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Nature of  dark matter ? 3

FIG. 1: (Color online) Several well-motivated candidates of DM are shown in the log-log plane of DM relic mass and �int

representing the typical strength of interactions with ordinary matter. The red, pink and blue colors represent HDM, WDM
and CDM, respectively. This plot is an update of the previous figures [453, 562].

emerges from the Peccei-Quinn (PQ) solution to the strong CP problem and the neutralino which emerges from a
supersymmetric solution to the gauge hierarchy problem. In cases such as these and others, the relic abundance of DM
along with DM detection rates are calculable in terms of fundamental parameters, and thus subject to experimental
searches and tests.

Generally, DM relics are considered to be produced in the early Universe in (at least) two distinct ways. One
possibility involves DM particles generated in processes taking place in thermal equilibrium, which we will generically
refer to as thermal production (TP), and the relics produced this way will be called thermal relics. On the other
hand, non-thermal production (NTP), will refer to processes taking place outside of the thermal equilibrium, and the
resulting relics will be called non-thermal relics. The first class of processes will include the freeze-out of relics from
thermal equilibrium, or their production in scatterings and decays of other particles in the plasma. The second will
include, for example, relic production from bosonic field coherent motion or from out-of-equilibrium decays of heavier
states or from bosonic coherent motion.

Working within the Standard Model (SM) of particle physics, it is found that none of the known particles have
the right properties to constitute CDM. At one time, massive SM(-like) neutrinos were considered a possibility.
Measurements of the number of light neutrinos at LEP combined with calculations of their relic abundance rule out
this possibility [324].

Instead, the most often considered theoretical candidate for CDM is the weakly interacting massive particle, or
WIMP. It is worth stressing, however, that the WIMP is not a specific elementary particle, but rather a broad class
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From astrophysics and 
searchs for new particles: 

• no strong self-interaction 
• no colour charge
• no electric charge

Stable or long lived 

The cross-sections and 
masses of candidates span 
many orders of magnitude!

This talk: two classes of well 
motivated candidates: 
•WIMPs
•Axions 



Direct detection of  WIMPs
Search for elastic collisions of the WIMP  with atomic nucleus in a 
low background detector 
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Differential rate x nuclear recoil

Xenon A=131  

Germanium A=73

Argon A=40

Silicon A=28

Neon  A=20

Snowmass CF1  Arxiv  1310.8327

�SI
0 = 10�45 cm2

Lower threshold, larger sensitivity:  spectrum rises exponentially towards low energy

Deposited energy from 0.1 to 100 keV (measured by  ionization, phonon or 
scintillation signals)
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Figure 21. Di↵erential rate versus nuclear recoil energy for 1 (upper left), 10 (upper right), 100 (lower
left) and 1,000GeV (lower right) WIMP masses assuming a spin-independent WIMP-nucleon cross section of
10�45 cm2, shown for Xenon (blue), Germanium (purple), Argon (green), Silicon (brown) and Neon (orange)
target.

the history of the field gives us confidence that progress will continue unabated through the next decade.
Beyond this point, sensitivity gains will begin to be limited by solar and atmospheric neutrino backgrounds.

10.2 Establishing a Discovery

Direct detection experiments must be able to detect the tiny (⇠keV) energy depositions of dark matter
while simultaneously excluding the background from standard model interactions at extraordinary levels
(<1 event/ton/year). In order for an observation of signal candidates in a given experiment to be convincing
evidence for WIMPs to the experimenters themselves, the results must be statistically significant (>3�) and
the estimate of the known backgrounds must be robust. In order to convince the community that WIMP
dark matter has been discovered, at least two such experiments with di↵erent targets and di↵erent systematic
e↵ects are required to provide evidence at the 5� level that is compatible with a single WIMP model, cross
section, and mass. Making some form of the experimental data public to the will help establish trust in the
result.

Robust estimate of experimental backgrounds requires use of in-situ experimental data to estimate known
backgrounds and to reduce the probability of the existence of any unknown backgrounds. Independent means

Community Planning Study: Snowmass 2013

m� = 10GeV/c2
m� = 1GeV/c2

m� = 100GeV/c2 m� = 1000GeV/c2

Most evident for heavy target isotopes, more important for low mass WIMPS
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Fig. 11. Flux of muons (dashes) and muon-induced neutrons (solid) as functions of
depth underground, measured in terms of the equivalent thickness of water in km below
a flat surface that is needed to provide equal shielding. E↵ective depths of primary un-
derground facilities for dark matter experiments are listed (Canfranc is similar to Soudan
or Kamioka). Although the neutron background resulting from a given fast neutron flux
is highly dependent on the experimental setup and materials, the curve of neutron flux
(still solid) referred to the right-hand axis shows the limit on sensitivity reach due to
neutron backgrounds for one possible experimental setup.77 At depths below about 10
km w. e., the muon flux is 3⇥10�12 cm�2 s�1, dominated by neutrino-induced muons.76

Experiments take additional precautions against other sources of back-
grounds, which otherwise would cause ⇠ 104 events keV�1kg�1day�1. Low-
radioactivity copper, which is straightforward to produce, or lead with an
inner liner of ancient lead (for which radioactive isotopes present at its
smelting have decayed away) is used to reduce the background from pho-
tons, typically by 4–5 orders of magnitude. Any air near the detectors is
purged of radon. Figure 12 shows a typical shielding setup around an exper-
iment. Materials that surround or constitute the detector must be ultra-
low-radioactivity, requiring they be screened for possible contamination.
Residual radioactivity in the detectors or their shielding typically is the
dominant source of background in experiments, with radioactivity on de-
tector surfaces (typically from plateout of radon daughters) a particular
problem.

In addition to shielding backgrounds, experments reject events that
are more likely to be due to backgrounds such as photons, electrons, or
alpha-particles. For example, WIMPs interact so weakly that they never
interact more than once in a detector, allowing experiments to reject
multiple-scatter events. Most detectors allow rejection of some multiple-
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Backgrounds

• Cosmic rays and their secondaries
• Cosmic activation of detector 

materials at Earth's surface
• Natural radioactivity:  238U, 232Th,  

222Rn, 40K  
• Antropogenic sources:   85Kr,  137Cs

Baudis et al.   ArXiv 1309.7024

Ultimate background:  neutrinos

Ex:  Xenon liquid detector
Summed differential spectrum for pp 
and 7Be
double beta decay of 136Xe
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Figure 2: (Left) Summed di↵erential energy spectrum for pp and 7Be neutrinos (red) in a LXe detector. The electron
recoil spectrum from the double beta decay of 136Xe (blue), as well as the expected nuclear recoil spectrum from
WIMP scatters for a spin-independent WIMP-nucleon cross section of 2⇥10�47 cm2 (solid black) and 2⇥10�48 cm2

(dashed black) and WIMP masses of 100GeV/c2 and 40GeV/c2 is also shown. A 99.5% discrimination of electronic
recoils is assumed. (Right): The di↵erential nuclear recoil spectrum from coherent scattering of neutrinos (red) from
the Sun, the di↵use supernova background (DSNB), and the atmosphere (atm), compared to the one from WIMPs
for various masses and cross sections (black). The coherent scattering rate will provide an irreducible background
for low-mass WIMPs, limiting the cross section sensitivity to ⇠ 4 ⇥ 10�45 cm2 for WIMPs of 6GeV/c2 mass, while
WIMP masses above ⇠ 10GeV/c2 will be significantly less a↵ected. For both plots, the nuclear recoil signals are
converted to an electronic recoil scale (see [27]) and a nuclear recoil acceptance of 50% is assumed. Figure from [27].

below the energy thresholds of current and likely also future noble liquid detectors. Nuclear recoils from
atmospheric neutrinos and the di↵use supernovae neutrino background will yield event rates in the range 1-
5 events/(100 ton⇥year), depending on the target material, and hence will dominate measured spectra at a
WIMP-nucleon cross section below 10�49cm2 [28, 29, 30, 31, 27]. Figure 2 shows the expected background
spectrum from pp and 7Be solar neutrinos (left), as well as from coherent scattering of solar, atmospheric
and di↵use supernova background neutrinos (right) in a detector using xenon as target material. Also shown
are predicted WIMP-induced di↵erential nuclear recoil spectra for various WIMP masses and cross sections.
The underlying assumptions are detailed in the figure caption, and in [27].

4. Liquefied noble gases as WIMP targets

From all noble elements, only argon and xenon are currently used as targets for dark matter detection.
Neon has been suggested as a medium for low-energy neutrino detection, and could potentially be employed
in the search for WIMPs [32]. In their liquid phase, noble elements are excellent media for building large,
homogeneous, compact and self-shielding detectors. Liquid xenon (LXe) and liquid argon (LAr) are excellent
scintillators and good ionizers in response to the passage of radiation. The simultaneous detection of
ionization and scintillation signals allows to identify the primary particle interacting in the liquid, for the
ratio of the two observables depends on dE/dx. In addition, the 3D position of an interaction can be
determined with sub-mm (in the z-coordinate) to mm (in the x-y-coordinate) precisions in a time projection
chamber (TPC). These features, together with the relative ease of scale-up to large detector masses, have
contributed to make LXe and LAr powerful targets for WIMP searches [33, 34].

Table 4 summarizes the physical properties of argon and xenon. Their atomic number, density, boiling
point temperature, dielectric constant, abundance in the atmosphere and intrinsic radioactive isotopes de-
termine practical aspects of a dark matter detector. Xenon is heavier and its high liquid density helps to
design a compact detector geometry with e�cient self-shielding. Its fraction in the atmosphere is very low,
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(dashed black) and WIMP masses of 100GeV/c2 and 40GeV/c2 is also shown. A 99.5% discrimination of electronic
recoils is assumed. (Right): The di↵erential nuclear recoil spectrum from coherent scattering of neutrinos (red) from
the Sun, the di↵use supernova background (DSNB), and the atmosphere (atm), compared to the one from WIMPs
for various masses and cross sections (black). The coherent scattering rate will provide an irreducible background
for low-mass WIMPs, limiting the cross section sensitivity to ⇠ 4 ⇥ 10�45 cm2 for WIMPs of 6GeV/c2 mass, while
WIMP masses above ⇠ 10GeV/c2 will be significantly less a↵ected. For both plots, the nuclear recoil signals are
converted to an electronic recoil scale (see [27]) and a nuclear recoil acceptance of 50% is assumed. Figure from [27].
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below the energy thresholds of current and likely also future noble liquid detectors. Nuclear recoils from
atmospheric neutrinos and the di↵use supernovae neutrino background will yield event rates in the range 1-
5 events/(100 ton⇥year), depending on the target material, and hence will dominate measured spectra at a
WIMP-nucleon cross section below 10�49cm2 [28, 29, 30, 31, 27]. Figure 2 shows the expected background
spectrum from pp and 7Be solar neutrinos (left), as well as from coherent scattering of solar, atmospheric
and di↵use supernova background neutrinos (right) in a detector using xenon as target material. Also shown
are predicted WIMP-induced di↵erential nuclear recoil spectra for various WIMP masses and cross sections.
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4. Liquefied noble gases as WIMP targets

From all noble elements, only argon and xenon are currently used as targets for dark matter detection.
Neon has been suggested as a medium for low-energy neutrino detection, and could potentially be employed
in the search for WIMPs [32]. In their liquid phase, noble elements are excellent media for building large,
homogeneous, compact and self-shielding detectors. Liquid xenon (LXe) and liquid argon (LAr) are excellent
scintillators and good ionizers in response to the passage of radiation. The simultaneous detection of
ionization and scintillation signals allows to identify the primary particle interacting in the liquid, for the
ratio of the two observables depends on dE/dx. In addition, the 3D position of an interaction can be
determined with sub-mm (in the z-coordinate) to mm (in the x-y-coordinate) precisions in a time projection
chamber (TPC). These features, together with the relative ease of scale-up to large detector masses, have
contributed to make LXe and LAr powerful targets for WIMP searches [33, 34].

Table 4 summarizes the physical properties of argon and xenon. Their atomic number, density, boiling
point temperature, dielectric constant, abundance in the atmosphere and intrinsic radioactive isotopes de-
termine practical aspects of a dark matter detector. Xenon is heavier and its high liquid density helps to
design a compact detector geometry with e�cient self-shielding. Its fraction in the atmosphere is very low,
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WIMP 40 GeV,  2x10-48 cm2

WIMP 100 GeV,  2x10-47 cm2
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WIMP modulation 

170 Dark Matter: An Introduction

respectively, given by (with mi denoting mass of the nucleus i)

ax1 =
mx1

mx1 +mx2

,

ax2 =
mx2

mx1 +mx2

. (10.39)

10.2.1 Annual Variations

The annual periodicity of Earth’s motion around the sun (v⊕ (Eq.
10.31)) imparts a periodic variation of the detection rate given by Eq.

