26 cm2 at 1 GeV/c2. In dashed
red we show the CRESST-III [11] limit using 17O. For comparison,
we show limits derived by other direct detection experiments: EDEL-
WEISS [32] and CDMSlite [26] using 73Ge; LUX [27], PandaX-
II [30], and XENON1T [29] using 129Xe+131Xe (see legend). Bottom:
Same, but for proton-only spin-dependent interactions. Our result with
7Li is depicted in solid red with with the two-sigma band in solid blue,
reaching 6.88·10�31 cm2 at 1 GeV/c2. Additionally, we plot limits from
other experiments: CDMSlite [26] and EDELWEISS [32] with 73Ge;
LUX [27], XENON1T [29], and PandaX-II [30] with 129Xe+131Xe;
PICO-60 with 19F [31]; Collar [24] with 1H. Finally, we plot in dotted
black a constraint from Borexino data derived in [55].

Acknowledgements This work has been supported through the DFG
by the SFB1258 and the Excellence Cluster Universe, and by the BMBF
05A17WO4.

References

1. T. Marrodán Undagoitia and L. Rauch, Journal of Physics G 43,
013001 (2016).

2. D. E. Kaplan, M. A. Luty, and K. M. Zurek, Physical Review D
79, 115016 (2009), 0901.4117.

3. C. Boehm and P. Fayet, Nuclear Physics B 683, 219 (2004),
0305261.

4. J. L. Feng and J. Kumar, Physical Review Letters 101, 231301
(2008), 0803.4196.

5. A. L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers, and Y. Xu,
Journal of Cosmology and Astroparticle Physics 1302, 004
(2013), 1203.3542.

6. XENON, E. Aprile et al., Physical Review Letters 122, 071301
(2019), 1811.12482.

7. CRESST, G. Angloher et al., The European Physical Journal C
79, 43 (2019), 1809.03753.

8. LUX, D. S. Akerib et al., (2018), 1811.11241.
9. K. Miuchi et al., Astroparticle Physics 19, 135 (2003), 0204411.

10. P. Belli et al., Physics Letters B 711, 41 (2012).
11. CRESST, A. H. Abdelhameed et al., (2019), 1904.00498.
12. EDELWEISS, Q. Arnaud et al., Physical Review D 97, 022003

(2018), 1707.04308.
13. SuperCDMS, R. Agnese et al., Physical Review D 95, 082002

(2017), 1610.00006.
14. A. Kurylov and M. Kamionkowski, Physical Review D 69,

063503 (2004), 0307185.
15. V. A. Bednyakov and F. Simkovic, Physics of Particles and Nuclei

36, 131 (2005), 0406218.
16. M. W. Goodman and E. Witten, Physical Review D 31, 3059

(1985).
17. J. Ellis and R. A. Flores, Physics Letters B 263, 259 (1991).
18. J. Engel, S. Pittel, and P. Vogel, International Journal of Modern

Physics E 1, 1 (1992).
19. O. Barinova et al., Nuclear Instruments and Methods in Physics

Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment 613, 54 (2010).

20. N. Casali et al., Journal of Physics G 41, 075101 (2014),
1311.2834.

21. M. Martinez et al., Journal of Physics: Conference Series 375,
012025 (2012).

22. F. A. Danevich et al., Nuclear Instruments and Methods 889, 89
(2018), 1802.01888.

23. J. Meija et al., Pure and Applied Chemistry 88, 293 (2016).
24. J. I. Collar, Physical Review D 98, 023005 (2018), 1805.02646.
25. E. Armengaud et al., The European Physical Journal C 77, 785

(2017).
26. SuperCDMS, R. Agnese et al., Physical Review D 97, 022002

(2018), 1707.01632.
27. LUX, D. S. Akerib et al., Physical Review Letters 118, 251302

(2017), 1705.03380.
28. CDEX, H. Jiang et al., Physical Review Letters 120, 241301

(2018), 1802.09016.
29. E. Aprile et al., (2019), 1902.03234.
30. PandaX-II, C. Fu et al., Physical Review Letters 118,

071301 (2017), 1611.06553, [Erratum: Phys. Rev.
Lett.120,no.4,049902(2018)].

31. PICO, C. Amole et al., (2019), 1902.04031.
32. EDELWEISS, E. Armengaud et al., Physical Review D 99,

082003 (2019), 1901.03588.
33. P. Klos, J. Menéndez, D. Gazit, and A. Schwenk, Physical

Review D 88, 083516 (2013), 1304.7684, [Erratum: Phys.
Rev.D89,no.2,029901(2014)].

34. M. Freytsis and Z. Ligeti, Physical Review D 83, 115009 (2011),
1012.5317.

35. G. Jungman, M. Kamionkowski, and K. Griest, Physics Reports
267, 195 (1996), 9506380.

6

2
Dark Matter Particle Mass (GeV/c )

0.8 1 2 3 4 5 6 7 8 9 10

 (
p
b
)

pS
D

5-
10

4-
10

3-
10

2-
10

1-
10

1

10

2
10

3
10

4
10

5
10

6
10

7
10

8
10

9
10

10
10 )

2
 (

cm
S

D
41-

10

40-
10

39-
10

38-
10

37-
10

36-
10

35-
10

34-
10

33-
10

32-
10

31-
10

30-
10

29-
10

28-
10

27-
10

26-
10

Borexino 2019

CDMSlite 2017 Collar 2018

EDELWEISS-Surf 2019 LUX 2016

PandaX-II 2017 XENON1t 2019

PICO-60 2019

P
R
O
T
O
N

!

!

!

CRESST-Li 2019 

)2Dark Matter Particle Mass (GeV/c

0.8 1 2 3 4 5 6 7 8 9 10

 (
p

b
)

nS
D

5-10

3-10

1-10

10

310

510

710

910

1110

1310

1510 )
2

 (
cm

nS
D

41-10

39-10

37-10

35-10

33-10

31-10

29-10

27-10

25-10

23-10

21-10
CRESST-Li 2019 CRESST-III 2019 

CDMSlite 2017 EDELWEISS-Surf Migdal 2019

EDELWEISS-Surf 2019 LUX 2016

PandaX-II 2017 XENON1t 2019

N
E
U
T
R
O
N

!

