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When you look at the sky in a dark, clear night…

NASA and ESA image



Andromeda, our neighbour, 2 million light years away

1 light year = 9.5 trillion kilometres



Mapping the visible Universe



Most of the 
matter (85%) is 
invisible or dark



Fritz Zwicky: 
Coma cluster



Vera Rubin:  ”In a spiral galaxy, the ratio of dark-to-light matter is about a 
factor of 10. That's probably a good number for the ratio of our ignorance-
to-knowledge. We're out of kindergarten, but only in about third grade."
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Dark matter in galaxies

Vera Rubin, Kent Ford, Norbert Thonnard, 
The Astrophysical Journal 1978



100%

Dark
energy
68%

Dark
matter
27%

Baryons
5%

Pandora’s 
cluster of 
galaxies 

3.5 billion 
light years 

Blue: dark 
matter 

Red: hot X-
ray gas 

Optical: 
galaxies 

4 clusters 
involved in 
the collision

http://chandra.harvard.edu

Dark matter in clusters of galaxies
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⇤CDM
-> best fit to the Planck data

Standard model of cosmology 

The cosmic 
microwave 
background



Dark Matter is Scaffolding for Structure Formation 

Massey et al Nature 445, 286 (2007) 

Weak lensing in 2 deg HST COSMOS field provided first high fidelity DM 
map which could be compared to that of radiating baryons and stellar 
mass density in matched volumes 

Contours 
(WL derived 
DM) 
 
Red = hot 
gas (XMM) 
 
Blue (stellar 
mass) 

Dark matter 
forms structures 
and galaxies

But:  
what is it made of?

HST COSMOS survey; Nature 445 (2007), 268 



The Standard 
Model of Particle 
Physics

Neutron Proton

Elektron galaxies, stars, planets, people,…

http://www.symmetrymagazine.org



Particles from a very early phase of our Universe

• A ‘thermal relic’ from an early period in our Universe 

when the average temperature was   T ~ 1015 K ~ 100 GeV


• No particle in the Standard Model is a viable candidate


• Our young Universe was hot enough to create new, 
massive particles

quarks
leptons
photons
…

new
particles



These dark matter particles make up the 
halo of our Milky Way



How to make 
them visible?
Produce such new particles at 
the LHC, in p-p collisions

WIMP search

Indirect detection
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How to make 
them visible?
Produce such new particles at 
the LHC, in p-p collisions
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How to make 
them visible?
Look for their annihilation 
products in the Galactic Halo, 
Galactic Centre or in the Sun

The AMS experiment on the ISS

The Antares experiment in 
the Mediterranean seaχ

χ

known 
particles

p
s ⇠ 2m�

known 
particles

Time

Dark Matter - 
Standard Model 
mediators



Indirect detection

Constraints on the annihilation cross section

The Fermi-LAT instrument 

Nature physics, March 2017

The 
Cherenkov 
Telescope  
Array



Indirect detection

Constraints on the annihilation cross section

After Nature physics, March 2017

CTA



How to make 
them visible?

Look for very rare collisions of 
such particles with atomic nuclei

χ χ

Nucleus Nucleus
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Flux of dark 
matter particles:

~ 10 millions through your hand, every second

ϕ = ρdm
mdm
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Local DM velocity PDF Vogelsberger et al. 2009

800 M. Vogelsberger et al.

the short dynamical time at the solar radius (about 1 per cent of
the Hubble time). This results in very efficient mixing of unbound
material and the stripping of all initially bound objects to a small
fraction of the maximum mass they may have had in the past (see
Vogelsberger et al. 2008, for a discussion of these processes). Note
that the actual density of DM in the solar neighbourhood and the
shape of the equidensity surfaces of the Milky Way’s DM distri-
bution will depend on how the gravitational effects of the baryonic
components have modified structure during the system’s formation.
Unfortunately, the shape of the inner DM halo of the Milky Way
is poorly constrained observationally (Helmi 2004; Law, Johnston
& Majewski 2005). The dissipative contraction of the visible com-
ponents probably increased the density of the DM component and
made it more axisymmetric (e.g. Gnedin et al. 2004; Kazantzidis
et al. 2004) but these processes are unlikely to affect the level of
small-scale structure. The very smooth behaviour we find in our
pure DM haloes should apply also to the more complex real Milky
Way.