10.36. This is known as annual modulation of the rate of dark matter
direct detection signal that a direct dark matter detection experiment

should observe. This annual variation in the rate of dark matter sig-
nal can be understood from Fig. 10.1. The sun (along with the Earth)

Dark Matter Wind

220 km/sec

Galactic

Plane

Sun

Earth

Earth

June

December

Cygnus

Vp

Vp

FIGURE 10.1

Schematic diagram to explain the annual modulation of dark matter

direct detection signal.

moves through the “static” dark matter halo of the Milky Way in the

direction of the Cygnus constellation. As a result, the Earth will en-
counter an apparent dark matter wind coming from the direction oppo-

Earth's orbit around the sun: 
• the relative velocity between DM particles in galactic halo and 

detectors varies over the year
• approximately sinusoidal modulation for the recoil rate of DM at 

keV energies
• peaks in early June
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From those will discuss only three  
running experiments,   DAMA, 
XENON100 and DAMIC  and a 
future experiment DARWIN



WIMP spin independent measurements

          Dan Akerib SLAC / Kipac / Stanford TAUP 2015
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DAMA/LIBRA  modulation signal

• Array of NaI (sodium iodide)  crystals in 1995
• Operating the current DAMA/LIBRA setup of 250 kg of NaI since 2003. 
• Observed an annual modulation in their data ( 9σ significance) with a 

phase consistent with that expected from galactic dark matter interactions.
• If signal is interpreted as evidence of scattering of WIMP dark matter:  strong 

tension with results from many other searches. 
• No successful experimental or theoretical explanation for the annual 

modulation signal.

22

dramatically better pulse shape discrimination properties of CsI(Na) compared to CsI(Tl) and NaI(Tl). The
PICO-LON collaboration is developing a 100 kg NaI (T1) detector with thin layers, allowing gamma ray
background to be reduced by anti-coincidence [63]. A Princeton-based group is developing NaI(Tl) with
better radiopurity than the DAMA/LIBRA material. Finally, DM-Ice [64] is currently running 17 kg of NaI
at the bottom of two phototube strings in the IceCube array at the South Pole, with plans to upgrade to
250 kg by the end of 2015. DM-Ice’s location in the southern hemisphere will directly test whether the
modulation observed in DAMA/LIBRA correlates with seasonal e↵ects (out of phase in southern versus
northern hemispheres) or with the earth’s velocity relative to the galaxy (in phase in both southern and
northern hemispheres).

It is very important for more progress to be made in resolving the DAMA/LIBRA claims of a dark matter
signal, and several independent measurements in di↵erent locations will provide very important observations
that will significantly strengthen or weaken these claims. Fig. 17 shows the annual modulation signal from

Figure 17. Residual rate in counts/kg/keV/d from the DAMA/LIBRA experiment as a function of time,
showing the annual modulation signal that the collaboration interprets as evidence for detection of dark
matter.

DAMA/LIBRA.

Community Planning Study: Snowmass 2013

DAMA Coll,  Arxiv  1003.1028



Xenon100
XENON - Detectors

XENON10
2005 – 2007

15 cm
25 kg

> 8.8 x 10-44 cm2

XENON100
2008 – 
30 cm
161 kg

> 2 x 10-45 cm2 

XENON1T
2015 – 
100 cm
3300 kg

~2 x 10-47 cm2

XENONnT
2018 – 
130 cm
7000 kg

~2 x 10-48 cm2
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Two-phase time projection chamber
Chapter 2. The XENON100 Experiment
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 Field 

Figure 2.1: Detection principle of a two-phase time
projection chamber (TPC). Interactions in the liquid
xenon volume (LXe) create both prompt scintilla-
tion light (S1) and ionization electrons. In the ap-
plied electrical field the electrons are drifted parallel
to the field lines until they reach the liquid/gas in-
terface. Extracted into the gaseous xenon (GXe) by
a much stronger field they generate secondary am-
plified scintillation signal (S2). The time di↵erence
between S1 and S2 can be mapped to the height of
the vertical event position.

ization tracks through the gas gap. This provides a secondary, amplified signal (S2) which enables to
reconstruct the original event location along the vertical direction by measuring the time di↵erence
dt between S1 and S2 signals. It can be translated into a physical drift length of electrons parallel to
the electric field lines from the interaction vertex to the liquid surface. This justifies labeling the inner
structure, enclosed by the PTFE walls and the PMT arrays, a time projection chamber (TPC) because
the time gap dt is mapped to a spatial coordinate. In addition, the position in the perpendicular plane
can be derived from the S2 hit pattern on the top PMT array, as explained in more detail in Sec. 2.1.4.

We continue first with a more detailed discussion of the signal creation processes in LXe and return
afterwards to the realization of the TPC principle in the XENON100 detector design.

2.1.1 Scintillation and ionization in liquid xenon

Featuring an electronic band structure, liquid xenon and other liquefied rare gases share some electri-
cal properties with semi-conductors due to the large gap between their valence and conduction band
[48, 49]. Incoming radiation or particles produce ionized and excited atoms (so called excitons) along
their track. The excitons Xe can subsequently collide with surrounding xenon atoms and form ex-
cited molecular states Xe2 , named excited dimers or excimers. When they decay to the ground level,
vacuum ultraviolet (VUV) scintillation light is emitted at a mean wavelength of 178 nm [50, 51, 36]:

Xe Xe Xe2 (2.1)
Xe2 2 Xe �. (2.2)

Emitted electrons from the ionization process can either recombine with surrounding ions or escape.
This e↵ect is balanced by the presence of an externally applied electric field and also depends on
the geometrical track structure of di↵erent types of ionizing particles [36]. Recombination provides
another possibility to produce excitons apart from direct excitation:

Xe Xe Xe2 (2.3)
Xe2 e Xe Xe (2.4)

Xe Xe heat. (2.5)
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number of extracted electrons via the gain factor gS2

S2obs gS2 Nq dt . (2.12)

The gain factor gS2 describes the amplification through photons in the gas phase and depends on pa-
rameters describing the secondary amplification stage, e.g. size of the acceleration gap, anode voltage
or GXe vapor pressure above the liquid phase. It encodes furthermore the collection and quantum
e�ciency of those PMTs converting the proportional scintillation light into photoelectrons. Typical
values achieved in XENON100 are gS2 20 PE e depending on the specific xenon gas configura-
tion and can be determined from in-situ measurements of the single electron S2 distribution [60].

For later use in Chapter 5 it is necessary to discuss how the S2obs signal fluctuates. The large number
of secondary photons implies that the accumulated signal distribution pS2 can be well approximated
by Gaussian statistics, making the reasonable assumption that the total amplification is the direct sum
of independent single electron contributions:

pS2 S2obs; gS2Nq,�S2
1

2⇡�S2
exp

S2obs gS2Nq
2

2�2
S2

. (2.13)

By definition, gS2Nq is the expected mean value and the 1� width is proportional to the spread �gS2
of the single electron S2 distribution and the square root of amplified electrons Nq, thus �S2
�gS2 Nq.

Di↵usion of the drifting electron cloud and secondary amplification in the gas phase imply a much
broader time spread of the S2 signals with respect to the narrow S1 pulses. Waveforms typically fea-
ture a Gaussian shape, like the example depicted in Fig. 2.3, and extend over 1–2 microseconds. In this
way they can be well separated from S1 candidates by peak shape analysis of digitized waveforms.

2.1.4 Position reconstruction and signal correction

One of the major advantages of a two-phase detector is provided by the ability to determine particle
interaction vertices in all three spatial dimensions with high accuracy. It is crucial for the selection of
inner partial volumes (often called fiducial volumes, FV) and the consequent rejection of background
radiation from surrounding detector materials and surfaces.
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Figure 2.4: Determination of the electron
drift time for translation into the z event coor-
dinate. Therefore, it is necessary to measure
the time distance between the delayed S2 and
prompt S1 signals in the recorded waveforms
of the XENON100 detector.

The coordinate system of the XENON100 detector is spanned by a vertical z axis and an orthogonal
(x,y) plane. The z axis is defined along the centre line of the cylindrical TPC and points in upward di-
rection, anti-parallel to the electric drift field lines. Its origin is set at the liquid/gas interface such that
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 Hamamatsu R8520 PMTs

The two-phase (liquid–gas) operation requires a precisely con-
trolled liquid level just covering the gate grid. To minimize the im-
pact of liquid density variations due to temperature changes as
well as fluctuations in the gas recirculation rate, a diving bell
design was chosen to keep the liquid at a precise level. Outside
the bell, the liquid in the detector vessel can be at an arbitrarily
high level. This made it possible to fill the vessel to a height of
about 4 cm above the bell, enabling a 4p coverage of the TPC with
a LXe veto.

The bell keeps the liquid level at the desired height when a con-
stant stream of gas pressurizes it. This is accomplished by feeding
the xenon gas returning from the gas recirculation system (see
Section 3.5) into the bell. The pressure is released through a small
pipe that reaches out into the veto LXe volume. The height of the
LXe level inside the bell is adjusted by vertically moving the open
end of the pipe which is connected to a motion feedthrough.

In order to minimize the dependence of the charge signal on the
xy-position, the liquid–gas interface has to be parallel to the anode.
To facilitate leveling, the detector can be tilted with two set screws
from the outside of the radiation shield. Four level meters, measur-
ing the capacitance between partially LXe filled stainless steel
tubes and a Cu rod placed in their center, as well as the measured
S2 signal width at different locations, are used to level the detector
(see Section 5.2).

Two arrays of Hamamatsu R8520-06-Al 1’’ square photomulti-
plier tubes (PMTs), specially selected for low radioactivity [28],
detect the light in the TPC: 98 PMTs are located above the target
in the gas phase, arranged in concentric circles in order to improve
the resolution of radial event position reconstruction, see Fig. 3
(top). The outmost ring extends beyond the TPC radius to improve
position reconstruction at the edges. The remaining photocathode
coverage is 43.9% of the TPC cross section area. The energy thresh-
old and hence the sensitivity of the detector is determined by the S1
signal. Because of the large refractive index of LXe of (1.69 ± 0.02)
[36], and the consequent total internal reflection at the liquid–gas
interface, about 80% of the S1 signal is seen by the second PMT ar-
ray, which is located below the cathode, immersed in the LXe. Here,
80 PMTs provide optimal area coverage (in average 52% useful PMT
photocathode coverage with 61% in the central part) for efficient S1
light collection, see Fig. 3 (bottom). The bottom PMTs have a higher
quantum efficiency compared to the top PMTs. This is shown in
Fig. 4, together with the distribution of the PMT quantum efficiency
in the detector. The photoelectron collection efficiency from the
photocathode to the first dynode for this type of PMT is about
70%, according to Hamamatsu.

A LXe layer of about 4 cm thickness surrounds the TPC on all
sides and is observed by 64 PMTs, of the same type as used for
the TPC readout. In total, this volume contains 99 kg of LXe. The
presence of this LXe veto, operated in anti-coincidence mode, is
very effective for background reduction [27] and is one major dif-
ference in design compared to XENON10. The LXe veto is optically
separated from the TPC by the interlocking PTFE panels. Optical

Fig. 2. Drawing of the XENON100 dark matter detector: the inner TPC contains
62 kg of liquid xenon as target and is surrounded on all sides by an active liquid
xenon veto of 99 kg. The diving bell assembly allows for keeping the liquid–gas
interface at a precise level, while enabling to fill LXe in the vessel to a height above
the bell.

Fig. 3. (Top) The Hamamatsu R8520-06-Al PMTs on the top of XENON100 are
arranged in concentric circles in order to improve the reconstruction of the radial
event position. (Bottom) On the bottom, the PMTs are arranged as closely as
possible in order to achieve high light collection, as required for a low detector
threshold.

E. Aprile et al. / Astroparticle Physics 35 (2012) 573–590 575

Top of the TPC:

arranged in concentric 
circles to improve the 
reconstruction of the radial 
event position

Bottom of the TPC:

arranged as closely as 
possible in order to 
achieve high light collection 
(low threshold detector)

position reconstruction based on S2 hit pattern:
Δr < 3mm, Δz < 2mm
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Spatial events distribution in TPC
Chapter 2. The XENON100 Experiment

Figure 2.20: Measured event distribution in the discrimina-
tion space after 225 live days (black points). Underlying is
the expected signal region calibrated by 241AmBe neutron
recoils (light red histogram). Blue lines define the bench-
mark region for the PL analysis as described in text. The
vertical green line limits the upper range for the maximum-
gap evaluation. The green horizontal line corresponds to
the 99.75% electronic leakage rejection probability. Figure
adopted from [42].