!
p

Fig. 4 Top: Exclusion limit obtained for neutron-only spin-dependent
interactions of dark matter particles with Standard Model particles.
The cross section for this kind of interactions is shown on the y-
axis (pb on the left, cm2 on the right), while the dark matter parti-
cle mass is on the x-axis. The result of this work with 7Li is drawn
in solid red with the two-sigma band resulting from statistical uncer-
tainty in solid blue: we reach 1.06·10�26 cm2 at 1 GeV/c2. In dashed
red we show the CRESST-III [11] limit using 17O. For comparison,
we show limits derived by other direct detection experiments: EDEL-
WEISS [32] and CDMSlite [26] using 73Ge; LUX [27], PandaX-
II [30], and XENON1T [29] using 129Xe+131Xe (see legend). Bottom:
Same, but for proton-only spin-dependent interactions. Our result with
7Li is depicted in solid red with with the two-sigma band in solid blue,
reaching 6.88·10�31 cm2 at 1 GeV/c2. Additionally, we plot limits from
other experiments: CDMSlite [26] and EDELWEISS [32] with 73Ge;
LUX [27], XENON1T [29], and PandaX-II [30] with 129Xe+131Xe;
PICO-60 with 19F [31]; Collar [24] with 1H. Finally, we plot in dotted
black a constraint from Borexino data derived in [55].
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FIG. 5. Light yield versus energy of events in the dark matter dataset,
after selection criteria are applied (see section IV 4). The blue band
indicates the 90 % upper and lower boundaries of the b /g-band, red
and green the same for oxygen and tungsten, respectively. The yel-
low area denotes the acceptance region reaching from the mean of the
oxygen band (red dashed line) down to the 99.5 % lower boundary of
the tungsten band. Events in the acceptance region are highlighted in
red. The position of the bands is extracted from the neutron calibra-
tion data as shown in figure 3.

1. Light Yield

Figure 5 shows the dark matter data after all the cuts de-
scribed before in the light yield versus energy plane. In accor-
dance with figure 3, the blue, red and green bands correspond
to b /g-events and nuclear recoils off oxygen and tungsten, re-
spectively. The red dashed line depicts the mean of the oxygen
band, which also marks the upper boundary of the acceptance
region, shaded in yellow. The lower bound of the acceptance
region is the 99.5 % lower boundary of the tungsten band,
its energy span is from the threshold of 30.1 eV to 16.0 keV.
Events in the acceptance region (highlighted in red) are treated
as potential dark matter candidate events. We restrict the en-
ergy range to 16 keV for this analysis since for higher energies
the energy reconstruction cannot be based on the optimum fil-
ter method due to saturation effects. This choice, however,
hardly affects the sensitivity for the low dark matter particle
masses of interest. The choice for the acceptance region was
fixed a-priori before 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 b /g-band.

2. Energy Spectrum

The corresponding energy spectrum is shown in figure
6 with events in the acceptance region highlighted in red.
In both figures 5 and 6, event populations at 2.6 keV and
⇠11 keV are visible. These originate from cosmogenic activa-

FIG. 6. Energy spectrum of the dark matter dataset with lines visible
at 2.6 keV and 11.27 keV originating from cosmogenic activation of
182W [11]. Gray: all events, red: events in the acceptance region (see
figure 5).

tion of the detector material and subsequent electron capture
decays:

182W + p ! 179Ta+a, 179Ta EC�! 179Hf+ g.

The latter decay has a half-life of 665 days, which implies
a decreasing rate over the course of the measurement after ini-
tial 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 =2.60 keV and EL1 =11.27 keV,
respectively [14]. As already mentioned in section IV 1, the
clearly identifiable 11.27 keV line was used to fine-adjust the
energy scale, and therefore to give an accurate energy infor-
mation in the relevant low-energy regime. These features were
already observed in CRESST-II [11, 15]. Additionally, a pop-
ulation of events at ⇠540 eV is visible, which hints at EC
decays from the N1 shell of 179Hf with a literature value of
EN1 =538 eV [14].

Below 200 eV, an excess of events above the flat back-
ground 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
b /g events (see figure 5). 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 section III 1, the expected number of
noise triggers for the full dataset would be around 3.6. We ob-
serve 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 in time of
events from the excess populations is observed.

2. Annual modulation phenomenology in CRESST-III

A.H. Abdelhameed et al. First results from the CRESST-III low-mass dark 
matter program.  Phys. Rev. D, 100(10):102002, 2019

Motivation: CRESST-III data release
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FIG. 5. Light yield versus energy of events in the dark matter dataset,
after selection criteria are applied (see section IV 4). The blue band
indicates the 90 % upper and lower boundaries of the b /g-band, red
and green the same for oxygen and tungsten, respectively. The yel-
low area denotes the acceptance region reaching from the mean of the
oxygen band (red dashed line) down to the 99.5 % lower boundary of
the tungsten band. Events in the acceptance region are highlighted in
red. The position of the bands is extracted from the neutron calibra-
tion data as shown in figure 3.

1. Light Yield

Figure 5 shows the dark matter data after all the cuts de-
scribed before in the light yield versus energy plane. In accor-
dance with figure 3, the blue, red and green bands correspond
to b /g-events and nuclear recoils off oxygen and tungsten, re-
spectively. The red dashed line depicts the mean of the oxygen
band, which also marks the upper boundary of the acceptance
region, shaded in yellow. The lower bound of the acceptance
region is the 99.5 % lower boundary of the tungsten band,
its energy span is from the threshold of 30.1 eV to 16.0 keV.
Events in the acceptance region (highlighted in red) are treated
as potential dark matter candidate events. We restrict the en-
ergy range to 16 keV for this analysis since for higher energies
the energy reconstruction cannot be based on the optimum fil-
ter method due to saturation effects. This choice, however,
hardly affects the sensitivity for the low dark matter particle
masses of interest. The choice for the acceptance region was
fixed a-priori before 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 b /g-band.

2. Energy Spectrum

The corresponding energy spectrum is shown in figure
6 with events in the acceptance region highlighted in red.
In both figures 5 and 6, event populations at 2.6 keV and
⇠11 keV are visible. These originate from cosmogenic activa-

FIG. 6. Energy spectrum of the dark matter dataset with lines visible
at 2.6 keV and 11.27 keV originating from cosmogenic activation of
182W [11]. Gray: all events, red: events in the acceptance region (see
figure 5).

tion of the detector material and subsequent electron capture
decays:

182W + p ! 179Ta+a, 179Ta EC�! 179Hf+ g.

The latter decay has a half-life of 665 days, which implies
a decreasing rate over the course of the measurement after ini-
tial 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 =2.60 keV and EL1 =11.27 keV,
respectively [14]. As already mentioned in section IV 1, the
clearly identifiable 11.27 keV line was used to fine-adjust the
energy scale, and therefore to give an accurate energy infor-
mation in the relevant low-energy regime. These features were
already observed in CRESST-II [11, 15]. Additionally, a pop-
ulation of events at ⇠540 eV is visible, which hints at EC
decays from the N1 shell of 179Hf with a literature value of
EN1 =538 eV [14].
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The latter decay has a half-life of 665 days, which implies
a decreasing rate over the course of the measurement after ini-
tial 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 =2.60 keV and EL1 =11.27 keV,
respectively [14]. As already mentioned in section IV 1, the
clearly identifiable 11.27 keV line was used to fine-adjust the
energy scale, and therefore to give an accurate energy infor-
mation in the relevant low-energy regime. These features were
already observed in CRESST-II [11, 15]. Additionally, a pop-
ulation of events at ⇠540 eV is visible, which hints at EC
decays from the N1 shell of 179Hf with a literature value of
EN1 =538 eV [14].

