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The Evidence for Dark Matter

• Six galaxies shown 

• All rotation curves are 
more or less “flat” 

• Fits include Visible, 
Gas, and Dark Halo 
components
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Why Elementary Particles?
• Most conventional explanations (stars, gas, dust) 

are ruled out by simple considerations. 

• The MACHO search discovered some candidates, 
but not enough to explain observed DM density 

• Everyone is very reluctant to modify Newtonian 
dynamics or our theories of gravity 

• There are still many unanswered questions in 
Elementary Particles. Maybe there is overlap?
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Elementary Particles

• A fundamental entity that exists at one point in 
spacetime. Not a “particle” in the ordinary sense. 

• We can “see” their effect on matter through their 
particle-particle interactions. 

• Different interactions lead to different kinds of 
particle detectors. 

• All elementary particles have mass and/or energy, 
so they must also interact gravitationally.
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What Are They?
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CLEO: A typical elementary particle detector
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Dark Matter Particles?
• Not charged particles: They scatter light 

• Not neutrons: They decay to protons and electrons 

• Massive neutrinos? Maybe, in some scenarios. 

• “Cold Dark Matter”: Postulated, heavy particles that 
move slowly, so they are gravitationally bound to 
the Galaxy.
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Axions

• We think of the strong interactions (i.e. “QCD”) as well 
understood, but… 

• A long standing issue called the “Strong CP” exists 
because of the structure of the theory. There is no reason 
to set the offending term to zero! 

• Peccei, Quinn (1977) proposed an elegant solution, but it 
implies a new elementary particle (“axion”) that has yet to 
be discovered. (It should couple to two photons.) 

• Are primordial axions the cold dark matter particles?
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One Cold Dark Matter Candidate
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ADMX @ UW/PNNL

• Build strong magnetic field that fills a microwave 
cavity and look for A+γMag→γRF when the cavity is 
tuned to a resonant frequency corresponding to 
axion mass. 

• Reduce temperature to liquid helium (4K) so that 
thermal noise is reduced, and try to detect signal 
from axion-photon collisions.
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http://depts.washington.edu/admx/index.shtml

http://depts.washington.edu/admx/index.shtml
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ADMX Microwave Cavity
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WIMPs

• Weakly Interacting Massive Particle 

• Strong theoretical bias: The “WIMP Miracle” 
• “Freeze-out” when N⟨σv⟩=H 
• Natural to set σ=GF2M2 where M=MWIMP 
• Solve to find N on the order of DM density (!) 

• Several experiments underway
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The Most Popular Cold Dark Matter Candidate
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Plotting Limits on WIMPs
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DarkSide

• Underground laboratory: LNGS 

• Target/Detector is Liquid Argon (LAr) 

• Need to be well shielded from all backgrounds 

• Data taken with 50 kg apparatus (DS-50), using 
both atmospheric and underground argon 

• Plans in the works for DS-200K
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http://darkside.lngs.infn.it

http://darkside.lngs.infn.it
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458 P. Agnes et al. / Physics Letters B 743 (2015) 456–466

Fig. 1. The nested detector system of DarkSide-50. The outermost gray cylinder is 
the WCD, the sphere is the LSV, and the gray cylinder at the center of the sphere is 
the LAr TPC cryostat.

at a depth of 3800 m.w.e. [14], in close proximity to and sharing 
many facilities with, the Borexino solar neutrino detector [15,16].

The LAr TPC can exploit pulse shape discrimination and the ra-
tio of scintillation to ionization to reject β/γ background in favor 
of the nuclear recoil events expected from WIMP scattering [17,5]. 
It can also exploit the TPC’s spatial resolution to reject surface 
backgrounds and to reject multi-sited events. Events due to neu-
trons from cosmogenic sources and from radioactive contamination 
in the detector components, which also produce nuclear recoils, 
are suppressed by the combined action of the neutron and cosmic 
ray vetoes. The liquid scintillator also provides additional rejection 
of γ -ray background from the detector materials. The water-plus-
liquid scintillator design was motivated in part by the success of 
this shielding concept in achieving very low backgrounds in Borex-
ino [15,18,19].

The WCD is an 11 m-diameter, 10 m-high cylindrical tank filled 
with high purity water. The tank was originally part of the Borex-
ino Counting Test Facility. The inside surface of the tank is covered 
with a laminated Tyvek-polyethylene-Tyvek reflector [20]. An ar-
ray of 80 ETL 9351 8′′ PMTs, with 27% average quantum efficiency 
(QE) at 420 nm, is mounted on the side and bottom of the wa-
ter tank to detect Cherenkov photons produced by muons or other 
relativistic particles traversing the water.