Figure 2.21: Spatial event distribution inside the TPC of
the 225 live days dataset. Shown in black (grey) are
all events below (above) the 99.75% rejection line. The
pre-defined inner 34 kg fiducial volume is drawn with red
dashed lines. The distribution does not show any unex-
pected feature including the two event positions inside the
chosen volume. The background suppression in the inner
parts from the xenon self-shielding is remarkable. Figure
taken from [42].

assumed astrophysical and measured experimental parameters, such as Le f f , which enter the compu-
tation of expected WIMP rate and recoil signature. The method also allows for a natural transition
between a discovery claim and an exclusion limit, which is a deficit of other common approaches, like
the maximum-gap method [70], suitable only for the extraction of limits. The maximum gap method is
applied for the classical cut-based evaluation of data and was performed to cross-check the likelihood
ratio method also because it provides a more intuitive way of interpretation. As mentioned above, the
discrimination level of electronic background is fixed at 99.75% exclusion probability, constant over
the predefined S1 interval between 3 20 PE. This window is somewhat restricted compared to the
one in the profile likelihood method (3 30 PE) to yield the best signal-to-background ratio. The
lower S1 threshold could be shifted towards a smaller value compared to the previous 100 live days
run (at 4 PE) because of the improved hardware trigger condition (Sec. 2.3) and better control of the
very small S1 electronic noise level. These boundaries, together with the lower 3� quantile of the
nuclear recoil band, define the a priori benchmark region. The classical method neglects the shapes of
the signal and background distribution and is solely based on a comparison between the background
expectation and number of observed events. A total number of 1.0 0.2 background events was fi-
nally predicted in the cut-based benchmark region. The number is composed of two components. One
is the number of predicted Gaussian and anomalous leakage from the electronic recoil band distribu-
tion and gives 0.79 0.16. The complementary number of 0.17 0.12

0.07 is inferred from a Monte Carlo
simulation of ambient neutron events [62, 71, 42], induced by spontaneous fission and muon spalla-
tion in the detector environment. These events cannot be discriminated by their ratio of S2/S1 since
they would leave a nuclear recoil signature in the detector. After all data selection criteria had been
fixed and an event expectation had been placed for the cut-based evaluation, 2 events were found in
the pre-defined benchmark area after unblinding as shown in Fig. 2.20. They feature good waveform
quality and are located at low values in the discrimination parameter near the detection threshold. The
spatial location of events does not exhibit unexpected features, for both below and above the 99.75%
rejection line, as presented in Fig. 2.21. The translation from the S1 photoelectron scale to deposited

36

34 kg fiducial 

powerful background 
suppression

• fiducialization
• event multiplicity

single scattering events, 
225 live days, 2011/2012

black dots: events below 
97.5% rejection cut

low background experiment:  ~5 x 10-3 evts/kg/keV/day after veto cut 
and before S2/S1 discrimination
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WIMP landscape and prospects

Dan Akerib SLAC / Kipac / Stanford TAUP 2015

Liquid nobles summary
• Saw 4 main approaches 

across 8 major programs!

• Already major impact on 
WIMP DM since 2007!

• Several new results 
expected through 2016!

• Primary approach at 10 
GeV and above !

• Challenges, yes…!

• HV, target acquisition, 
purity & storage, pp 
solar!

• Realistic path to 
neutrino floor over ~ 
next decade-ish

Physics reach: WIMP space

DARWIN can probe the experimentally available parameter space for WIMPs (m > 10 GeV/c2)

Patrick Decowski - Nikhef/UvA
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Exclusion of  Leptophilic Dark Matter Models3

get the contribution at a given recoil energy. Given the
requirement that the energy deposited in the detector
must be more than the binding energy of the electron,
the largest contribution to the rate in a sodium iodide
target comes from the 3s shell of iodine. The contribu-
tions from sodium are two orders of magnitude smaller.
The momentum-space wave functions for xenon atoms
and iodine anions are nearly identical as a result of their
similar electron structure. This has the important con-
sequence that a comparison between sodium iodide and
xenon is independent of the dark matter halo. The ratio
of the calculated di↵erential rates in xenon and sodium
iodide are shown in Fig. 2 as a function of deposited en-
ergy, considering the full shell structure. This ratio has
negligible dependence on the WIMP mass.

We contrast the DAMA/LIBRA signal, interpreted as
WIMPs coupling to electrons through axial-vector inter-
actions, with XENON100 data. The energy spectrum of
the modulation amplitude [4] is multiplied by the energy-
dependent ratio from Fig. 2 and by a constant factor of
1.88, which accounts for the time integral of the mod-
ulated signal that is expected in our 70 summer live
days (Fig. 1). The deposited electronic recoil energy in
XENON100 is estimated from the S1 signal, measured
in photoelectrons (PE), using the NESTv0.98 model [25]
which consistently fits the available data [26–29]. The
energy scale, shown in [16], includes a systematic un-
certainty that decreases from 20% to 7% from 1 keV to
10 keV, reflecting the spread and uncertainties in the
measurements. The S1 generation is modelled as a Pois-
son process and the PMT resolution is taken into account
in order to obtain the predicted XENON100 S1 spectrum
from the scaled energy spectrum [18]. Our resolution is a
factor 2 worse than that of DAMA/LIBRA; the feature
at 5.2 keV in Fig. 2 is lost in this process.

The converted DAMA/LIBRA and measured
XENON100 energy spectra are shown in Fig. 3.
Part of the DAMA/LIBRA signal is expected to be
seen below 2 keV due to the finite energy resolution of
XENON100. The uncertainty in the converted signal
includes both the statistical uncertainty in the original
DAMA/LIBRA energy spectrum [4] as well as the
uncertainties from our energy conversion. The electronic
recoil cut acceptance, shown in [16], was applied to the
converted DAMA/LIBRA spectrum. The uncertainty
shown in the XENON100 data is statistical.

The energy region to determine the level of exclusion
was chosen starting at the threshold of 3 PE [14] to
the point where the DAMA/LIBRA signal falls below
the expected average XENON100 rate (cyan in Fig.3,
calculated using a flat spectrum background model and
scaled for the live time of the data set), which is at
14 PE, corresponding to (2.0–5.9) keV. Taking system-
atic uncertainties into account, a simple comparison of
the integral counts in this energy interval excludes the
DAMA/LIBRA signal as axial-vector coupling between
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leptophilic DM, axial-vector coupling
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FIG. 3: Fig. 3. Contrasting XENON100 data with
DAMA/LIBRA. The DAMA/LIBRA modulated spectrum
(red), interpreted as WIMPs scattering through axial-vector
interactions, as it would be seen in the XENON100 detector.
The 1� band includes statistical and systematic uncertain-
ties. The DAMA/LIBRA modulated spectrum interpreted as
luminous dark matter is very similar, whereas the interpreta-
tion as mirror dark matter is indicated separately (dark red).
The (blue) data points are XENON100 data from the 70 sum-
mer live days with their statistical uncertainty. The expected
average XENON100 rate is also shown (dashed cyan). The
shaded region from (3–14) PE was used to quantify the con-
fidence level of exclusion.

WIMPs and electrons at 4.4� significance level, even con-
sidering all events from the well-understood XENON100
background [19] as signal candidates. To be consistent
with previous analyses [16], the same data selection cuts
were applied. The exclusion remains unchanged if we
only impose a minimum set of requirements, namely that
events have a single scatter in the fiducial volume with
a prompt S1 and delayed S2 signal in the correct energy
range. Furthermore, the exclusion stays above 3� confi-
dence level even if we consider a 4.5� downward deviation
in the measured data points [26–28] that are used to set
the energy scale, or if we set the light yield in xenon to
zero below 2.9 keV, in contradiction with direct measure-
ment [27, 28].

A profile likelihood analysis [30, 31] was performed to
constrain the cross section �0

�e ⌘ G2m2
e/⇡ for WIMPs

coupling to electrons through axial-vector interactions.
To this end, we drop the assumption of a 100% mod-
ulated rate and use the entire 224.6 live days data set.
Fully analogous to [16], we use the same energy range and
background likelihood function, derived from calibration
data. We do not consider energy depositions below 1 keV,
the lowest directly measured data point in [27]. The re-
sulting XENON100 exclusion limit (90% confidence level)
is shown (Fig. 4) along with the 1�/2�-sensitivity bands
based on the background-only hypothesis. It excludes
cross-sections above 6 ⇥ 10�35 cm2 for WIMPs with a
mass of m� = 2GeV/c2. This is more than 5 orders of
magnitude stronger than the one derived in [11] based on

4

)2 (GeV/cχWIMP Mass m
0.6 1 2 3 4 5 6 7 10 20 30 100 200 1000

)2
 (c

m
0  eχ

σ
Ax

ia
l-V

ec
to

r c
ro

ss
-s

ec
tio

n 

-3910

-3810

-3710

-3610

-3510

-3410

-3310

-3210

-3110

-3010

)σDAMA/LIBRA (3

XENON100 (90% C.L.)

 (90% C.L.)ττ → χχSK, 
 (90% C.L.)νν → χχSK, 

FIG. 4: Fig. 4. Parameter space for WIMPs coupling
to electrons through axial-vector interactions. The
XENON100 upper limit (90% confidence level) is indicated
by the blue line, along with the green/yellow bands indicat-
ing the 1�/2� sensitivity. For comparison, we also show the
DAMA/LIBRA allowed region (red) and the constraint from
Super-Kamiokande (SK) using neutrinos from the Sun, by
assuming dark matter annihilation into ⌧ ⌧̄ or ⌫⌫̄, both calcu-
lated in [11].

data from the XENON10 detector, completely excludes
the DAMA/LIBRA signal, and sets the strongest direct
limit to date on the cross section of WIMPs coupling to
electrons through axial-vector interactions.For compari-
son, we also show the DAMA/LIBRA allowed region and
the constraint from Super-Kamiokande using neutrinos
from the Sun, by assuming dark matter annihilation into
⌧ ⌧̄ or ⌫⌫̄, both calculated in [11]. The XENON100 data
completely excludes the DAMA/LIBRA signal and sets
the strongest direct limit to date on the cross section of
WIMPs coupling to electrons through axial-vector inter-
actions, excluding cross-sections above 6⇥ 10�35 cm2 for
WIMPs with a mass of m� = 2GeV/c2.

Kinematically Mixed Mirror Dark Matter: It
has been suggested that multi-component models with
light dark matter particles of ⇠MeV/c2 mass might ex-
plain the DAMA/LIBRA modulation [32]. A specific ex-
ample of such a model, kinematically mixed mirror dark
matter [33], was shown to broadly have the right proper-
ties to explain the DAMA/LIBRA signal via dark matter-
electron scattering. In this model, dark matter halos are
composed of a multi-component plasma of mirror parti-
cles, each with the same mass as their standard model
partners. The mirror sector is connected to the normal
sector by kinetic mixing of photons and mirror photons at
the level of ⇠ 10�9, which provides a production mech-
anism for mirror dark matter and a scattering channel
with ordinary matter. While mirror hadrons would not
induce nuclear recoils above threshold, mirror electrons
(m0

e = 511 keV/c2) would have a velocity dispersion large
enough to induce ⇠keV electronic recoils.

The di↵erential scattering rate of mirror electrons is
proportional to gNne0 , where g is the number of loosely-
bound electrons, assumed to be those with binding en-

ergy < 1 keV [33], N is the number of target atoms
and ne0 is the mirror electron density.The detector-
dependent quantities are N and g. In order to com-
pare DAMA/LIBRA directly with XENON100, we ap-
ply a constant scaling of gXe/gNaI · NXe/NNaI = 0.89 to
the DAMA/LIBRA spectrum and use the same proce-
dure as in the case of axial-vector coupling: We again
consider only the DAMA/LIBRA modulation signal, use
the 70 summer live days, model scintillation in liquid
xenon as described previously, and simply compare in-
tegral counts up to the point where the DAMA/LIBRA
signal falls below the expected average XENON100 back-
ground data rate (at 13 PE), without background sub-
traction. This excludes the DAMA/LIBRA signal as
kinematically mixed mirror dark matter at 3.6� confi-
dence level.
Luminous Dark Matter: The third model we con-

sider is Luminous Dark Matter [34], featuring a dark mat-
ter particle with a ⇠keV mass splitting between states
connected by a magnetic dipole moment operator. The
dark matter particle upscatters in the Earth and later de-
excites, possibly within a detector, with the emission of
a real photon. The experimental signature of this model
is a mono-energetic line from the de-excitation photon.
A mass splitting � = 3.3 keV provides a good fit to the
DAMA/LIBRA signal [34] which would be explained as
scattering of a real photon from the de-excitation of a
⇠GeV/c2 dark matter particle that is heavy enough to
undergo upscattering, but light enough to evade detec-
tion in other direct searches.