Below 200 eV, an excess of events above the flat back-
ground 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
b /g events (see figure 5). 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 section III 1, the expected number of
noise triggers for the full dataset would be around 3.6. We ob-
serve 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 in time of
events from the excess populations is observed.
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tion of the detector material and subsequent electron capture
decays:

182W + p ! 179Ta+a, 179Ta EC�! 179Hf+ g.

The latter decay has a half-life of 665 days, which implies
a decreasing rate over the course of the measurement after ini-
tial 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 =2.60 keV and EL1 =11.27 keV,
respectively [14]. As already mentioned in section IV 1, the
clearly identifiable 11.27 keV line was used to fine-adjust the
energy scale, and therefore to give an accurate energy infor-
mation in the relevant low-energy regime. These features were
already observed in CRESST-II [11, 15]. Additionally, a pop-
ulation of events at ⇠540 eV is visible, which hints at EC
decays from the N1 shell of 179Hf with a literature value of
EN1 =538 eV [14].

Below 200 eV, an excess of events above the flat back-
ground 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
b /g events (see figure 5). 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 section III 1, the expected number of
noise triggers for the full dataset would be around 3.6. We ob-
serve 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 in time of
events from the excess populations is observed.

2. Annual modulation phenomenology in CRESST-III

A.H. Abdelhameed et al. First results from the CRESST-III low-mass dark 
matter program.  Phys. Rev. D, 100(10):102002, 2019

Motivation: CRESST-III data release

Does time information help DM signal identification,
when a background similar to the excess observed in CRESST-III is present?
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100 DARK MATTER SEARCH WITH THE CRESST EXPERIMENT

mT time �b �s N inter p-value 1D p-value 2D
23 g 1 yr 103 ' 141 103 ' 0 ' 0

00 00 104 00 00 0.046 0.045
00 00 105 00 00 0.284 0.247

2 x 23g 00 00 283 00 0.161 0.163
3 x 23g 00 00 424 00 0.055 0.077

Table 5.4: Neyman-Pearson: Results for the case of DAMA-like signal, known background and
no nuisance parameters. The number of bins is fixed to 10 both for energy and time.

based on the test-statistics in Eq. 5.9. The signal is simulated under the same
assumptions made in the previous section (SI DM scatterings o↵ 23 g of Al2O3,
for the DM model described by DAMA signal best-fit parameters). Three config-
urations for three di↵erent background normalisations are simulated: 103, 104 and
105 counts. The background normalisation is treated as a nuisance parameter.
Note on signal simulation: When the likelihood function is maximised over one
or more parameters, test statistics computation gets slower, especially for the 2D
case. 2D analysis takes around 10 seconds to compute one profile likelihood-ratio.
For this reason, in this part of the analysis the signal is simulated by replacing
the nuclear form factors computed using the package DMFormFactor [14] with the
general Helm form factors [151], described in Sec. 3.3. Helm form factors, although
less accurate, allow to write down the analytical equation for the di↵erential rate
which fastens the simulation. The cost is a di↵erence of about 16 counts in the
total rate. In fact, in Tab. 5.4 the total number of counts for 23 g of Al2O3 and
for 1 yr exposure is ' 141, while in Tab. 5.5 is ' 159. If the Helm form factors
are replaced in the calculations which lead to the results in Tab. 5.4, the p-values
obtained are similar to the ones in Tab. 5.4.

Results are summarised in Tab. 5.5, both for 1D and 2D analysis. When the
background-normalisation is not known and the PL-method is used, the p-value
is larger than the p-value found for the case of known background (Tab. 5.4),
as expected according to Neyman-Pearson’s lemma. An example of the profile-
likelihood distributions obtained in this section is shown in Fig. 5.3.4.

mT time �b �s N inter p-value 1D p-value 2D
23 g 158 days 500 ' 69 103 0.086 0.083

00 1 yr 103 ' 159 00 ' 0 ' 0
00 00 104 00 00 0.21 0.212
00 00 105 00 00 0.398 0.415

23 g 2 yr 2 · 103 ' 319 00 ' 0 ' 0
00 00 2 · 104 00 00 0.127 0.14
00 00 2 · 105 00 00 0.34 0.362

Table 5.5: PL-method for DAMA-like signal and for the case of background normalisation
considered as nuisance parameters. m� = 11.7 GeV/c2.

Example for known background

1. Problem of signal discovery

In the conditions considered,  
the annual modulation search does not improve the significance power  

for the signal discovery
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Figure 5.3.5: Energy spec-
tra for SI (black) and
MDDM (purple) interac-
tions for m� = 3 GeV/c2,
scattering o↵ Al2O3, with
�SI

p
= 4 · 10�42 cm2 and

�MD = 4.72 · 10�41cm2, re-
spectively. The Sun grav-
itational focusing (GF) ef-
fect is included. Exposure
= 23 g x 1 yr, energy range
= ⇠ [0.01 � 5.4] keV. The
total number of counts is '
2.2.

Results. The results of the comparison between p-values computed using 1D
(energy-only) or 2D (energy and time) analyses are collected in Table 5.7.

m� mT time �b �s N inter p-value 1D p-value 2D
3 GeV/c2 23 g 1 yr 103 ' 2.2 103 0.467 0.338

00 230 g 2 yr 2 · 103 ' 44 ” 0.101 0.145
00 ” 5 yr 5 · 103 ' 110 ” 0.056 (0.02, 0.021) 0.024 (0.025)
00 1 kg 00 2 · 104 ' 478 ” ' 0 ' 0

Table 5.7: Model selection: Comparison between 1D and 2D analyses (SI-interaction vs MD-
interaction). In parenthesis, additional computations under same conditions are provided as a
cross-check of the first result.

Similarly to the results obtained for the problem of signal discovery, under the
assumptions considered, the conclusion is that the 2D analysis is not advantageous
with respect to the 1D analysis.

The prospects for model selection using annual modulation for DD Genera-
tion 2 (G2) experiments which are currently taking data or will take data in the
future (e.g. XENON1T13, SuperCDMS14 and LZ15) are presented in [236]. Three
benchmarks of DM mass (20 GeV, 125 GeV and 500 GeV) and corresponding cross-
sections taken from the most constraining DD upper limits (� = 2 · 10�46 cm2,
� = 1.8 · 10�46 cm2 and � = 6.94 · 10�46 cm2) are considered for signal simulation;
detectors are assumed as ideal (unitary e�ciency, infinite energy resolution and
null-background) and a statistical bayesian approach is used. Their conclusion

13http://www.xenon1t.org
14https://supercdms.slac.stanford.edu
15https://lz.lbl.gov
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Similarly to the results obtained for the problem of signal discovery, under the
assumptions considered, the conclusion is that the 2D analysis is not advantageous
with respect to the 1D analysis.