The LSV is a 4.0 m-diameter stainless steel sphere filled with 
30 t of borated liquid scintillator. The scintillator consists of equal 
amounts of pseudocumene (PC) and trimethyl borate (TMB), with 
the wavelength shifter Diphenyloxazole (PPO) at a concentration of 
2.5 g/L. The sphere is lined with Lumirror [21] reflecting foils. An 
array of 110 Hamamatsu R5912 8′′ PMTs, with low-radioactivity 
glass bulbs and high-quantum-efficiency photocathodes (37% aver-
age QE at 408 nm), is mounted on the inside surface of the sphere 
to detect scintillation photons.

The neutron-capture reaction 10B(n, α)7Li makes the borated 
scintillator a very effective veto of neutron background [22]. The 
TMB, B(OCH3)3, contains natB which has a 20% natural abundance 
of 10B with its large (3840 b) thermal neutron capture cross sec-
tion. The thermal neutron capture time in the borated scintillator 
is calculated to be just 2.2 µs, compared to 250 µs for pure PC [15].

The 10B neutron capture proceeds to the 7Li ground state with 
branching ratio 6.4%, producing a 1775 keV α particle, and to a 
7Li excited state with branching ratio 93.6%, producing a 1471 keV 
α particle and a gamma-ray of 478 keV. Because of quenching, 
the scintillation light output of the capture to 7Li(g.s.) is expected 
to be in the β/γ -equivalent range 50 to 60 keV [23,24]. Prelim-

Fig. 2. The DarkSide-50 liquid argon time projection chamber.

inary measurements with our scintillator appear consistent with 
this expectation. The measured LSV photoelectron (PE) yield is 
(0.54 ± 0.04) PE/keV, making this quenched energy readily de-
tectable. The high 14C decay rate in the LSV and the fact that its 
spectrum covers the signal expected from the α’s from neutron 
capture on 10B severely reduced the effectiveness of the neutron 
veto in the present data set. The rejection power is estimated from 
simulations to be 40 to 60 instead of the design value of 200 [22].

The DarkSide-50 TPC, as shown in Fig. 1, is contained in a stain-
less steel cryostat that is supported at the center of the LSV on 
a system of leveling rods. Its design was based on that of the 
DarkSide-10 prototype, which operated for 502 days at LNGS [6]. 
A cut-away view of the TPC is given in Fig. 2.

Ionizing events in the active volume of the LAr TPC result in 
a prompt scintillation signal called “S1”. Ionization electrons es-
caping recombination drift in the TPC electric field to the surface 
of the LAr, where a stronger electric field extracts them into an 
argon gas layer between the LAr surface and the TPC anode. The 
electric field in the gas is large enough to accelerate the electrons 
so that they excite the argon, resulting in a secondary scintilla-
tion signal, “S2”, proportional to the collected ionization. Both the 
scintillation signal S1 and the ionization signal S2 are measured 
by the same PMT array. The temporal pulse shape of the S1 signal 
provides discrimination between nuclear-recoil and electron-recoil 
events. The S2 signal allows the three-dimensional position of the 
energy deposition to be determined and, in combination with S1, 
provides further discrimination of signal from background. A sig-
nificant fraction of events also exhibit an “S3” signal. The S3 pulse 
resembles S2 in pulse shape but is typically ∼1000 times smaller 
and always follows S2 by a fixed delay equal to the maximum drift 
time in the LAr TPC. S3 is believed to result from electrons released 
from the cathode (at the bottom of the TPC) when struck by the 
bright S2 UV light.

The active LAr is contained in a cylindrical region viewed by 38 
Hamamatsu R11065 3′′ low-background, high-quantum-efficiency 
PMTs, nineteen each on the top and the bottom. The average quan-
tum efficiency of the PMTs at room temperature is 34% at 420 nm. 
The PMTs are submerged in liquid argon and view the active LAr
through fused-silica windows, which are coated on both faces with 
transparent conductive indium tin oxide (ITO) films 15 nm thick. 
This allows the inner window faces to serve as the grounded 
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We can compare the observed number of “neutron
events”—events within the WIMP search region that pass
the TPC cuts and are accompanied by veto signals—with
our MC prediction. We do not observe any neutron events
in the present exposure. In the previous AAr exposure of
47.1 live days [6] we observed two. One of the AAr neutron
events was classified as cosmogenic based on its WCVand
LSV signals. Combining the two exposures, we observe
one radiogenic neutron event in 118 live days of data,
which is in agreement with our MC prediction of (2! 2)
events before the veto cuts. MC simulations for the UAr
exposure predict that <0.02 radiogenic neutrons would
produce events in the TPC and remain un-vetoed. The
unvetoed cosmogenic neutron background is expected to be
small compared to the radiogenic neutron background [17].
Dark matter limits from the present exposure are