This signature is independent of the target material;
only the sensitive volume a↵ects the induced event rate.
As rates are typically given per unit detector mass, scal-
ing to volume is inversely proportional to target density.
We thus apply a constant scaling factor to the di↵er-
ential rate in DAMA/LIBRA which is the ratio of the
target densities ⇢NaI/⇢Xe = 1.29 in order to compare
it to XENON100. Proceeding as in the previous two
cases, we exclude the DAMA/LIBRA signal as luminous
dark matter at 4.6� confidence level. Together with the
other two exclusions presented above, this robustly rules
out leptophilic dark matter interactions as cause for the
DAMA/LIBRA signal.
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Search interaction DM - electrons.
This interaction could reconcile DAMA 
and null results from nuclear recoils 

Electron recoil events selected around 
expected peak of modulation (70 days 
around Jun, 2nd.)
 
For 3 models of WIMP coupling to e- 

expected signal and exclusion curves 
were calculated. 

DAMA signal excluded as being 
induced by WIMPS interacting with 
e- according to
•Axial vector coupling 4.4 σ
•Mirror DM at 3.6 σ
• Luminous DM at 4.6 σ
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''Anomalies''

DAMA/LIBRA:  9.2σ excess in 2-6 keV, 1.33 ton-yr NaI data set, with 
modulation

COGENT: excess in 0.5-3 keVee in 145 kg-day data set with Ge 
detector

SuperCDMS: CDMS Si reported excess, SuperCDMS Ge excludes it 
in 577 kg-day, 1.6 keVr threshold run
This analysis strongly disfavors a WIMP-nucleon scattering 
interpretation of the excess reported by CoGeNT, which also uses a 
germanium target.

CRESST-II: excess reported in phase-1, phase-2 excludes it 29.4 kg-day, 
0.6 keV threshold run



• Ultimate, multi-ton (~50 tons!)  dark matter detector at 
LNGS. 
• Primary goal:  to probe the spin-independent WIMP-nucleon 

cross section down to the 10−49 cm2 region for ∼50 GeV  
WIMPs.
• Explore the experimentally accessible parameter space, 

finally limited by irreducible neutrino backgrounds. 
• WIMPs discovered DARWIN:
‣ measure WIMP-induced nuclear recoil spectra with high-

statistics
‣ constrain the mass and the scattering cross section 
• First real-time detection of solar pp-neutrinos (high stats)
• Search for the neutrinoless double beta decay (neutrino is 

its own anti-particle?)
‣  136Xe has a natural abundance of 8.9% in xenon.
• 99.98% discrimination, 30% NR acceptance,
• LY = 8 pe/keV at 122 keV

                    

• arXiv:1506.
•

DArk matter Wimp search with Noble liquids 
DARWIN

 arXiv:1506.08309
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DAMIC:  bulk silicon of scientific-grade CDDs as targets 
★ Low readout noise of CCDs
★ Relatively low mass of the silicon nucleus
CCDS are ideal instruments for the identification of nuclear recoils 
from WIMPs < 10 Gev/c2

DAMIC - Dark Matter In CCDs

Damic Collab., Phys Letters, 2012
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CCDs as WIMP detectors
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Figure 1. Cross-sectional diagram of the CCD described in this work.

2. FULLY-DEPLETED CCD PHYSICS AND OPERATION

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

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

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

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

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

The substrate bias also plays a role in the point-spread function of the CCD. For light absorbed near the
back surface of the CCD the lateral charge spreading during transit of the photogenerated charges through the
fully-depleted substrate to the CCD collection wells is described by an rms standard deviation given by1, 6
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where k is Boltzmann’s constant, T is absolute temperature, q is the electron charge, yD is the thickness of
the depleted substrate, Vsub is the applied substrate bias voltage, and VJ is an average potential near the
CCD potential wells due to the channel potentials. Vsub � VJ is the voltage drop across the region where
the photogenerated holes are drifted by the electric field. This result is a simplified asymptotic form that is
independent of the substrate doping and is valid for high electric fields in the substrate. Therefore in this case
the PSF is directly proportional to yD,

�
T , and 1/

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

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

Figure 1. a) Cross-sectional diagram of a 15 µm ⇥ 15 µm pixel in a fully depleted, back-illuminated CCD.
The thickness of the gate structure and the backside ohmic contact are 2 µm. The transparent rear window,
essential for astronomy applications, has been eliminated in the DAMIC CCDs. b) Dark matter detection in
a CCD. A WIMP scatters with a silicon nucleus producing ionization in the CCD bulk. The charge carriers
are then drifted along the z-direction and collected at the CCD gates.
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Figure 2. a) 50⇥50 pixel portion of a CCD image, taken when the detector was at ground level. Different
kinds of particles are recognizable (see text). For better contrast, only pixels with deposited energy >0.1 keV
are represented in color. b) Event with two nearby clusters detected after illuminating the CCD with a 55Fe
source. The 1.7 keV cluster is a photoelectron (pe) from the absorption of a Si fluorescence X-ray, emitted
following photoelectric absorption of the incident 5.9 keV Mn Ka X-ray in a nearby site.

ing of the 3-phase gates (“parallel clocks”), while higher frequency clocks (“serial clocks”) move
the charge of the last row horizontally to a charge-to-voltage amplifier (“output node”). The in-
efficiency of charge transfer from pixel to pixel is as low as 10�6 and the readout noise for the
charge collected in a pixel is ⇠2 e� [2]. Since on average 3.6 eV is required to ionize an electron
in silicon, the readout noise corresponds to an uncertainty of ⇠7 eV in deposited energy. The im-
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Figure 1: a) Cross-sectional diagram of a 15 µm ⇥ 15 µm pixel in a fully depleted, back-illuminated
CCD. The thickness of the gate structure and the backside ohmic contact are  2µm. The transparent rear
window has been eliminated in the DAMIC CCDs. b) Dark matter detection in a CCD. A WIMP scatters
with a silicon nucleus in the active region, producing ionization from the nuclear recoil which drifts along
the z-direction and is collected at the CCD gates.

Energy calibration using X-rays

15 Seminário CBPF April 15, 2015

Figure 2: a) Reconstructed energy of an X-ray line compared to is true energy. The labeled Ka markers are
fluorescence lines from elements in the Kapton target and other materials in the CCD setup. The 55Fe and
241Am markers are X-rays emitted by the radioactive sources. Linearity in the measurement of ionization
energy is demonstrated from 0.3 kev to 60 keV. b) Variance of the X-ray lines as a function of energy. The
effective Fano factor is 0.16, typical for a CCD [11].

tion, as measured with X-ray sources [10]. The ionization efficiency of nuclear recoils is signifi-
cantly different than that of electrons. Previous measurements have been done down to energies of
3-4 keVr [12, 13] in agreement with Lindhard theory [14]. From this, DAMIC’s nominal 50 eVee

threshold corresponds to ⇠0.5 keVr.
The total charge and shape of each hit is extracted using dedicated image analysis tools. In

fig. 3 a sample of tracks recorded during a short exposure at sea level to a 252Cf source is shown.
Clusters from different types of particles may be observed. Low energy electrons and nuclear
recoils, whose physical track length is <15 µm, produce ”diffusion limited” clusters, where the

3

coherent elastic scattering

Chavarria, Tiffenberg for Damic Collab., Phys. Procedia, 2014
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Figure 1. Cross-sectional diagram of the CCD described in this work.

2. FULLY-DEPLETED CCD PHYSICS AND OPERATION

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

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

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

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

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

The substrate bias also plays a role in the point-spread function of the CCD. For light absorbed near the
back surface of the CCD the lateral charge spreading during transit of the photogenerated charges through the
fully-depleted substrate to the CCD collection wells is described by an rms standard deviation given by1, 6
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where k is Boltzmann’s constant, T is absolute temperature, q is the electron charge, yD is the thickness of
the depleted substrate, Vsub is the applied substrate bias voltage, and VJ is an average potential near the
CCD potential wells due to the channel potentials. Vsub � VJ is the voltage drop across the region where
the photogenerated holes are drifted by the electric field. This result is a simplified asymptotic form that is
independent of the substrate doping and is valid for high electric fields in the substrate. Therefore in this case
the PSF is directly proportional to yD,

�
T , and 1/

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

improved by reducing the substrate thickness and operating the CCD at high substrate bias. PSF measurements
are described in more detail in Section 5.
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Figure 1. a) Cross-sectional diagram of a 15 µm ⇥ 15 µm pixel in a fully depleted, back-illuminated CCD.
The thickness of the gate structure and the backside ohmic contact are 2 µm. The transparent rear window,
essential for astronomy applications, has been eliminated in the DAMIC CCDs. b) Dark matter detection in
a CCD. A WIMP scatters with a silicon nucleus producing ionization in the CCD bulk. The charge carriers
are then drifted along the z-direction and collected at the CCD gates.
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Figure 2. a) 50⇥50 pixel portion of a CCD image, taken when the detector was at ground level. Different
kinds of particles are recognizable (see text). For better contrast, only pixels with deposited energy >0.1 keV
are represented in color. b) Event with two nearby clusters detected after illuminating the CCD with a 55Fe
source. The 1.7 keV cluster is a photoelectron (pe) from the absorption of a Si fluorescence X-ray, emitted
following photoelectric absorption of the incident 5.9 keV Mn Ka X-ray in a nearby site.

ing of the 3-phase gates (“parallel clocks”), while higher frequency clocks (“serial clocks”) move
the charge of the last row horizontally to a charge-to-voltage amplifier (“output node”). The in-
efficiency of charge transfer from pixel to pixel is as low as 10�6 and the readout noise for the
charge collected in a pixel is ⇠2 e� [2]. Since on average 3.6 eV is required to ionize an electron
in silicon, the readout noise corresponds to an uncertainty of ⇠7 eV in deposited energy. The im-
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Figure 3: a) 50⇥50 pixel segment of a DAMIC image exposed to a 252Cf source when the detector was at
ground level. Only pixels with deposited energy >0.1keVee are colored. b) Event with two nearby clusters
detected after illuminating the CCD with a 55Fe source. The 1.7 keV cluster is a photoelectron (pe) from
the absorption of a Si fluorescence X-ray, emitted following photoelectric absorption of the incident 5.9 keV
Mn Ka X-ray in a nearby site.

spatial extent of the cluster is dominated by charge diffusion. Higher energy electrons (e), from
either Compton scattering or b decay, lead to extended tracks. a particles in the bulk or from
the back of the CCD produce large round structures due to the plasma effect [16]. Cosmic muons
(µ) pierce through the CCD, leaving a straight track. The orientation of the track is immediately
evident from its width, the end-point of the track that is on the back of the CCD is much wider than
the end-point at the front due to charge diffusion.

3. The DAMIC experiment at SNOLAB

Fig. 4 shows the infrastructure already installed in SNOLAB. A packaged CCD (2k⇥4k, 8 Mpixel,
500 µm-thick) is shown in fig 4a. The device is epoxied to a high-purity silicon support piece. The
Kapton signal flex cable bring the signals from the CCDs up to the vacuum interface board (VIB).
The cable is also glued to the silicon support. A copper bar facilitates the handling of the packaged
CCD and its insertion into a slot of an electropolished copper box (fig 4b). The box is cooled to
⇠140 K inside a copper vacuum vessel (⇠ 10�6 mbar). An 18 cm-thick lead block hanging from
the vessel-flange shields the CCDs from radiation produced by the VIB, also located inside the
vessel (fig 4c). The CCDs are connected to the VIB through Kapton flex cables, which run along
the side of the lead block. The processed signals then proceed to the data acquisition electronic
boards. The vacuum vessel is inserted in a lead castle (fig 4b) with 21 cm thickness to shield the
CCDs from ambient g-rays. The innermost inch of lead comes from an ancient Spanish galleon

4

Low energy electrons and 
nuclear recoils: diffusion 
limited clusters 

Higher energy electrons 
(Compton, β decay): 
extended tracks

α particles in the bulk 
or from the back: large 
round structures

cosmic muons:  
orientation of the track 
is evident

(their spatial extension  is 
dominated by charge diffusion)
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Figure 1. Cross-sectional diagram of the CCD described in this work.