The prospects for model selection using annual modulation for DD Genera-
tion 2 (G2) experiments which are currently taking data or will take data in the
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Results. The results of the comparison between p-values computed using 1D
(energy-only) or 2D (energy and time) analyses are collected in Table 5.7.
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Table 5.7: Model selection: Comparison between 1D and 2D analyses (SI-interaction vs MD-
interaction). In parenthesis, additional computations under same conditions are provided as a
cross-check of the first result.

Similarly to the results obtained for the problem of signal discovery, under the
assumptions considered, the conclusion is that the 2D analysis is not advantageous
with respect to the 1D analysis.

The prospects for model selection using annual modulation for DD Genera-
tion 2 (G2) experiments which are currently taking data or will take data in the
future (e.g. XENON1T13, SuperCDMS14 and LZ15) are presented in [236]. Three
benchmarks of DM mass (20 GeV, 125 GeV and 500 GeV) and corresponding cross-
sections taken from the most constraining DD upper limits (� = 2 · 10�46 cm2,
� = 1.8 · 10�46 cm2 and � = 6.94 · 10�46 cm2) are considered for signal simulation;
detectors are assumed as ideal (unitary e�ciency, infinite energy resolution and
null-background) and a statistical bayesian approach is used. Their conclusion
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10° PROTOTYPE DETECTOR: NaI with Tl
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• beaker-shaped Si light absorber with

two collimated x-ray sources

• NaI crystal with ~180 ppm of Tl

• mass of NaI: ~30g 

• carrier crystal: CdWO4 wafer

GOAL:
• AmBe n-source measurement to study quenching factors for Na and I recoils

• study light emission of Tl-doped crystal at low temperatures

• study position dependencies of light absorber using two collimated 55Fe x-ray 
sources mounted on bottom and mantle surface of the Si beaker 
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NaI target crystal

Carrier crystal (e.g. CdWO4)
TES

Si beaker as light absorber

Interface

TES

Thermal link

Thermal link
TES

TES

Thermal link

Thermal link

Fig. 1 COSINUS detector module consisting of two independent channels: a NaI crystal that is supported
and read out via a carrier crystal and a separated beaker-shaped light detector. Both detectors are equipped
with highly sensitive thermometers, so-called TESs to detect the tiny temperature variations due to particle
interactions in the NaI (Color figure online)

with a W-TES, optimized in geometry for the purpose of light detection. Such kind
of light detectors has already shown a baseline resolution of below 10 eV (sigma)
[11]. The beaker shape serves two purposes: scintillation light detection and an active
surrounding of the NaI crystal in combination with the carrier crystal whose diameter
slightly exceeds the size of the NaI. The active 4π -veto of the NaI established in this
way allows to reject any surface-related α-induced background in the region of interest
from ∼ 1 to 40 keV. A sketch of the COSINUS detector module is shown in Fig. 1.

3 Results from the second prototype detector

With our first proof-of-principle test, we confirmed the feasibility of building a NaI-
based cryogenic scintillating calorimeter by observing a linear relation between light
output and the energy deposited in the NaI crystal—considered the key enabler of the
approach [12].

The second prototype, with results presented here, had as goal the commissioning
of the full COSINUS detector design. In this measurement, a commercial NaI crystal
of∼70 g (20×20×30 mm3, produced by Hilger) was paired with the identical carrier
as used for the proof-of-principle test [12]. The interface, however, was changed from
silicon oil to epoxy resin (EpoTek 301) to study the effect of the thickness of the
interface on the achievable signal height (phonon transmission). The light absorber in
beaker shape has 40 mm in diameter and 38 mm in height.

In Fig. 2, data of this detector module in the light yield versus energy plane are
shown. Light yield refers to the ratio of energy detected in the light detector to the
energy deposited in the NaI crystal.

Twomain event distributions appear: the events due to e−/γ -interactions in NaI at a
light yield value around one including calibration lines from an external 241Am-source
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Figure 3.1. – Typical transition curve of a TES tungsten film. An operation of the thermometer in
its transition from the normalconducting to the superconducting state allows the detection of tiny
excursions in temperature DT by measuring the change in resistance DR of the TES.

3.2. Transition Edge Sensor (TES)

As mentioned in section 2.3, in CRESST transition edge sensors (TES) are used as
thermometers to read out the large dielectric absorbers. A transition curve of such a
sensor can be seen in figure 3.1. The steepness of the transition curve of the TES allows
the detection of small temperature changes DT (O(µK)) caused by particle interactions
in the absorber by measuring the change in resistance DR.

In the case of a conventional CRESST detector, the TES is made out of a thin tungsten
film (200 nm) which is evaporated onto the surface of the absorber crystal and extends
over an area of (6 x 8) mm2. In addition, a TES is equipped with contact pads made out
of aluminum. The connection between the contact pads of the sensor and the detector
holder is made using aluminum bond wires having a diameter of 25 µm (see figure 3.2).
Also the thermal link consisting of a gold wire bond (diameter of 25 µm) is visible.
This thermal link is bonded onto a long and thin gold structure which extends across
the tungsten film. It allows the sensor after a particle interaction in the absorber to relax
back to equilibrium.

In order to stabilize the TES at its operating point, a heater is used. It consists of a
gold stitch bond which is bonded to the same gold structure on the TES as also used for
the thermal link. In this way a stabilization of the TES in an operating point within a
few µK is practicable.

The TES is fabricated using thin film technology and photo-lithography. A tungsten
film evaporated onto the surface of the crystal is etched to the desired shape. Pattern
of gold and aluminum structures is carried out by two subsequent lift-off processes.
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Fig. 1 COSINUS detector module consisting of two independent channels: a NaI crystal that is supported
and read out via a carrier crystal and a separated beaker-shaped light detector. Both detectors are equipped
with highly sensitive thermometers, so-called TESs to detect the tiny temperature variations due to particle
interactions in the NaI (Color figure online)

with a W-TES, optimized in geometry for the purpose of light detection. Such kind
of light detectors has already shown a baseline resolution of below 10 eV (sigma)
[11]. The beaker shape serves two purposes: scintillation light detection and an active
surrounding of the NaI crystal in combination with the carrier crystal whose diameter
slightly exceeds the size of the NaI. The active 4π -veto of the NaI established in this
way allows to reject any surface-related α-induced background in the region of interest
from ∼ 1 to 40 keV. A sketch of the COSINUS detector module is shown in Fig. 1.

3 Results from the second prototype detector

With our first proof-of-principle test, we confirmed the feasibility of building a NaI-
based cryogenic scintillating calorimeter by observing a linear relation between light
output and the energy deposited in the NaI crystal—considered the key enabler of the
approach [12].

The second prototype, with results presented here, had as goal the commissioning
of the full COSINUS detector design. In this measurement, a commercial NaI crystal
of∼70 g (20×20×30 mm3, produced by Hilger) was paired with the identical carrier
as used for the proof-of-principle test [12]. The interface, however, was changed from
silicon oil to epoxy resin (EpoTek 301) to study the effect of the thickness of the
interface on the achievable signal height (phonon transmission). The light absorber in
beaker shape has 40 mm in diameter and 38 mm in height.