4 V E L O C I T Y D I S T R I BU T I O N S

The velocity distribution of DM particles near the Sun is also an
important factor influencing the signal expected in direct detection
experiments. As mentioned in the Introduction, most previous work
has assumed this distribution to be smooth, and either Maxwellian
or multivariate Gaussian. Very different distributions are possible
in principle. For example, if the local density distribution is a su-
perposition of a relatively small number of DM streams, the local
velocity distribution would be effectively discrete with all particles
in a given stream sharing the same velocity (Sikivie, Tkachev &
Wang 1995; Stiff, Widrow & Frieman 2001; Stiff & Widrow 2003).
Clearly, it is important to understand whether such a distribution
is indeed expected, and whether a significant fraction of the local
mass density could be part of any individual stream.

We address this issue by dividing the inner regions of each of our
haloes into cubic boxes 2 kpc on a side, and focusing on those boxes
centred between 7 < r < 9 kpc from halo centre. In Aq-A-1, each
2 kpc box contains 104 to 105 particles, while in the level-2 haloes
they contain an order of magnitude fewer. For every box, we cal-
culate a velocity dispersion tensor and study the distribution of the
velocity components along its principal axes. In almost all boxes,
these axes are closely aligned with those the ellipsoidal equidensity
contours discussed in the last section. We also study the distribution
of the modulus of the velocity vector within each box. The upper
four panels of Fig. 2 show these distributions of a typical 2 kpc
box at the solar circle in Aq-A-1 (solid red lines). Here, and in the
following plots, we normalize distributions to have unit integral.
The black dashed lines in each panel show a multivariate Gaussian
distribution with the same mean and dispersion along each of the
principal axes. The difference between the two distributions in each
panel is plotted separately just above it. This particular box is quite
typical, in that we almost always find the velocity distribution to
be significantly anisotropic, with a major axis velocity distribution
which is platykurtic, and distributions of the other two components
which are leptokurtic. Thus, the velocity distribution differs signifi-
cantly from Maxwellian, or even from a multivariate Gaussian. The
individual velocity components have very smooth distributions with
no sign of spikes due to individual streams. This also is a feature
which is common to almost all our 2 kpc boxes. It is thus surprising
that the distribution of the velocity modulus shows clear features
in the form of bumps and dips with amplitudes of several tens of
per cent.
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Figure 2. Top four panels: velocity distributions in a 2 kpc box at the
solar circle for halo Aq-A-1. v1, v2 and v3 are the velocity components
parallel to the major, intermediate and minor axes of the velocity ellipsoid;
v is the modulus of the velocity vector. Red lines show the histograms
measured directly from the simulation, while black dashed lines show a
multivariate Gaussian model fit to the individual component distributions.
Residuals from this model are shown in the upper part of each panel. The
major axis velocity distribution is clearly platykurtic, whereas the other
two distributions are leptokurtic. All three are very smooth, showing no
evidence for spikes due to individual streams. In contrast, the distribution
of the velocity modulus, shown in the upper left-hand panel, shows broad
bumps and dips with amplitudes of up to 10 per cent of the distribution
maximum. Lower panel: velocity modulus distributions for all 2 kpc boxes
centred between 7 and 9 kpc from the centre of Aq-A-1. At each velocity,
a thick red line gives the median of all the measured distributions, while a
dashed black line gives the median of all the fitted multivariate Gaussians.
The dark and light blue contours enclose 68 and 95 per cent of all the
measured distributions at each velocity. The bumps seen in the distribution
for a single box are clearly present with similar amplitude in all boxes, and
so also in the median curve. The bin size is 5 km s−1 in all plots.

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 395, 797–811
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Aq-A-1

Dark matter only (DMO) simulations



Direct detection experiments
EDW II - Run 13EDW II - Run 13

! 3rd July: 4)800 g FID detectors installed at LSM

! 2 NTD heat sensors, 6 electrodes

! 218 ultrasonics bondings / detector

Introduction Rate modulation Bolometers Noble gases Others

Next LAr detectors

Dark Side-50 at LNGS in Italy
Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab

Evis
N

N

X X 
v/c ~10-3

ER =
q2

2mN
< 100 keVDarkSide-50LUXXENON100



The WIMP landscape (before May 18, 2017)

~ 1 event/ kg-day

~ 1 event/ tonne-year

Nature physics, March 2017

phonon 
detectors
@ few mK

noble liquids
@90-180K



XENON1T at LNGS

GERDA XENON1T

OPERA

XENON100

LVD

Borexino

Deep underground: to 
shield from cosmic rays

5 

•  1st ton-scale experiment 
for direct DM detection. 