2. FULLY-DEPLETED CCD PHYSICS AND OPERATION

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

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

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

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

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

The substrate bias also plays a role in the point-spread function of the CCD. For light absorbed near the
back surface of the CCD the lateral charge spreading during transit of the photogenerated charges through the
fully-depleted substrate to the CCD collection wells is described by an rms standard deviation given by1, 6
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where k is Boltzmann’s constant, T is absolute temperature, q is the electron charge, yD is the thickness of
the depleted substrate, Vsub is the applied substrate bias voltage, and VJ is an average potential near the
CCD potential wells due to the channel potentials. Vsub � VJ is the voltage drop across the region where
the photogenerated holes are drifted by the electric field. This result is a simplified asymptotic form that is
independent of the substrate doping and is valid for high electric fields in the substrate. Therefore in this case
the PSF is directly proportional to yD,

�
T , and 1/

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

improved by reducing the substrate thickness and operating the CCD at high substrate bias. PSF measurements
are described in more detail in Section 5.
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Figure 1. a) Cross-sectional diagram of a 15 µm ⇥ 15 µm pixel in a fully depleted, back-illuminated CCD.
The thickness of the gate structure and the backside ohmic contact are 2 µm. The transparent rear window,
essential for astronomy applications, has been eliminated in the DAMIC CCDs. b) Dark matter detection in
a CCD. A WIMP scatters with a silicon nucleus producing ionization in the CCD bulk. The charge carriers
are then drifted along the z-direction and collected at the CCD gates.
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Figure 2. a) 50⇥50 pixel portion of a CCD image, taken when the detector was at ground level. Different
kinds of particles are recognizable (see text). For better contrast, only pixels with deposited energy >0.1 keV
are represented in color. b) Event with two nearby clusters detected after illuminating the CCD with a 55Fe
source. The 1.7 keV cluster is a photoelectron (pe) from the absorption of a Si fluorescence X-ray, emitted
following photoelectric absorption of the incident 5.9 keV Mn Ka X-ray in a nearby site.

ing of the 3-phase gates (“parallel clocks”), while higher frequency clocks (“serial clocks”) move
the charge of the last row horizontally to a charge-to-voltage amplifier (“output node”). The in-
efficiency of charge transfer from pixel to pixel is as low as 10�6 and the readout noise for the
charge collected in a pixel is ⇠2 e� [2]. Since on average 3.6 eV is required to ionize an electron
in silicon, the readout noise corresponds to an uncertainty of ⇠7 eV in deposited energy. The im-

– 3 –

Figure 1: a) Cross-sectional diagram of a 15 µm ⇥ 15 µm pixel in a fully depleted, back-illuminated
CCD. The thickness of the gate structure and the backside ohmic contact are  2µm. The transparent rear
window has been eliminated in the DAMIC CCDs. b) Dark matter detection in a CCD. A WIMP scatters
with a silicon nucleus in the active region, producing ionization from the nuclear recoil which drifts along
the z-direction and is collected at the CCD gates.
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Figure 2: a) Reconstructed energy of an X-ray line compared to is true energy. The labeled Ka markers are
fluorescence lines from elements in the Kapton target and other materials in the CCD setup. The 55Fe and
241Am markers are X-rays emitted by the radioactive sources. Linearity in the measurement of ionization
energy is demonstrated from 0.3 kev to 60 keV. b) Variance of the X-ray lines as a function of energy. The
effective Fano factor is 0.16, typical for a CCD [11].

tion, as measured with X-ray sources [10]. The ionization efficiency of nuclear recoils is signifi-
cantly different than that of electrons. Previous measurements have been done down to energies of
3-4 keVr [12, 13] in agreement with Lindhard theory [14]. From this, DAMIC’s nominal 50 eVee

threshold corresponds to ⇠0.5 keVr.
The total charge and shape of each hit is extracted using dedicated image analysis tools. In

fig. 3 a sample of tracks recorded during a short exposure at sea level to a 252Cf source is shown.
Clusters from different types of particles may be observed. Low energy electrons and nuclear
recoils, whose physical track length is <15 µm, produce ”diffusion limited” clusters, where the
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Figure 1. Cross-sectional diagram of the CCD described in this work.

2. FULLY-DEPLETED CCD PHYSICS AND OPERATION

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

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

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

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

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

The substrate bias also plays a role in the point-spread function of the CCD. For light absorbed near the
back surface of the CCD the lateral charge spreading during transit of the photogenerated charges through the
fully-depleted substrate to the CCD collection wells is described by an rms standard deviation given by1, 6
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where k is Boltzmann’s constant, T is absolute temperature, q is the electron charge, yD is the thickness of
the depleted substrate, Vsub is the applied substrate bias voltage, and VJ is an average potential near the
CCD potential wells due to the channel potentials. Vsub � VJ is the voltage drop across the region where
the photogenerated holes are drifted by the electric field. This result is a simplified asymptotic form that is
independent of the substrate doping and is valid for high electric fields in the substrate. Therefore in this case
the PSF is directly proportional to yD,

�
T , and 1/

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

improved by reducing the substrate thickness and operating the CCD at high substrate bias. PSF measurements
are described in more detail in Section 5.
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Figure 1. a) Cross-sectional diagram of a 15 µm ⇥ 15 µm pixel in a fully depleted, back-illuminated CCD.
The thickness of the gate structure and the backside ohmic contact are 2 µm. The transparent rear window,
essential for astronomy applications, has been eliminated in the DAMIC CCDs. b) Dark matter detection in
a CCD. A WIMP scatters with a silicon nucleus producing ionization in the CCD bulk. The charge carriers
are then drifted along the z-direction and collected at the CCD gates.
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(b) Emission of Si fluorescence X-ray

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

ing of the 3-phase gates (“parallel clocks”), while higher frequency clocks (“serial clocks”) move
the charge of the last row horizontally to a charge-to-voltage amplifier (“output node”). The in-
efficiency of charge transfer from pixel to pixel is as low as 10�6 and the readout noise for the
charge collected in a pixel is ⇠2 e� [2]. Since on average 3.6 eV is required to ionize an electron
in silicon, the readout noise corresponds to an uncertainty of ⇠7 eV in deposited energy. The im-
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Figure 1: a) Cross-sectional diagram of a 15 µm ⇥ 15 µm pixel in a fully depleted, back-illuminated
CCD. The thickness of the gate structure and the backside ohmic contact are  2µm. The transparent rear
window has been eliminated in the DAMIC CCDs. b) Dark matter detection in a CCD. A WIMP scatters
with a silicon nucleus in the active region, producing ionization from the nuclear recoil which drifts along
the z-direction and is collected at the CCD gates.
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Figure 2: a) Reconstructed energy of an X-ray line compared to is true energy. The labeled Ka markers are
fluorescence lines from elements in the Kapton target and other materials in the CCD setup. The 55Fe and
241Am markers are X-rays emitted by the radioactive sources. Linearity in the measurement of ionization
energy is demonstrated from 0.3 kev to 60 keV. b) Variance of the X-ray lines as a function of energy. The
effective Fano factor is 0.16, typical for a CCD [11].

tion, as measured with X-ray sources [10]. The ionization efficiency of nuclear recoils is signifi-
cantly different than that of electrons. Previous measurements have been done down to energies of
3-4 keVr [12, 13] in agreement with Lindhard theory [14]. From this, DAMIC’s nominal 50 eVee

threshold corresponds to ⇠0.5 keVr.
The total charge and shape of each hit is extracted using dedicated image analysis tools. In

fig. 3 a sample of tracks recorded during a short exposure at sea level to a 252Cf source is shown.
Clusters from different types of particles may be observed. Low energy electrons and nuclear
recoils, whose physical track length is <15 µm, produce ”diffusion limited” clusters, where the
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Figure 3. a) A packaged DAMIC CCD. b) The copper box housing the CCDs. c) Components of the DAMIC
setup, ready to be inserted in the vacuum vessel. d) The vessel inside the lead castle, during installation of
the polyethylene shield.

(ITO) coating deposited on the backside after thinning the CCD to 500 µm . The third CCD was
optimized for DAMIC by maximizing its mass (the CCD is un-thinned, 675 µm-thick) and mini-
mizing radioactive contamination (the ITO layer containing b -radioactive 115In is eliminated). The
500-µm CCDs are inserted in adjacent slots of the copper box, with copper plates above and below.
The 675-µm CCD is in a lower slot of the box, separated from the other CCDs by ⇠1 cm of copper.
The dark matter search will be performed with DAMIC100, a detector with 100 g of sensitive mass,
consisting of 18 CCDs, each of 4k⇥4k pixels and 675 µm thickness.

2.3 CCD image reduction and data samples

Clusters of energy deposits are found in the acquired images with the following procedure. First,
the pedestal of each pixel is calculated as its median value over the set of images. The pedestals are
then subtracted from every pixel value in all images. Hot pixels or defects are identified as recurrent
patterns over many images, and eliminated (“masked”) from the analysis (>95% of the pixels were
deemed good). Pixel clusters are selected as any group of adjacent pixels with signals greater
than four times the RMS of the white noise in the image. The resulting clusters are considered
candidates for particle interactions. Relevant variables (e.g. the total energy by summing over all
pixel signals) are calculated for each cluster. For the studies presented in this paper, we required the
cluster energy to be >1 keV, which guarantees a negligible probability of accidental clusters from
readout noise. Selection criteria specific to the different analyses will be described in Sections 3
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Figure 4: a) A packaged DAMIC CCD. b) The copper box housing the CCDs. c) Components of the DAMIC
setup, ready to be inserted in the vacuum vessel. d) The vessel inside the lead castle, during installation of
the polyethylene shield.

and has negligible 210Pb content, strongly suppressing the background from bremsstrahlung gs
produced by 210Bi decays in the outer lead shield. A 42 cm-thick polyethylene shielding is used to
moderate and absorb environmental neutrons.

4. Measurements of radioactive contamination

The ultimate sensitivity of the experiment is determined by the rate of the radioactive back-
ground that mimics the nuclear recoil signal from the WIMPS. The SNOLAB underground labo-
ratory has low intrinsic background due to its 6000 m.w.e. overburden. Dedicated screening and
selection of detector shielding materials, as well as radon-suppression methods, are extensively
employed to decrease the background from radioactive decays in the surrounding environment.
The measurement of the intrinsic contamination of the detector is fundamental. For silicon-based
experiments the cosmogenic isotope 32Si, which could be present in the active target, is particularly
relevant since its b decay spectrum extends to the lowest energies and may become an irreducible
background. The analysis methods used to establish the contamination levels exploit the unique
spatial resolution of the CCDs.

The identification of a-induced clusters is the first step in establishing limits on uranium and
thorium contamination [15]. Radiogenic as lose most of their energy by ionization, creating a
dense column of electron-hole pairs that satisfy the plasma condition [16]. For interactions deep
in the substrate, the charge carriers diffuse laterally and lead to round clusters of hundreds of

5
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★  Efficiency and acidental pairs:  detailed Monte Carlo simulations

★ 32Si decay rate was estimated to be 

★  Similar procedure:  upper limit on the 210Pb decay rate 

β - β coincidences

80+110
�65 kg�1d�1 (95% CL)
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Figure 8. Candidate b decay sequence found in data. The first cluster was detected in an image taken on
2014/08/05 and deposited 114.5 keV of energy. A second cluster, with energy 328.0 keV, was observed in
an image taken 35 days later. Both tracks appear to originate from the same point (yellow star) in the CCD
x-y plane.

decays or by emission of a g-ray in 4% of the decays. 210Po is itself radioactive and decays by a
emission. The possible contamination from 210Po in the CCD has been discussed in Section 3.2.

The intermediate nuclei, 32P and 210Bi, are expected to remain in the same lattice site as their
parent nuclei and throughout their lifetimes. Therefore, the b s produced by each decay pair should
originate from the same pixel (out of 8⇥106) on the x-y plane of the CCD. Through a search for
electron-like tracks starting from the same spatial position, individual 32Si –32P and 210Pb –210Bi
decay sequences can be selected with high efficiency. We performed this search with the lowest
background data set (Table 1) in the 675 µm CCD. Given the background level (⇠10 electrons per
day in a CCD), the number of accidental coincidences among uncorrelated tracks are small for
periods of time comparable to the half-lives of 32P and 210Bi. A candidate decay sequence found
in the data is shown in Figure 8 to illustrate the search strategy.

4.1 Search procedures for spatially correlated b decay sequences

The first step in the search for decay sequences is to find the end-points of the b tracks. The
procedure is illustrated in Figure 9. First, we find the pixel with the maximum signal in the cluster,
and we use it as a seed point. Then, for every pixel of the cluster we compute the length of the
shortest path to the seed point, where the path is taken only along pixels that are included in the
cluster. We refer to this as the “distance” from the seed point. The pixel with the greatest distance
is taken as the first end-point of the track. Finally, we recompute the distance of every pixel from
the first end-point, and take the pixel with the largest distance as the second end-point of the cluster.