In Fig. 2, data of this detector module in the light yield versus energy plane are
shown. Light yield refers to the ratio of energy detected in the light detector to the
energy deposited in the NaI crystal.

Twomain event distributions appear: the events due to e−/γ -interactions in NaI at a
light yield value around one including calibration lines from an external 241Am-source
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Figure 3.1. – Typical transition curve of a TES tungsten film. An operation of the thermometer in
its transition from the normalconducting to the superconducting state allows the detection of tiny
excursions in temperature DT by measuring the change in resistance DR of the TES.

3.2. Transition Edge Sensor (TES)

As mentioned in section 2.3, in CRESST transition edge sensors (TES) are used as
thermometers to read out the large dielectric absorbers. A transition curve of such a
sensor can be seen in figure 3.1. The steepness of the transition curve of the TES allows
the detection of small temperature changes DT (O(µK)) caused by particle interactions
in the absorber by measuring the change in resistance DR.

In the case of a conventional CRESST detector, the TES is made out of a thin tungsten
film (200 nm) which is evaporated onto the surface of the absorber crystal and extends
over an area of (6 x 8) mm2. In addition, a TES is equipped with contact pads made out
of aluminum. The connection between the contact pads of the sensor and the detector
holder is made using aluminum bond wires having a diameter of 25 µm (see figure 3.2).
Also the thermal link consisting of a gold wire bond (diameter of 25 µm) is visible.
This thermal link is bonded onto a long and thin gold structure which extends across
the tungsten film. It allows the sensor after a particle interaction in the absorber to relax
back to equilibrium.

In order to stabilize the TES at its operating point, a heater is used. It consists of a
gold stitch bond which is bonded to the same gold structure on the TES as also used for
the thermal link. In this way a stabilization of the TES in an operating point within a
few µK is practicable.

The TES is fabricated using thin film technology and photo-lithography. A tungsten
film evaporated onto the surface of the crystal is etched to the desired shape. Pattern
of gold and aluminum structures is carried out by two subsequent lift-off processes.
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Fig. 1 COSINUS detector module consisting of two independent channels: a NaI crystal that is supported
and read out via a carrier crystal and a separated beaker-shaped light detector. Both detectors are equipped
with highly sensitive thermometers, so-called TESs to detect the tiny temperature variations due to particle
interactions in the NaI (Color figure online)

with a W-TES, optimized in geometry for the purpose of light detection. Such kind
of light detectors has already shown a baseline resolution of below 10 eV (sigma)
[11]. The beaker shape serves two purposes: scintillation light detection and an active
surrounding of the NaI crystal in combination with the carrier crystal whose diameter
slightly exceeds the size of the NaI. The active 4π -veto of the NaI established in this
way allows to reject any surface-related α-induced background in the region of interest
from ∼ 1 to 40 keV. A sketch of the COSINUS detector module is shown in Fig. 1.

3 Results from the second prototype detector

With our first proof-of-principle test, we confirmed the feasibility of building a NaI-
based cryogenic scintillating calorimeter by observing a linear relation between light
output and the energy deposited in the NaI crystal—considered the key enabler of the
approach [12].

The second prototype, with results presented here, had as goal the commissioning
of the full COSINUS detector design. In this measurement, a commercial NaI crystal
of∼70 g (20×20×30 mm3, produced by Hilger) was paired with the identical carrier
as used for the proof-of-principle test [12]. The interface, however, was changed from
silicon oil to epoxy resin (EpoTek 301) to study the effect of the thickness of the
interface on the achievable signal height (phonon transmission). The light absorber in
beaker shape has 40 mm in diameter and 38 mm in height.

In Fig. 2, data of this detector module in the light yield versus energy plane are
shown. Light yield refers to the ratio of energy detected in the light detector to the
energy deposited in the NaI crystal.

Twomain event distributions appear: the events due to e−/γ -interactions in NaI at a
light yield value around one including calibration lines from an external 241Am-source
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3 Results from the second prototype detector

With our first proof-of-principle test, we confirmed the feasibility of building a NaI-
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2nd COSINUS prototype performance
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between the amount of energy going into light and the amount of energy converted
in heat allows for particle discrimination.

Status of the prototype development

The first and second COSINUS prototypes have been tested in the cryogenic test
facility of the Max Planck Institute installed deep underground in the Gran Sasso
National Laboratory (Italy). The dimension and the performance parameters of
the second COSINUS prototype are summarised in Tab. ??. The light yield (LY)
versus energy plane in Fig. ?? shows data distributed according to two populations:
an e�/� band centered around LY ' 1 and a population of events around LY ' 0,
attributed to the carrier. This second population is mainly attributed to stress
in the materials, which showed cracks during the unmounting [? ], and also to
particle events which released energy directly in the carrier. In the e�/� band the
discrimination of the atomic radiation from 40K is evidently confirmed, together
with the 60 keV line from an 241Am source. A relevant result is the discrimination
of another atomic spectral line, that is the iodine escape line at around 30 keV,
resulting from the photoelectric interaction of the 60 keV X-rays of the 241Am
source with the iodine K-shell electrons. The iodine K-shell binding energy is
' 33 keV. This result has a noteworthy implication. The most abundant isotope
of iodine is 127I and it has a non-null cross section (� ' 10 barns for thermal
neutrons (https://www.oecd-nea.org/janisweb/) for the (n, �) process which leads
to 128I production. 128I is unstable and decays to 128Xe via �� decay (⇠ 93.1%) and
to 128Te via electron capture (EC) (⇠ 6.9%) or via �+ decay (⇠ 0.0026%), with
half-life ⌧1/2 = 24.99 min [? ]. 128Te is left on its first nuclear excited state or on
its ground state. In the first case, an X-ray emission at ' 743.22 keV is expected
for nuclear de-excitation. The electron capture is followed by an atomic relaxation
occurring through X-ray and Auger emissions, which are likely to be detected as
the binding energies of the atomic shells (e.g. ' 32 keV and ' 4.3 keV, for K
and L3-shells respectively [? ]), whose intensities can be found in https://www-
nds.iaea.org/exfor/endf.htm. Single atomic spectral lines could emerge if the 128I
production process occurs on the crystal surface. COSINUS has proven to have
the chance for discriminating also this background.

Mass: ' 66 g
Exposure: 1.32 kg days

Crystal dimension: (20 ⇥ 20 ⇥ 30) mm3

Interface: Epoxy resin
Phonon detector threshold: [8.26 ± 0.02 (stat.)] keV (�baseline = 1.01 keV)

Light detector threshold: 0.6 keVee (�baseline = 0.015 keV)
Energy detected in light: ' 13%

Table 6.1: COSINUS 2nd prototype parameters [? ].
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and L3-shells respectively [? ]), whose intensities can be found in https://www-
nds.iaea.org/exfor/endf.htm. Single atomic spectral lines could emerge if the 128I
production process occurs on the crystal surface. COSINUS has proven to have
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between the amount of energy going into light and the amount of energy converted
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versus energy plane in Fig. ?? shows data distributed according to two populations:
an e�/� band centered around LY ' 1 and a population of events around LY ' 0,
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nds.iaea.org/exfor/endf.htm. Single atomic spectral lines could emerge if the 128I
production process occurs on the crystal surface. COSINUS has proven to have
the chance for discriminating also this background.