•  3.2t of LXe, 2t in TPC. 
•  20x larger than Xe100. 
•  Constructed @LNGS. 
•  Commissioning since  

summer. 
•  Data taking has started. 
•  Expected sensitivity 

1.6E-47 cm2                       
at mWIMP = 50 GeV          
for 2 ton years exposure.  

XENON1T	

H. Simgen - MPIK: "XENON1T", TPC 2016 / Paris 

xenon1t.org



The XENON1T TPC

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

3.2 t LXe @180 K

127 PMTs in the top array 121 PMTs in the bottom array

M. Schumann (Freiburg) – XENON 13

Data Taking: Neutrons

calibration
of signal region

Light: ~8 PE Charge: ~240 PE
 

→ a WIMP would look similar

earthquakes!!!



The XENON1T TPC: first assembly

xenon1t.org



XENON1T: first results  
arXiv:1705.06655 (Science Run 0)

Science Run 0 
~34 live days Science Run 1

Earthquake  Jan 18



XENON1T: calibration  

Electronic recoils 
(220Rn calibration) 

Nuclear recoils 
(241AmBe calibration, 
currently also D-D 
fusion generator)

Elena Aprile (Columbia)   XENON1T: First Results @ Patras Axion-WIMP 2017 

Fitting Models to Calibration

• Full modeling of LXe and detector 
response in cS2b vs cS1 space 

• All parameters fitted with no 
significant deviation from priors
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XENON1T: data selection  

Signal region blinded 
until selection fixed 

Single-scatter, event 
quality, peak quality, 
fiducial volume (1042 kg)

Elena Aprile (Columbia)   XENON1T: First Results @ Patras Axion-WIMP 2017 

Efficiencies 
• Detection efficiency 

dominated by 3-fold 
coincidence requirement 
• Estimated via novel 

waveform simulation 
including systematic 
uncertainties 

• Selection efficiencies 
estimated from control 
samples or simulation 

• Search region defined 
within 3-70 PE in cS1 0 10 20 30 40 50 60 70
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XENON1T: backgrounds 

ER rate prediction: 0.2 
events/(ton y keV) 

reduced to predicted 
level 

natKr concentration 
reduced from 2.6 ppt 
to 0.36 ppt

Backgrounds ER

• Online Krypton distillation
• 85Kr background natKr/Xe < 0.048∙10-12 (<48 ppq)
• ER background now radon dominated

• 222Rn chain
• Emanation from detector materials

• Extensive screening program
• Lowest possible emanation materials chosen
• Surface treatments for internal components

• 10 μBq/kg target concentration reached
• Further reduction possible (XENONnT)

• Rn distillation in XENON100 Æ 27x decrease
• See: arxiv:1702.06942

• First tests in XENON1T promising

See arxiv:1612.04284 and S. Lindemann, H. Simgen, Eur.Phys.J.C 74, 2746 (2014)

preliminary



XENON1T: signal & backgrounds 

50 GeV/c2, 10-46 cm2 
WIMP 

background 
dominated by radon  

222Rn reduced to 10 
µBq/kg, further 
reduction possible

Elena Aprile (Columbia)   XENON1T: First Results @ Patras Axion-WIMP 2017 

Background model
• ER and NR spectral shapes 

derived from models fitted to 
calibration data 

• Other background expectations 
are data-driven, derived from 
control samples

ER
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Background & Signal Rates Total Reference
Electronic recoils (ER) 62 ± 8 0.26 (+0.11)(-0.07)

Radiogenic neutrons (n) 0.05 ± 0.01 0.02
CNNS (") 0.02 0.01

Accidental coincidences (acc) 0.22 ± 0.01 0.06
Wall leakage (wall) 0.52 ± 0.32 0.01
Anomalous (anom) 0.09 (+0.12)(-0.06) 0.01 ± 0.01
Total background 63 ± 8 0.36 (+0.11)(-0.07)