To find a b decay sequence, we calculate the distance from the end-points of every b cluster
in an image to the end-points of every b cluster in later images. Thus, for every pair of clusters we
have four distances corresponding to each end-point combination. The minimum of these distances
is defined as the “cluster distance.” The pair is considered a candidate for a decay sequence if the
cluster distance is smaller than 20 pixels and the clusters have at least one pixel in common. We
refer to the cluster in the earlier (later) image as the “first” (“second”) cluster.

To reduce the number of accidental pairs, we impose additional criteria on the energy of the
clusters and their time separation. For the 32Si –32P sequence search, we require the energy of the
first cluster to be <230 keV and the energy of the second cluster to be <1.8 MeV. For the 210Pb –
210Bi sequence search, we require the energy of the first cluster to be in the range 30–65 keV,
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Figure 5: Candidate b decay sequence found in data. The first cluster had 114.5 keV of energy. A second
cluster, with energy 328.0 keV, was observed in an image taken 35 days later. Both tracks appear to originate
from the same point (yellow star) in the CCD x-y plane.

micrometers in diameter, whereas a particles that strike the front of the CCD lead to mostly vertical
clusters according to a phenomenon known as “blooming” [11]. Simple criteria are sufficient
to efficiently select and classify as. Spectroscopy of plasma as can be used to establish limits
on 210Pb, 238U and 232Th contamination in the bulk of the CCD. In special DAMIC runs, with
a dynamic range optimized for a energies, four plasma as whose energies are consistent with
210Po were observed. One of them cannot be 210Po, as it coincides spatially with two higher
energy as recorded in different CCD exposures, and is therefore likely part of a decay sequence.
When interpreting the other three as bulk contamination of 210Po (or 210Pb), an upper limit of <
37 kg�1d�1 (95% CL) is derived. In the 238U chain, the isotopes 234U, 230Th and 226Ra decay by
emission of as with energies 4.7-4.8 MeV. Since the isotopes’ lifetimes are much longer than the
CCD exposure time, their decays are expected to be uncorrelated. No plasma as were observed in
the 4.5-5.0 MeV energy range, and an upper limit on the 238U contamination of < 5 kg�1d�1 (95%
CL) is correspondingly derived (secular equilibrium of the isotopes with 238U was assumed). A
similar analysis results in a upper limit of < 15 kg�1d�1 (95% CL) on 232Th contamination in the
CCD bulk [15].

A search for decay sequences of two b tracks was performed to identify radioactive contami-
nation from 32Si and 210Pb and their daughters. 32Si leads to the following decay sequence:

32Si �! 32P+b� with t1/2 = 150y, Q�value = 227keV
32P �! 32S+b� with t1/2 = 14d, Q�value = 1.71MeV

A total of 13 candidate pairs were observed in the data. With detailed Monte Carlo simulations
the overall efficiency for detection of 32Si –32P decay sequences in the data set was determined
to be eSi = 49.2%. The number of accidental pairs was also determined with simulations. The
decay rate was estimated to be 80+110

�65 kg�1 d�1 (95% CI) for 32Si in the CCD bulk [15]. With a
similar procedure the upper limit on the 210Pb decay rate in the CCD bulk has been deduced as
<33 kg�1 d�1 (95% CL).

6

We have performed a search for 32Si and 210Pb in 57 days of data 

32Si - 32P candidate from data:

33 kg�1d�1 (95% CL)
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Figure 6. Selection of a particles. a) The fraction fpix as a function of the cluster energy. Clusters in the
region above the dashed line are selected as as. b) The variable Npix sx/sy as a function of the a energy.
Plasma (bloomed) as are indicated by red (black) dots above (below) the dashed line. Open (closed) dots
refer to clusters detected in the 675 µm (500 µm) -thick CCD. Clusters are more diffuse in the thicker CCD,
resulting in larger Npix.

Table 2. CCD physical properties and rate of observed as for the three CCDs installed at SNOLAB.
CCD Mass / g Area / cm2 Bloomed rate / d�1 Plasma rate / d�1

500 µm top 2.2 19 0.87±0.17 0.21±0.09
500 µm bottom 2.2 19 0.87±0.17 0.14±0.07

675 µm 2.9 19 0.63±0.15 0.14±0.07

Average 2.4 19 0.79±0.10 0.16± 0.04

the active region of the device, and originate from surface contamination of the CCD or nearby
materials. If we conservatively assume that all bloomed as with energies <6 MeV are due to
210Po decays from 210Pb contamination on the front surface of the CCD, we obtain an activity of
0.078±0.010 cm�2 d�1. This is twenty times larger than the upper limit of 3⇥10�3 cm�2 d�1 pre-
viously estimated from the exposure to 222Rn during packaging. However, a significant number
of the observed as are likely to originate from the surfaces facing the CCD, i.e. the copper plates
above the 675 µm and the top 500 µm CCD, and the silicon support piece above the bottom 500 µm
CCD. Unfortunately, contributions from all these different surfaces cannot be disentangled with the
available data. Similar considerations can be applied to plasma as, which should release their full
energy if occurring in the bulk. Many of the plasma as have energies lower than those from 238U
and 232Th chains, suggesting surface contamination. Taking again the conservative assumption that
all plasma as with energies <6 MeV originate from 210Po back-surface contamination, we obtain
an activity of 0.012±0.004 cm�2 d�1.

Spectroscopy of plasma as can be used to establish limits on 210Pb , 238U and 232Th contam-
ination in the bulk of the CCD. Four plasma as whose energies are consistent with 210Po were
observed (Figure 6(b)). One of them cannot be 210Po, as it coincides spatially with two higher
energy as recorded in different CCD exposures, and is therefore likely part of a decay sequence

– 9 –
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DM search, 2014 data
●Data used: - 36 days with 3 CCDs: 2 x 500 µm (2.2 g), & 1 x 675 µm (2.9 g) 

 - 7 additional days  with the 675 µm CCD

   Exposure: ~0.3 kg·d

Fit method: Unbinned Likelihood

- Lindhard ionization efficiency(k=0.15)
- v0 = 220 km/s - vesc = 544 km/s

- vE = 232 km/s - ρ = 0.3 GeV/cm3

Best fit:   mWIMP = 26 ± 46 GeV

σWIMP = (7 ± 16)x10-4 pb

    cbg = (67± 13) dru

min(-logL) = -396.5
Null hypothesis:   cbg = (74± 5) dru

        min (-logL) = -396.1

DM signal model:

Effiiciency as in prev slide

Figure 6: Cross section exclusion limit at 90% CL for the DAMIC 2014 results (solid black) compared to
DAMIC 2012 (dashed black) [9], CRESST 2014 (solid green) [18] , CDMSlite 2013 (solid red) [17].

5. Dark matter search

The data acquired in 2014 came from two CCDs 500 µm thick and 2.2 g exposed for 36 days
and another CCD 675 µm thick and 2.9 g exposed for 7 days. We assumed a local WIMP density
of 0.3 GeV/cm3, dispersion velocity for the halo of 220 km/s, earth velocity of 232 km/s and a
escape velocity of 544 km/s. The Lindhard model was used to obtain recoil energies as discussed
above. The data analysis proceeded with a two-dimensional gaussian fit to each hit in the images.
The noise was used to set the signal threshold and simulation was used to estimate the efficiency
down to the threshold. Based on this efficiency, the total exposure was calculated as ⇠0.3 kg-d.
The recoil spectrum was fitted with the described WIMP model and no candidates were found. The
resulting 90% CL are show in fig. 6, together with CRESST and CDMSlite results. The DAMIC
results constitute the new best limits for dark matter particles of masses below 3 GeV/c2.

6. Conclusions

We have shown that DAMIC is producing high quality science and it is a leading experiment
at low WIMP mass. The CCD detectors with their unique imaging capabilities allow us to measure
internal contamination of silicon in a unique way. Stringent 95% CL upper limits on the presence of
radioactive contaminants in the silicon bulk were placed. The dark matter search will be performed
with an upgraded experiment, DAMIC100, a low background detector with 100 g of sensitive mass,
consisting of 18 CCDs, each of them with 16 Mpix, 675 µm thickness and 5.5 g. The measured
levels of radioactive contamination are already low enough for its successful operation. We are
currently testing the new CCDs. The baseline plan is to operate the DAMIC-100 experiment for
one year to collect approximately 30 kg-day exposure by the end of 2016.

7
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Towards DAMIC100

DAMIC100: 100g of active Si in low-noise package inside 
existent installation at SNOLAB

★ We have 24, 16 Mpix CCD's (675 μm, 5.9 g each)
★ Dec 2014: installation of the final DAMIC100 Cu box

• new box fits 18 CCD in current vessel
• Installed three 8 Mpix CCD's (675 μm) to study backgrounds

★ Feb 2015: Added N2 box to remove radon. Cu vessel etching.
★ Mar/Apr/May 2015: +1 CCD (tot 4), modifications to internal CCD 

array to study backgrounds.
★ July 2015: first 16 Mpix  DAMIC sensor packaged and tested
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Towards DAMIC100
●DAMIC100: 100 g of active Si in low-noise package 
inside existent installation at SNOLAB.

●We have 24, 16 Mpix CCD's (675 µm, 5.5 g each)

●Dec 2014: Installation of the final DAMIC100 Cu box.

● new box fits 18 CCD in current vessel.

● Installed three 8 Mpix CCD's ( 675 µm) to study 

backgrounds

●Feb 2015: Added N2 box to remove radon. Cu vessel 

etching.

●Mar/Apr/May 2015: +1 CCD (tot 4), modifications to 
internal CCD array to study backgrounds.

16 Mpix CCD shown in DESI package

New CCD box 8 Mpix CCDNew CCD box 8 Mpix CCD
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Axions

Another promising hypothetical particle to solve the dark matter problem 

Peccei and Quinn - solution to the strong CP problem in QCD

Postulated global               symmetry spontaneously broken below energy scale  faU(1)PQ

close to eletroweak symmetry breaking soon excluded fa

Axion mass and decay constant       related to the pion:   fa mafa ⇡ m⇡f⇡

ma ⇡ 0.6 eV
107GeV

fa
More precisely: 

All couplings to the axion are inversely proportional to fa ga�� =
↵g�
⇡fa

K. Olive et al, 2014 (PDG)

More general axion-like particle (ALP) models mass and decay constant 
are independent

unprescribed in theory,        dimensionless model-dependent parameterfa g�



Two classes of  models

KSVZ  (Kim-Shifman-Vainshtein-Zakharov)

''hadronic'' class of models

g� ⇡ �0.97

DFSZ (Dine-Fischler-Srednicki-Zhitnitskii)

more generic GUT inspired class of model 

g� ⇡ 0.36

The axion has a model-dependent coupling 
to two photons, through a triangle 
diagram.

compensate for the exceedingly tiny value of the
axion–photon coupling, gagg. A lucid and general
formalism for the mixing of axions with photons has
been given by Raffelt and Stodolsky [11].

This production of a pseudoscalar in an external
electromagnetic field was first conceived by Henry
Primakoff in 1951 when he realized that the measure-
ment of the lifetime of a p0 decaying to two photons
was equivalent to the much easier measurement of its
photoproduction cross-section in the Coulomb field of
a high-Z nucleus [12]. In fact one can think of the axion
as an extremely light cousin of the p0. In the axion
search experiments described in this report, the virtual
photon is supplied by a macroscopic magnetic

field, with the Lagrangian density for this coupling
given by:

Lagg ¼ "
a
p
gg
fa

! "
aE # B; ð4Þ

where a is the axion field, E is the electric field of the
real photon and B is the external magnetic field. The
opposite combination is of course also possible, but it
is much more difficult to support macroscopic electric
fields of equivalent strength to that available with
modern superconducting magnets. A magnetic field
of 1 T would correspond to an electric field of
30 MV cm71. The E # B interaction is manifestly
pseudoscalar in nature.

We have chosen to limit the scope of this article
only to experiments based on axion–photon mixing
and, in doing so, have left aside telescope searches for
free-space decay of axions in galactic clusters [13–15],
as well as ‘fifth-force’ torsion-beam experiments [16].

3. The search for dark-matter axions

3.1. Summary of evidence for dark matter

A preponderance of evidence now supports a cosmo-
logical model of an universe with a total energy density
(rt) equal to the critical density, rc corresponding to a
flat (Euclidian) geometry, i.e. O ¼ rt/rc ¼ 1. Further-
more, the total energy density is partitioned into a
majority component (*73%) of dark energy, respon-
sible for the observed acceleration of the expansion of
the universe, and a minority component of matter

Figure 2. The axion is a pseudoscalar particle (spin-parity,
Jp ¼ 07), a light cousin to the neutral pion, and couples to
two photons via a loop of charged fermions.