Mass: ' 66 g
Exposure: 1.32 kg days

Crystal dimension: (20 ⇥ 20 ⇥ 30) mm3

Interface: Epoxy resin
Phonon detector threshold: [8.26 ± 0.02 (stat.)] keV (�baseline = 1.01 keV)

Light detector threshold: 0.6 keVee (�baseline = 0.015 keV)
Energy detected in light: ' 13%
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After a few surface reflections the non-therma! phonons uniformly fill 
the crystal. For the present detector a time of order L/v ~ 10 # s is required 
to establish this uniform distribution, where L = 4 cm is the largest crystal 
dimension and v = 5 x 10 3 m/s  is a typical sound velocity. This time is short 
compared to the observed signal rise time of 15 to 250/zs. When such a 
high-frequency phonon enters the thermometer it is efficiently absorbed 
by the free electrons of the metal film. The strong interaction among 
the electrons quickly shares and thermalizes the phonon energy, heating 
the electron system in the thermometer. Due to this absorption of high- 
frequency phonons the electrons experience a time-dependent power input 
Pe(t). This is the origin of the fast signal component. 

Part of the energy thermalized by the electrons escapes into the heat 
sink via the Au wire attached to one end of the thermometer; the rest is 
radiated back as thermal phonons across the interface into the absorber, 
and leads to a rise of the absorber temperature which induces the slow 
component. At very low temperatures the weak thermal conductance 
Gep oc T 5 between electrons and phonons in the thermometer impedes this 
energy flow into the absorber and the dominant process is the heat conduc- 
tion along the film into the heat sink. (A discussion of the temperature 
dependence of Gep is given in Appendix A.) 
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absorber 

Fig. 6. Thermal model of the detector. T b is the temperature of the 
heat bath, T~ and Ta are the temperatures of the electron system 
in the thermometer and of the phonon system in the absorber, respec- 
tively, Ce and Ca are their heat capacities, and Pe and P .  are the 
energy flows from non-thermal phonons  into them. Gab, Gob and G~. 
are the thermal conductances. 

Ce
dTe

dt
+ Gea(Te − Ta) + Geb(Te − Tb) = Pe(t)

Ca
dTa

dt
+ Gea(Ta − Te) + Gab(Ta − Tb) = Pa(t)

The general model for TES-based cryogenic detectors was published by Pröbst et al. in 1995 (F. Pröbst et al, J. 
Low Temp. Phys. 100,69 (1995)).
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Ce
dTe

dt
+ Gea(Te − Ta) + Geb(Te − Tb) = Pe(t)

Ca
dTa

dt
+ Gea(Ta − Te) + Gab(Ta − Tb) = Pa(t)

·x(t) = A x + f(t)

x(t = 0) = (Tb

Tb)
ΔTe(t) = θ(t)[An (e−t/τn − e−t/τin) + At (e−t/τt − e−t/τn)]

The general model for TES-based cryogenic detectors was published by Pröbst et al. in 1995 (F. Pröbst et al, J. 
Low Temp. Phys. 100,69 (1995)).
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COSINUS pulses are not well described by the general model. A good fit of the model to data is achieved if an 
empirical additional thermal component is added.

G. Angloher et al. Results from the first cryogenic NaI detector for the COSINUS project. 
JINST, 12(11):P11007, 2017.

Motivation: Experimental findings
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Motivation: Experimental findings

1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of 
the model to data is achieved if an empirical additional thermal component is added.
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2. COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be 
identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is 
visible.
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1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of 
the model to data is achieved if an empirical additional thermal component is added.
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2. COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be 
identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is 
visible.

Hypotheses

Peculiar phonon propagation in NaI with respect to other materials


The presence of the carrier cannot be neglected


The carrier is not transparent to the NaI scintillation light
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1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of 
the model to data is achieved if an empirical additional thermal component is added.
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2. COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be 
identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is 
visible.

Hypotheses

Peculiar phonon propagation in NaI with respect to other materials


The presence of the carrier cannot be neglected


The carrier is not transparent to the NaI scintillation light

Extension of pulse 
shape model
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1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of 
the model to data is achieved if an empirical additional thermal component is added.



COSINUS: Cryogenic calorimeter based on NaI crystals

phenomenology

Ce
dTe

dt
+ Gea(Te − Ta) + Geb(Te − Tb) = Pe(t)

Ca
dTa

dt
+ Gea(Ta − Te) + Gab(Ta − Tb) = Pa(t)

Proposal: Extended pulse shape model
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Fig. 1 COSINUS detector module consisting of two independent channels: a NaI crystal that is supported
and read out via a carrier crystal and a separated beaker-shaped light detector. Both detectors are equipped
with highly sensitive thermometers, so-called TESs to detect the tiny temperature variations due to particle
interactions in the NaI (Color figure online)

with a W-TES, optimized in geometry for the purpose of light detection. Such kind
of light detectors has already shown a baseline resolution of below 10 eV (sigma)
[11]. The beaker shape serves two purposes: scintillation light detection and an active
surrounding of the NaI crystal in combination with the carrier crystal whose diameter
slightly exceeds the size of the NaI. The active 4π -veto of the NaI established in this
way allows to reject any surface-related α-induced background in the region of interest
from ∼ 1 to 40 keV. A sketch of the COSINUS detector module is shown in Fig. 1.

3 Results from the second prototype detector

With our first proof-of-principle test, we confirmed the feasibility of building a NaI-
based cryogenic scintillating calorimeter by observing a linear relation between light
output and the energy deposited in the NaI crystal—considered the key enabler of the
approach [12].

The second prototype, with results presented here, had as goal the commissioning
of the full COSINUS detector design. In this measurement, a commercial NaI crystal
of∼70 g (20×20×30 mm3, produced by Hilger) was paired with the identical carrier
as used for the proof-of-principle test [12]. The interface, however, was changed from
silicon oil to epoxy resin (EpoTek 301) to study the effect of the thickness of the
interface on the achievable signal height (phonon transmission). The light absorber in
beaker shape has 40 mm in diameter and 38 mm in height.

In Fig. 2, data of this detector module in the light yield versus energy plane are
shown. Light yield refers to the ratio of energy detected in the light detector to the
energy deposited in the NaI crystal.