determined from our WIMP search region using the
standard isothermal galactic WIMP halo parameters
(vescape ¼ 544 km=s, v0 ¼ 220 km=s, vEarth ¼ 232 km=s,
ρdm ¼ 0.3 GeV=ðc2cm3Þ; see [6] and references cited
therein). Given the background-free result shown above,
we derive a 90% C.L. exclusion curve corresponding to the
observation of 2.3 events for spin-independent interactions.
The null result of the UAr exposure sets the upper limit on
the WIMP-nucleon spin-independent cross section of
3.1 × 10−44 cm2 (1.4 × 10−43 cm2, 1.3 × 10−42 cm2) for
a WIMP mass of 100 GeV=c2 (1 TeV=c2, 10 TeV=c2).
When combined [25] with the null result of our previous
AAr exposure, we obtain an upper limit of 2.0 × 10−44 cm2

(8.6 × 10−44 cm2, 8.0 × 10−43 cm2) for a WIMP mass of
100 GeV=c2 (1 TeV=c2, 10 TeV=c2). Figure 5 compares
these limits to those obtained by other experiments.

The DarkSide-50 detector is currently accumulating
exposure in a stable, low-background configuration with
the characteristics described above. We plan to conduct a
3-yr dark matter search with increased calibration statistics
and several improvements in data analysis (see Fig. 7 in
Appendix A). These first results show that UAr can
significantly extend the potential of argon for WIMP dark
matter searches. The ER rejection previously demonstrated
in AAr data and the reduction of 39Ar shown here already
imply that UAr exposures of at least 5.5 tonne-yr can be
made free of 39Ar background.
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FIG. 4. Distribution of events in the f90 vs S1 plane surviving
all cuts in the energy region of interest. Shaded blue with solid
blue outline: WIMP search region. The red points (with their
uncertainties) are derived from the SCENE measurements of NR
acceptance. The f90 acceptance contours are drawn by connecting
the red points and extending the contours using DarkSide-50
AmBe data (see text). Lighter shaded blue with dashed blue line
show that extending the WIMP search region to 99% f90 NR
acceptance is still far from ER backgrounds.

FIG. 5. Spin-independent WIMP-nucleon cross section
90% C.L. exclusion plots for the DarkSide-50 AAr (dotted red)
and UAr campaigns (dashed red), and combination of the UAr and
AAr [6] campaigns (solid red). Also shown are results from LUX
[26](solid black), XENON100 [27] (dashed black), PandaX-I [28]
(dotted black), CDMS [29] (solid green), PICO [30] (solid cyan),
ZEPLIN-III [31] (dash dotted black) and WARP [32] (magenta).

RESULTS FROM THE FIRST USE OF LOW … PHYSICAL REVIEW D 93, 081101(R) (2016)
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LUX-ZEPLIN (LZ)

• Based on Liquid Xenon detector technology 

• US “Second Generation” WIMP search 

• Under construction, in a mine in South Dakota 

• Aim is to get well below 10-46 cm2 cross section for 
WIMP mass near 30 GeV/c2 

• Should be operational in a few years
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http://lz.lbl.gov
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1-5 

XENON100, and LUX) have 
attained sensitivities that exceed 
those of DAMA/LIBRA by many 
orders of magnitude, under the most 
simple SI interpretation. 
The history of and future projections 
for WIMP sensitivity are shown in 
Figure 1.2.2. There are three distinct 
eras: (1) 1986-1996; (2) 2000-2010; 
and (3) post-2010. In the first era, 
low-background Ge and NaI crystals 
dominated. In these experiments, 
discrimination between the dominant 
background of electron recoils (ERs) 
from gamma rays and NRs was not 
available. The cross-section 
sensitivity per nucleon achieved, 10-

41 cm2 (10-5 pb), was sufficient to rule 
out the most straightforward WIMP 

Figure"1.2.3.""A"compilation"of"WIMPTnucleon"SI"crossTsection"sensitivity"(solid"curves),"hints"for"WIMP"signals"
(shaded"closed"contours),"and"projections"(dot"and"dotTdash"curves)"for"DD"experiments"of"the"past"and"
projected"into"the"future."Also"shown"is"an"approximate"band"where"the"coherent"nuclear"scattering"of"8B"solar"
neutrinos,"atmospheric"neutrinos,"and"diffuse"supernova"neutrinos"will"limit"the"sensitivity"of"DD"experiments"
to"WIMPs."Finally,"a"suite"of"theoretical"model"predictions"is"indicated"by"the"shaded"regions,"with"model"
references"included"[26]."
"

Figure"1.2.2."The"evolution"of"crossTsection"limit"for"50"GeV"WIMPs"
as"a"function"of"time."Past"points"are"published"results."Future"
points"are"from"the"Snowmass"meetings"[26]."
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One More Experiment: AMS

20

http://www.ams02.org PhysRevLett110(2013)141102

http://www.ams02.org