Figure 3. One may treat a classical electromagnetic field as a sea of virtual photons, and thus an axion may convert into a single
real photon carrying the full energy – mass plus kinetic – of the axion. The same is true for the inverse process of a photon
converting into an axion. The external electromagnetic field brokers the conservation of momentum.
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Decay life-time greater  than age 
of universe,   unless ma ≧ 20 eV
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where h is Planck’s constant. Assuming an axion mass of
5µeV and an expected velocity dispersion of ¢Øª 10°3 in
our galaxy, the spread in the axion energy is expected to be
ª 10°6 or ª1.2 kHz. The resonant cavity is tuneable, and
the axion decay signal is to be detected by observing the
proper modes at a given frequency. The expected axion-
to-photon conversion power is:

P = g

2
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m
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2
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= 4£10°26W
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2º(GHz)
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µ

B0

8.5T
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V

0.22m3 C min(Q
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,Q

a

),

(6)

where Ω
a

is the local axion density, B0 is the strength of
the static magnetic field, V is the cavity volume, C is a
mode-dependent cavity form factor, and min(Q

L

,Q

a

) is
the smaller of either the cavity or axion quality factors.
The axion signal quality factor is Q

a

= 106, the ratio of
their energy to the energy spread. The signal power is thus
expected to be exceedingly weak, and the cavity and am-
plifiers are cooled to very low temperatures to minimize
thermal noise.

While ADMX had already started to probe part of the
QCD axion parameter space, as shown in Figure 1, the
new ADMX experiment is currently being assembled at
the University of Washington. It will use a tuneable cavity
with a higher quality factor, and a lower intrinsic noise,
due to a dilution refrigerator and quantum-limited SQUID
amplifiers. Starting in late 2015, ADMX will test a sizeable
fraction of the predicted parameter space for the QCD
axion as a dark matter candidate. In addition, an R&D pro-
gram for a next-generation experiment (ADMX-HF), that
can probe the theoretically allowed higher mass region
(10-100 GHz) is ongoing. A dark matter axion experiment
based on a large-volume, high magnetic field and a high
quality microwave cavity is in planning at the Korean IBS
Center for Axion and Precision Physics Research [14].

3 WIMPs: overview

Weakly interactive massive particles (WIMPs), which
would have been in thermal equilibrium with quarks and
leptons in the hot early universe, and decoupled when
they were non-relativistic, represent a generic class of
cold dark matter candidates [15]. Their relic density can
account for the dark matter density if the annihilation
cross section æ

ann

is around the weak scale:

≠h

2 ' 3£10°27cm3s°1 1
hæannvi (7)

where v is the relative velocity of the annihilating WIMPs,
and the angle brackets denote an average over the WIMP
thermal distribution. hæ

ann

vi= 3£10°26cm2s°1 gives the
correct relic density, and is often considered as the bench-
mark annihilation cross section value. Concrete examples
for WIMPs are the lightest superpartner in supersymmetry
with R-parity conservation [16], and the lightest Kaluza-
Klein particle, for instance the first excitation of the hy-
percharge gauge boson, in theories with universal extra
dimensions [17, 18].

Perhaps the most intriguing aspect of the WIMP hy-
pothesis is the fact that it is testable by experiment. WIMPs
with masses around the electroweak scale are within reach
of high-energy colliders and of direct and indirect dark
matter searches [19]. Direct detection experiments search
for a scattering signal between the WIMP and an atomic
nucleus, while indirect detection experiments aim to de-
tect annihilation products of dark matter particles, such as
neutrinos, gamma rays, antiprotons and positrons above
the astrophysical background. Colliders look for dark mat-
ter production in high energy particle collisions. At the
LHC, the signature is missing energy, as the WIMP leaves
the detectors unobserved, accompanied by a jet, a pho-
ton, a Z etc, that are required for tagging an event. These
approaches are complementary to one another, and to
astrophysical probes that can test non-gravitational in-
teractions of dark matter [20]. Although no conclusive
evidence for WIMPs in any of these detection channels
exists, it is likely that we will be faced with detections in
multiple approaches within this decade.

4 Direct WIMP detection

The local density of dark matter is around 7£10°25 g/cm3

(0.4 GeV/cm3) [21, 22], implying a WIMP flux onto the
Earth of about 105 cm°2s°1, for a particle mass ofª100 GeV.
This allows us to in principe detect WIMPs as they pass
through and scatter elastically off nuclei in a terrestrial
detector [23]. Considering a WIMP velocity dispersion of
æº 270 km s°1 and an escape velocity of vesc º 544 km s°1

[24, 25] in the galactic rest frame, a dark matter particle
with a mass in the GeV°TeV range has a mean momentum
of a few tens of MeV and an energy below 50 keV is trans-
ferred to the nucleus during the collision. Expected event
rates range from about one event to less than 10°3 events
per kilogram detector material and year. Thus, to observe
a WIMP-induced nuclear recoil spectrum, a low energy

Copyright line will be provided by the publisher 3
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the smaller of either the cavity or axion quality factors.
The axion signal quality factor is Q
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= 106, the ratio of
their energy to the energy spread. The signal power is thus
expected to be exceedingly weak, and the cavity and am-
plifiers are cooled to very low temperatures to minimize
thermal noise.

While ADMX had already started to probe part of the
QCD axion parameter space, as shown in Figure 1, the
new ADMX experiment is currently being assembled at
the University of Washington. It will use a tuneable cavity
with a higher quality factor, and a lower intrinsic noise,
due to a dilution refrigerator and quantum-limited SQUID
amplifiers. Starting in late 2015, ADMX will test a sizeable
fraction of the predicted parameter space for the QCD
axion as a dark matter candidate. In addition, an R&D pro-
gram for a next-generation experiment (ADMX-HF), that
can probe the theoretically allowed higher mass region
(10-100 GHz) is ongoing. A dark matter axion experiment
based on a large-volume, high magnetic field and a high
quality microwave cavity is in planning at the Korean IBS
Center for Axion and Precision Physics Research [14].

3 WIMPs: overview

Weakly interactive massive particles (WIMPs), which
would have been in thermal equilibrium with quarks and
leptons in the hot early universe, and decoupled when
they were non-relativistic, represent a generic class of
cold dark matter candidates [15]. Their relic density can
account for the dark matter density if the annihilation
cross section æ
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is around the weak scale:
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where v is the relative velocity of the annihilating WIMPs,
and the angle brackets denote an average over the WIMP
thermal distribution. hæ
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vi= 3£10°26cm2s°1 gives the
correct relic density, and is often considered as the bench-
mark annihilation cross section value. Concrete examples
for WIMPs are the lightest superpartner in supersymmetry
with R-parity conservation [16], and the lightest Kaluza-
Klein particle, for instance the first excitation of the hy-
percharge gauge boson, in theories with universal extra
dimensions [17, 18].

Perhaps the most intriguing aspect of the WIMP hy-
pothesis is the fact that it is testable by experiment. WIMPs
with masses around the electroweak scale are within reach
of high-energy colliders and of direct and indirect dark
matter searches [19]. Direct detection experiments search
for a scattering signal between the WIMP and an atomic
nucleus, while indirect detection experiments aim to de-
tect annihilation products of dark matter particles, such as
neutrinos, gamma rays, antiprotons and positrons above
the astrophysical background. Colliders look for dark mat-
ter production in high energy particle collisions. At the
LHC, the signature is missing energy, as the WIMP leaves
the detectors unobserved, accompanied by a jet, a pho-
ton, a Z etc, that are required for tagging an event. These
approaches are complementary to one another, and to
astrophysical probes that can test non-gravitational in-
teractions of dark matter [20]. Although no conclusive
evidence for WIMPs in any of these detection channels
exists, it is likely that we will be faced with detections in
multiple approaches within this decade.

4 Direct WIMP detection

The local density of dark matter is around 7£10°25 g/cm3

(0.4 GeV/cm3) [21, 22], implying a WIMP flux onto the
Earth of about 105 cm°2s°1, for a particle mass ofª100 GeV.
This allows us to in principe detect WIMPs as they pass
through and scatter elastically off nuclei in a terrestrial
detector [23]. Considering a WIMP velocity dispersion of
æº 270 km s°1 and an escape velocity of vesc º 544 km s°1

[24, 25] in the galactic rest frame, a dark matter particle
with a mass in the GeV°TeV range has a mean momentum
of a few tens of MeV and an energy below 50 keV is trans-
ferred to the nucleus during the collision. Expected event
rates range from about one event to less than 10°3 events
per kilogram detector material and year. Thus, to observe
a WIMP-induced nuclear recoil spectrum, a low energy
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ρa local axion density,  B0  strenth of static magnetic field,  V cavity volume, C 
mode-dependent cavity factor, min(QL, Qa) smaller of either the cavity or axion 
quality factors.

The axion signal quality factor is Qa = 106 , the ratio of their energy to energy 
spread

Signal power is expected to be very weak.

Cavity and amplifiers cooled to very low temperature to minimize 
thermal noise



The microwave cavity technique
Pierre Sikivie (1983) proposed an elegant experiment to detect dark matter axions 
utilizing a resonant microwave cavity immersed in a strong magnetic field.

Through the Primakoff interaction, axions could resonantly convert to a 
monochromatic microwave signal and be detected in a sensitive radio receiver 
when the cavity was tuned to the frequency corresponding to the axion’s mass:

(*27%). The matter component is predominantly
dark matter (23%), with the remainder in ordinary
baryonic form (4%). We do not know what the
mysterious dark energy is, and particle physics
estimates of what the magnitude of such a vacuum
energy ought naturally to be is too large by 100 orders
of magnitude. Neither do we know the composition of
the dark matter, although a stable particle remnant
from the Big Bang is favoured. The axion is one well-
motivated candidate and solves separate issues in the
theory of strong interactions.

The evidence for the dark matter is manifold, but
all giving roughly the same picture, namely that
ordinary matter only accounts for one part in seven
of the overall matter density. These include dynamical
estimates of the total mass of structure, i.e. rotation
curves of spiral galaxies [17], and the virial velocities of
galactic clusters; gravitational lensing of distant
background galaxies by foreground galactic clusters
[18]. The first evidence of dark matter, and in fact the
name, was given by Fritz Zwicky at CalTech in the
1930s based on the dynamics of rich galactic
clusters [19].

Our own Milky Way spiral galaxy is no exception;
the visible matter resides near the bottom of a deep
gravitational potential due to a nearly spherical halo in
which it is embedded. The best fit to all observables
yields an estimate of the local dark matter density of
about 0.45 GeV cm73, or roughly half a proton mass
per sugar-cube volume [20], moving with the virial
velocity of the galaxy (*1073 c). In additional to the
maxwellian distributed axions there could be contribu-
tions from non-thermalised axions falling into and out
of the Milky Way’s gravitational well. Such axions

would have negligible velocity dispersions (51077 c)
and extraordinarily long coherence lengths (of order
100–1000 km) [21].

3.2. The microwave cavity technique

In 1983 Pierre Sikivie proposed an elegant experiment
to detect dark matter axions utilizing a resonant
microwave cavity immersed in a strong magnetic field
[22,23]. Through the Primakoff interaction described
above, axions could resonantly convert to a mono-
chromatic microwave signal and be detected in a
sensitive radio receiver when the cavity was tuned to
the frequency corresponding to the axion’s mass:

hn ¼ Ea ¼ mac
2 1þ 1

2
b2a

! "
¼ mac

2ð1þOð10$6ÞÞ: ð5Þ

Here ba : va/c is the velocity of the axion in the
galactic gravitational potential. Thus, the signal one
hopes to see is a very narrow, nearly monochromatic
line, broadened upwards by roughly DE/E * 1076

due to the virial velocity of the dark matter particles in
the Milky Way halo. In fact, the shape of the line
should be a maxwellian, with the possible addition of
extremely narrow lines due to late-infall non-
thermalised axions. For reference, 1 GHz ¼ 4.1 meV,
which implies that to cover the three decades of open
mass range (107671073 eV) completely corresponds
to the electromagnetic spectrum from roughly
250 MHz to 250 GHz, i.e. conventional microwave
to millimetre-wave.

Figure 4 shows a schematic of the microwave cavity
experiment. A high-purity copper cavity is placed in

Figure 4. Schematic of the microwave cavity experiment to search for halo dark matter axions, and the signal associated with
axion conversion, showing both the virial component plus possible fine-structure due to late infall axions.
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                   is the velocity
of the axion in the galactic 
gravitational potential 

�a = va/c

(*27%). The matter component is predominantly
dark matter (23%), with the remainder in ordinary
baryonic form (4%). We do not know what the
mysterious dark energy is, and particle physics
estimates of what the magnitude of such a vacuum
energy ought naturally to be is too large by 100 orders
of magnitude. Neither do we know the composition of
the dark matter, although a stable particle remnant
from the Big Bang is favoured. The axion is one well-
motivated candidate and solves separate issues in the
theory of strong interactions.