Twomain event distributions appear: the events due to e−/γ -interactions in NaI at a
light yield value around one including calibration lines from an external 241Am-source
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with a W-TES, optimized in geometry for the purpose of light detection. Such kind
of light detectors has already shown a baseline resolution of below 10 eV (sigma)
[11]. The beaker shape serves two purposes: scintillation light detection and an active
surrounding of the NaI crystal in combination with the carrier crystal whose diameter
slightly exceeds the size of the NaI. The active 4π -veto of the NaI established in this
way allows to reject any surface-related α-induced background in the region of interest
from ∼ 1 to 40 keV. A sketch of the COSINUS detector module is shown in Fig. 1.

3 Results from the second prototype detector

With our first proof-of-principle test, we confirmed the feasibility of building a NaI-
based cryogenic scintillating calorimeter by observing a linear relation between light
output and the energy deposited in the NaI crystal—considered the key enabler of the
approach [12].

The second prototype, with results presented here, had as goal the commissioning
of the full COSINUS detector design. In this measurement, a commercial NaI crystal
of∼70 g (20×20×30 mm3, produced by Hilger) was paired with the identical carrier
as used for the proof-of-principle test [12]. The interface, however, was changed from
silicon oil to epoxy resin (EpoTek 301) to study the effect of the thickness of the
interface on the achievable signal height (phonon transmission). The light absorber in
beaker shape has 40 mm in diameter and 38 mm in height.

In Fig. 2, data of this detector module in the light yield versus energy plane are
shown. Light yield refers to the ratio of energy detected in the light detector to the
energy deposited in the NaI crystal.

Twomain event distributions appear: the events due to e−/γ -interactions in NaI at a
light yield value around one including calibration lines from an external 241Am-source
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with highly sensitive thermometers, so-called TESs to detect the tiny temperature variations due to particle

interactions in the NaI (Color figure online)

with a W-TES, optimized in geometry for the purpose of light detection. Such kind

of light detectors has already shown a baseline resolution of below 10 eV (sigma)

[11]. The beaker shape serves two purposes: scintillation light detection and an active

surrounding of the NaI crystal in combination with the carrier crystal whose diameter

slightly exceeds the size of the NaI. The active 4π -veto of the NaI established in this

way allows to reject any surface-related α-induced background in the region of interest

from ∼ 1 to 40 keV. A sketch of the COSINUS detector module is shown in Fig. 1.

3 Results from the second prototype detector

With our first proof-of-principle test, we confirmed the feasibility of building a NaI-

based cryogenic scintillating calorimeter by observing a linear relation between light

output and the energy deposited in the NaI crystal—considered the key enabler of the

approach [12].

The second prototype, with results presented here, had as goal the commissioning

of the full COSINUS detector design. In this measurement, a commercial NaI crystal

of∼70 g (20×20×30 mm3, produced by Hilger) was paired with the identical carrier

as used for the proof-of-principle test [12]. The interface, however, was changed from

silicon oil to epoxy resin (EpoTek 301) to study the effect of the thickness of the

interface on the achievable signal height (phonon transmission). The light absorber in

beaker shape has 40 mm in diameter and 38 mm in height.

In Fig. 2, data of this detector module in the light yield versus energy plane are

shown. Light yield refers to the ratio of energy detected in the light detector to the

energy deposited in the NaI crystal.

Twomain event distributions appear: the events due to e− /γ -interactions in NaI at a

light yield value around one including calibration lines from an external 241Am-source
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[11]. The beaker shape serves two purposes: scintillation light detection and an active
surrounding of the NaI crystal in combination with the carrier crystal whose diameter
slightly exceeds the size of the NaI. The active 4π -veto of the NaI established in this
way allows to reject any surface-related α-induced background in the region of interest
from ∼ 1 to 40 keV. A sketch of the COSINUS detector module is shown in Fig. 1.

3 Results from the second prototype detector

With our first proof-of-principle test, we confirmed the feasibility of building a NaI-
based cryogenic scintillating calorimeter by observing a linear relation between light
output and the energy deposited in the NaI crystal—considered the key enabler of the
approach [12].

The second prototype, with results presented here, had as goal the commissioning
of the full COSINUS detector design. In this measurement, a commercial NaI crystal
of∼70 g (20×20×30 mm3, produced by Hilger) was paired with the identical carrier
as used for the proof-of-principle test [12]. The interface, however, was changed from
silicon oil to epoxy resin (EpoTek 301) to study the effect of the thickness of the
interface on the achievable signal height (phonon transmission). The light absorber in
beaker shape has 40 mm in diameter and 38 mm in height.

In Fig. 2, data of this detector module in the light yield versus energy plane are
shown. Light yield refers to the ratio of energy detected in the light detector to the
energy deposited in the NaI crystal.

Twomain event distributions appear: the events due to e−/γ -interactions in NaI at a
light yield value around one including calibration lines from an external 241Am-source
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with a W-TES, optimized in geometry for the purpose of light detection. Such kind

of light detectors has already shown a baseline resolution of below 10 eV (sigma)

[11]. The beaker shape serves two purposes: scintillation light detection and an active

surrounding of the NaI crystal in combination with the carrier crystal whose diameter

slightly exceeds the size of the NaI. The active 4π -veto of the NaI established in this

way allows to reject any surface-related α-induced background in the region of interest

from ∼ 1 to 40 keV. A sketch of the COSINUS detector module is shown in Fig. 1.

3 Results from the second prototype detector

With our first proof-of-principle test, we confirmed the feasibility of building a NaI-

based cryogenic scintillating calorimeter by observing a linear relation between light

output and the energy deposited in the NaI crystal—considered the key enabler of the

approach [12].

The second prototype, with results presented here, had as goal the commissioning

of the full COSINUS detector design. In this measurement, a commercial NaI crystal

of∼70 g (20×20×30 mm3, produced by Hilger) was paired with the identical carrier

as used for the proof-of-principle test [12]. The interface, however, was changed from

silicon oil to epoxy resin (EpoTek 301) to study the effect of the thickness of the

interface on the achievable signal height (phonon transmission). The light absorber in

beaker shape has 40 mm in diameter and 38 mm in height.

In Fig. 2, data of this detector module in the light yield versus energy plane are
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energy deposited in the NaI crystal.
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1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of 
the model to data is achieved if an empirical additional thermal component is added.
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the model to data is achieved if an empirical additional thermal component is added.
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1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of 
the model to data is achieved if an empirical additional thermal component is added.
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1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of 
the model to data is achieved if an empirical additional thermal component is added.
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possible explanation

1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of 
the model to data is achieved if an empirical additional thermal component is added.
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Proposal: New energy reconstruction method based on EPSM
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1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of 
the model to data is achieved if an empirical additional thermal component is added.
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Implementation by M. Stahlberg

1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of 
the model to data is achieved if an empirical additional thermal component is added.
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1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of 
the model to data is achieved if an empirical additional thermal component is added.

Validation of the EPSM with experimental data
Implementation by M. Stahlberg

Original model EPSM
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2. COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be 
identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is visible.

Validation of the EPSM with experimental data
Implementation by M. Stahlberg
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band. The elastic distortion is characterized by the dc part of
the mode’s eigenvector ri

(0) , which is shown in panel ~b! of
Fig. 1.
The above procedure has also been performed on a larger

array of particles to insure that the periodic boundary condi-
tions do not influence the results. In a 1000 ion crystal the
IGM with amplitude a/d50.244 has the same eigenvector as
shown in Fig. 1 and its frequency differs by 1% from that for
the 216 ions NaI crystal. This frequency difference is asso-
ciated with a slightly different crystal distortion between the
two cases. The MD simulation test shows that the IGM re-
mains stable in the large crystal and its lifetime increases
slightly.
In order to investigate the role of point group symmetry

on the intrinsic gap mode parameters the zinc-blende struc-
ture has also been tested with the same potential. ~A local
minimum of the lattice energy occurs at the slightly larger
lattice constant, a57.00 Å.! The IGM eigenvector for 216
particles is shown in Fig. 2. Again the central ion vibrates in
the @111# direction. This mode has an amplitude to NN dis-
tance, r0

(1)/d5a/d50.116. Again the mode vibrational ei-
genvector ri

(1) , is localized on a central light Na1 ion and its
neighboring shells. Note that although the relative mode am-
plitude is only one half that of the IGM shown in Fig. 1, its
relative frequency occurs at the same value in the gap ~5.0%!
due to the larger elastic distortion in the zinc-blende lattice
near the mode center. The maximum vibrational amplitude
and dc distortion for each of the shells of particles shown in
Figs. 1 and 2 are given in Table I.
Typical power spectra of the central particle vibration is

presented in Fig. 3 for the eigenvectors shown in Figs. 1 and
2 after about 200 vibrations. These spectra reflect the stable
vibration of the IGM at frequencies close to the values pre-
dicted by Eq. ~2! both for the fcc and zinc-blende structures.
Note that the vibrational mode for the Oh symmetry site
shows a weak third harmonic while the IGM for the Td sym-
metry site shows all harmonics.
Figure 4 shows the IGM frequency versus the amplitude

for the two structures under investigation. The left sets of
data are for zinc blende and the right sets are for the fcc
lattice. These results indicate that the Td symmetry site ap-
pears to support more anharmonicity in the sense that for a
given vibrational amplitude the frequency of the IGM drops
farther into the forbidden gap and has a larger elastic lattice
distortion around the IGM center @compare Figs. 1~b! and
2~b!#.
The general behavior of the IGM frequency versus ampli-

TABLE I. Maximum amplitude in a shell versus shell index for
Figs. 1 and 2. Both the vibrational amplitude and the dc distortion
are given as fractions of the NN distance.

fcc Zinc blende

Shell Vib. amp. dc dist. Vib. amp. dc dist.

0 0.2438 0 0.1156 0.0291
1 0.0119 0.0244 0.0147 0.0220
2 0.0734 0.0074 0.0242 0.0064
3 0.0025 0.0132 0.0005 0.0039
4 0.0149 0.0078 0.0039 0.0038

FIG. 3. The power spectrum of the central particle vibration for
an IGM in an NaI crystal with either fcc or zinc-blende structure.
The eigenvectors shown in Figs. 1 and 2 are used as the initial
conditions for the MD simulations. The solid curve ~fcc lattice! is
shifted down by ten decades from the dashed curve ~zinc blende!
for clarity. The noise is associated with truncational errors.

FIG. 4. The frequency of an intrinsic gap mode as a function of
normalized amplitude, a/d . The left set of data are for the zinc
blende and the right set for the fcc lattice. The numerical solutions
of Eq. ~2! are represented by the solid lines for the @111# and by
dashed lines for the @110# crystal direction. The result of MD simu-
lations are given by the open diamonds for the @111# direction and
by open circles for the @110# direction.

55 5757GENERATION OF INTRINSIC VIBRATIONAL GAP . . .
S. A. Kiselev and A. J. Sievers. Generation of intrinsic 
vibrational gap modes in three-dimensional ionic crystals. 
Phys. Rev. B, 55:5755{5758, Mar 1997

Anharmonic oscillations can 
produce phonons in the gap 
which cannot propagate 
(intrinsic localised modes)
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Table 4.1: List of the NREFT building blocks [14, 182, 183].

transferred momentum, iq̂ and the transversal velocity, v̂?,

v̂? = v +
q

2µ
=

k + k0

2m�

� p + p0

2mN

(4.1)

where v is the DM-nucleon relative velocity, µ is the DM-nucleon reduced mass, k,
k0 ,p and p0 are the DM and nucleon initial and final momenta, m� and mN their
mass and v̂? is the transversal velocity, as v̂? ·q̂ = 0. The low energy-operators Ŝ�,
ŜN , iq̂ and v̂? are all hermitian as well as their combinations. All the independent
contributions to the NR amplitude, MNR, are obtained by contraction of the low-
energy operators with Kronecker deltas �ij and ✏ijk-tensors [181]. The resulting
set of building blocks, Ôi, up to first order in v̂? and second order in q̂, are listed
in Tab. 4.1 [14, 182].

Ô1 and Ô4 are the two interactions which are separately adopted to show the
experimental limits on the cross-section versus DM-mass parameter space, the con-
ventional spin-independent (SI) and spin-dependent (SD) interactions discussed in
Sec. 3.3. The operator Ô2 = v?2Ô1 was initially included among the possible in-
teresting operators but removed afterwards, as quadratic in v̂? and / Ô1. The
same is true for Ô16 which is a linear combination of Ô12 and Ô15 [148].

For spin = 1/2, the operator Si = �i/2, where �i is the Pauli matrix (Si stays
both for S� and SN). The two additional operators in this list, Ô17 and Ô18, with
respect to the sixteen appearing in [14], extend the list to DM-spin = 1 [184] and
the other two further operators, Ô19 and Ô20, for spin-1 DM are found in [183].
S is a symmetric combination of DM-polarization vectors, Sij = i(✏†

i
✏j + ✏†

j
✏i). In

the reference frame where the z-axis is aligned to the DM particle momentum, k,
the polarisation vector is defined as,
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Theoretical framework
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B3

DM direct detection EFT: two applications
1. Annual modulation in NREFT

Theoretical framework
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B4

DM direct detection EFT: two applications
1. Annual modulation in NREFT

Results: time of maximal differential rate
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DM direct detection EFT: two applications
1. Annual modulation in NREFT

Results: target dependence in CRESST for MDDM (Anapole Dark Matter)
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COSINUS: Cryogenic calorimeter based on NaI crystals

phenomenology

Usual LY obtained using the NTD 
channel. Neutrons are shown in red

LY with energy reconstructed with the 
new integrated method based on  EPSM 

Validation of the EPSM with experimental data

B6

Implementation by M. Stahlberg

2. COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be 
identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is visible.



COSINUS: Cryogenic calorimeter based on NaI crystals

phenomenology

B7

LAMMPS

Molecular Dynamics Simulations
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