The evidence for the dark matter is manifold, but
all giving roughly the same picture, namely that
ordinary matter only accounts for one part in seven
of the overall matter density. These include dynamical
estimates of the total mass of structure, i.e. rotation
curves of spiral galaxies [17], and the virial velocities of
galactic clusters; gravitational lensing of distant
background galaxies by foreground galactic clusters
[18]. The first evidence of dark matter, and in fact the
name, was given by Fritz Zwicky at CalTech in the
1930s based on the dynamics of rich galactic
clusters [19].

Our own Milky Way spiral galaxy is no exception;
the visible matter resides near the bottom of a deep
gravitational potential due to a nearly spherical halo in
which it is embedded. The best fit to all observables
yields an estimate of the local dark matter density of
about 0.45 GeV cm73, or roughly half a proton mass
per sugar-cube volume [20], moving with the virial
velocity of the galaxy (*1073 c). In additional to the
maxwellian distributed axions there could be contribu-
tions from non-thermalised axions falling into and out
of the Milky Way’s gravitational well. Such axions

would have negligible velocity dispersions (51077 c)
and extraordinarily long coherence lengths (of order
100–1000 km) [21].

3.2. The microwave cavity technique

In 1983 Pierre Sikivie proposed an elegant experiment
to detect dark matter axions utilizing a resonant
microwave cavity immersed in a strong magnetic field
[22,23]. Through the Primakoff interaction described
above, axions could resonantly convert to a mono-
chromatic microwave signal and be detected in a
sensitive radio receiver when the cavity was tuned to
the frequency corresponding to the axion’s mass:

hn ¼ Ea ¼ mac
2 1þ 1
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Here ba : va/c is the velocity of the axion in the
galactic gravitational potential. Thus, the signal one
hopes to see is a very narrow, nearly monochromatic
line, broadened upwards by roughly DE/E * 1076

due to the virial velocity of the dark matter particles in
the Milky Way halo. In fact, the shape of the line
should be a maxwellian, with the possible addition of
extremely narrow lines due to late-infall non-
thermalised axions. For reference, 1 GHz ¼ 4.1 meV,
which implies that to cover the three decades of open
mass range (107671073 eV) completely corresponds
to the electromagnetic spectrum from roughly
250 MHz to 250 GHz, i.e. conventional microwave
to millimetre-wave.

Figure 4 shows a schematic of the microwave cavity
experiment. A high-purity copper cavity is placed in

Figure 4. Schematic of the microwave cavity experiment to search for halo dark matter axions, and the signal associated with
axion conversion, showing both the virial component plus possible fine-structure due to late infall axions.
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(*27%). The matter component is predominantly
dark matter (23%), with the remainder in ordinary
baryonic form (4%). We do not know what the
mysterious dark energy is, and particle physics
estimates of what the magnitude of such a vacuum
energy ought naturally to be is too large by 100 orders
of magnitude. Neither do we know the composition of
the dark matter, although a stable particle remnant
from the Big Bang is favoured. The axion is one well-
motivated candidate and solves separate issues in the
theory of strong interactions.

The evidence for the dark matter is manifold, but
all giving roughly the same picture, namely that
ordinary matter only accounts for one part in seven
of the overall matter density. These include dynamical
estimates of the total mass of structure, i.e. rotation
curves of spiral galaxies [17], and the virial velocities of
galactic clusters; gravitational lensing of distant
background galaxies by foreground galactic clusters
[18]. The first evidence of dark matter, and in fact the
name, was given by Fritz Zwicky at CalTech in the
1930s based on the dynamics of rich galactic
clusters [19].

Our own Milky Way spiral galaxy is no exception;
the visible matter resides near the bottom of a deep
gravitational potential due to a nearly spherical halo in
which it is embedded. The best fit to all observables
yields an estimate of the local dark matter density of
about 0.45 GeV cm73, or roughly half a proton mass
per sugar-cube volume [20], moving with the virial
velocity of the galaxy (*1073 c). In additional to the
maxwellian distributed axions there could be contribu-
tions from non-thermalised axions falling into and out
of the Milky Way’s gravitational well. Such axions

would have negligible velocity dispersions (51077 c)
and extraordinarily long coherence lengths (of order
100–1000 km) [21].

3.2. The microwave cavity technique

In 1983 Pierre Sikivie proposed an elegant experiment
to detect dark matter axions utilizing a resonant
microwave cavity immersed in a strong magnetic field
[22,23]. Through the Primakoff interaction described
above, axions could resonantly convert to a mono-
chromatic microwave signal and be detected in a
sensitive radio receiver when the cavity was tuned to
the frequency corresponding to the axion’s mass:
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Here ba : va/c is the velocity of the axion in the
galactic gravitational potential. Thus, the signal one
hopes to see is a very narrow, nearly monochromatic
line, broadened upwards by roughly DE/E * 1076

due to the virial velocity of the dark matter particles in
the Milky Way halo. In fact, the shape of the line
should be a maxwellian, with the possible addition of
extremely narrow lines due to late-infall non-
thermalised axions. For reference, 1 GHz ¼ 4.1 meV,
which implies that to cover the three decades of open
mass range (107671073 eV) completely corresponds
to the electromagnetic spectrum from roughly
250 MHz to 250 GHz, i.e. conventional microwave
to millimetre-wave.

Figure 4 shows a schematic of the microwave cavity
experiment. A high-purity copper cavity is placed in

Figure 4. Schematic of the microwave cavity experiment to search for halo dark matter axions, and the signal associated with
axion conversion, showing both the virial component plus possible fine-structure due to late infall axions.
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The Axion Dark Matter eXperimentADMX: Overview of Phase IIa (data-taking now)"

Comment on ADMX upgrade phases:"
This is a very conservative upgrade path, relatively small 
steps, based on a well-understood predecessor."
"
"
"
"
Phase IIa major new components:"
"
He liquefier (we consume 100 liter/day)"
"
Pumped 3He refrigerator (goes from 2K to 400mK)"
[then the pumped 3He fridge goes into dilution fridge)]"
"
Multi-mode readout (more than doubles data set;"
a sensitive search into next decade)."

Gray Rybka     Fermilab Astroparticle Physics Seminar     10/11/2010
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ADMX Design

Cavity Frequency changed by moving
metal rods (not shown) inside cavity

4m

UCLA 27Feb14   LJR      22 

ADMX key hardware 1"
high-Q microwave cavity" Experiment insert"

UCLA 27Feb14   LJR      10 



Exclusion plot for axion like particles
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Figure 1: Exclusion plot for axion-like particles
as described in the text.

In the DFSZ model [17], the tree-level coupling coefficient

to electrons is

Ce =
cos2 β

3
, (8)

where tanβ is the ratio of two Higgs vacuum expectation values

that are generic to this and similar models.

For nucleons, Cn,p are related to axial-vector current matrix

elements by generalized Goldberger-Treiman relations,

Cp = (Cu − η)∆u + (Cd − ηz)∆d + (Cs − ηw)∆s ,

Cn = (Cu − η)∆d + (Cd − ηz)∆u + (Cs − ηw)∆s .
(9)

Here, η = (1 + z + w)−1 with z = mu/md and w = mu/ms " z

and the ∆q are given by the axial vector current matrix element

∆q Sµ = 〈p|q̄γµγ5q|p〉 with Sµ the proton spin.

Neutron beta decay and strong isospin symmetry considera-

tions imply ∆u−∆d = F +D = 1.269±0.003, whereas hyperon

decays and flavor SU(3) symmetry imply ∆u + ∆d − 2∆s =

3F − D = 0.586 ± 0.031 [21]. The strange-quark contribution

August 21, 2014 13:17

mass range ~1μeV - 10 meV

upper: axions can be 
produced in astrophysical 
bodies and escape, new 
sources of energy loss

lower: relic density of the 
axion is smaller or equal to 
the observed dark matter 
density Ωdm

K. Olive et al, 2014 (PDG)



The ADMX-Gen2 science prospectsADMX Gen 2: Science Prospects"ADMX Gen 2 Proposal: Science Prospects!

17!

Timeline with Dilution Refrigerator!
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Summary

★ Intense experimental efforts in direct detection of dark matter. 
★ In spite of observed "anomalies" that could be interpreted as 

WIMPs, no convincing evidence of direct detection
★ Direct detection  searches are progressing:  lower cross 

sections, lower and higher mass
★ New particle candidates (axions, etc..)
★ New technologies expanding the physics reach
★ Experiments running now or under construction:  improve 

sensitivity reach by 1 or 2 orders of magnitude in next years
★ Planned experiments to reach the neutrino bound within one 

decade



4.4. Future projects and complementarity

Existing results and projected sensitivities for the spin-independent WIMP-nucleon interactions as a
function of the WIMP mass are summarized in Figure 3, adapted from [91]. In spite of observed anomalies
in a handful of experiments, that could be interpreted as due to WIMPs, albeit not consistently, we have
no convincing evidence of a direct detection signal induced by galactic dark matter. Considering LUX’s
lack of a signal in 85.3 live-days⇥118 kg of liquid xenon target, excluding ⇠33GeV WIMPs with interaction
strengths above 7.6⇥10�46cm2, it becomes clear that, at the minimum, ton-scale experiments are required
for a discovery above the 5-sigma confidence level (unless the WIMP is lighter than ⇠10GeV, where larger
cross sections are feasible). Several large-scale direct detection experiments are in their planning phase and
will start science runs within this decade.

Figure 3: Summary for spin-independent
WIMP-nucleon scattering results. Existing
limits from the noble gas dark matter ex-
periments ZEPLIN-III [69], XENON10 [71],
XENON100 [75], and LUX [39], along with
projections for DarkSide-50 [85], LUX [39],
DEAP3600 [90], XENON1T, DarkSide G2,
XENONnT (similar sensitivity as the LZ
project [92], see text) and DARWIN [93] are
shown. DARWIN is designed to probe the
entire parameter region for WIMP masses
above ⇠6GeV/c2, until the neutrino back-
ground (yellow region) will start to dominate
the recoil spectrum. Experiments based on the
mK cryogenic technique such as SuperCDMS
[94] and EURECA [95] have access to lower
WIMP masses. Figure adapted from [91].

The next phase in the LUX program, LUX-ZEPLIN (LZ), foresees a 7 t LXe detector in the same SURF
infrastructure, with an additional scintillator veto to suppress the neutron background. Construction is
expected to start in 2014, and operation in 2016, with the goal of reaching a sensitivity of 2⇥10�48cm2 after
three years of data taking [92]. The upgrade of XENON1T, XENONnT, is to increase the sensitivity by
another order of magnitude, thus also reaching 2⇥10�48cm2. While much of the XENON1T infrastructure
will be reused, the inner detector will be designed and constructed once XENON1T is taking science data,
with planned operation between 2018-2021. The XMASS collaboration plans a 5 t (1 t fiducial) single-phase
detector after its current phase, with greatly reduced backgrounds and an aimed sensitivity of ⇠10�46cm2.
In its second stage, PandaX will operate a total of 1.5 t LXe as WIMP target, with ⇠1 t xenon in the fiducial
volume. All sub-systems of the existing experiment, with the exception of the central TPC, are designed to
accommodate the larger target mass [83]. The DarkSide collaboration plans a 5 t LAr dual-phase detector,
with 3.3 t as active target mass, in the existing neutron and muon veto at LNGS. The aimed sensitivity is
10�47cm2 [96].

DARk matter WImp search with Noble liquids (DARWIN) is an initiative to build an ultimate, multi-ton
dark matter detector at LNGS [97, 93]. Its primary goal is to probe the spin-independent WIMP-nucleon
cross section down to the 10�49 cm2 region for ⇠50GeV/c2 WIMPs, as shown in Figure 3. It would thus
explore the experimentally accessible parameter space, which will be finally limited by irreducible neutrino
backgrounds. Should WIMPs be discovered by an existing or near-future experiment, DARWIN will measure
WIMP-induced nuclear recoil spectra with high-statistics, constraining the mass and the scattering cross
section of the dark matter particle [98, 99]. Other physics goals of DARWIN are the first real-time detection
of solar pp-neutrinos with high statistics and the search for the neutrinoless double beta decay [27]. The
latter would establish whether the neutrino is its own anti-particle, and can be detected via 136Xe, which
has a natural abundance of 8.9% in xenon.

10

Baudis,   ArXiv 1408.4371
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