50 GeV/c2, 10-46 cm2 WIMP (NR) 1.66 ± 0.01 0.82 ± 0.06

XENON, Eur. Phys. J. C (2017) 77: 358



XENON1T: first results 

Unbinned profile 
likelihood analysis 

no post-unblinding 
changes to event 
selection 

ER/NR shape determined 
from calibration fits

XENON, arXiv:1705.06655

Elena Aprile (Columbia)   XENON1T: First Results @ Patras Axion-WIMP 2017 

Dark Matter Search

• Extended unbinned profile likelihood analysis 
• Most significant ER & NR shape parameters included from cal. fits 
• Normalization uncertainties for all components 
• Safeguard to protect against spurious mis-modeling of background
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FIG. 4: The spin-independent WIMP-nucleon cross sec-
tion limits as a function of WIMP mass at 90% confidence
level (black) for this run of XENON1T. In green and yellow
are the 1- and 2� sensitivity bands. Results from LUX [28]
(red), PandaX-II [29] (brown), and XENON100 [25] (gray)
are shown for reference.

events would appear at unusually low cS2b due to charge270

losses near the wall. The inward-reconstruction is due to271

limited position reconstruction resolution, especially lim-272

ited for small S2s, near the 5 (out of 36) top edge PMTs273

that are unavailable in this analysis.274

Sixth and last, we add a small uniform background in275

the (cS1, log cS2b) space for ER events with an anoma-276

lous cS2b. Such anomalous leakage beyond accidental277

coincidences has been observed in XENON100 [25], and278

a few such events are seen in the 220Rn calibration data279

(Fig. 2a). If these were not 220Rn-induced events, their280

rate would scale with exposure and we would see nu-281

merous such events in the WIMP search data. We do282

not observe this, and therefore assume their rate is pro-283

portional to the ER rate, at (0.08+0.11
�0.06) events based on284

the outliers observed in the 220Rn calibration data. The285

physical origin of these events is under investigation.286

The WIMP search data in a predefined signal box was287

blinded (99% of ERs were accessible) until the event se-288

lection and the fiducial mass boundaries were finalized.289

We performed a staged unblinding, starting with an ex-290

posure of 4 live days distributed evenly throughout the291

search period. This did not result in changes in the event292

selection.293

A total of 63 events in the 34.2-day dark matter294

search data pass the selection criteria and are within the295

cS12 [3, 70] PE, cS2b 2 [50, 8000] PE search region used296

in the likelihood analysis (Fig. 2c). None are within297

10 ms of a muon veto trigger. The data is compatible298

with the ER energy spectrum in [9] and implies an ER299

rate of (1.93 ± 0.25) ⇥ 10�4 events/(kg⇥ day⇥ keVee),300

compatible with our prediction of (2.3 ± 0.2) ⇥ 10�4
301

events/(kg⇥ day⇥ keVee) [9] updated with the Kr con-302

centration measured in the current science run. This is303

the lowest ER background ever achieved in a dark matter304

experiment. A single event far from the bulk distribution305

was observed at cS1 = 68.0 PE in the initial 4-day un-306

blinding stage. This appears to be a bona fide event,307

though its location in (cS1, cS2b) (see Fig. 2c) is extreme308

for all our physical background models and WIMP signal309

models. One event at cS1 = 26.7 PE is at the �2.4� ER310

quantile.311

For the statistical interpretation of the results, we use312

an extended unbinned profile likelihood test statistic in313

(cS1, cS2b) with the asymptotic distribution formula314

from [26]. We propagate the uncertainties on the most315

significant shape parameters (four for NR, two for ER)316

inferred from the posteriors of the calibration fits to the317

likelihood. The uncertainties on the rate of each back-318

ground component mentioned above are also included.319

Finally, we employ the procedure from [27] to account320

for mismodeling of the ER background.321

The data is consistent with the background-only hy-322

pothesis. Fig. 4 shows the 90% confidence level upper323

limit on the spin-independent WIMP-nucleon cross sec-324

tion, power constrained at the �1� level of the sensi-325

tivity band [30]. This does not constrain our result.326

For the WIMP energy spectrum we assume a standard327

isothermal WIMP halo with v0 = 220 km/s, ⇢DM =328

0.3 GeV/cm3, vesc = 544 km/s, and the Helm form fac-329

tor for the nuclear cross section [31]. No light and charge330

emission is assumed for WIMPs below 1 keV. For all331

WIMP masses, the background-only hypothesis provides332

the best fit, with none of the nuisance parameters rep-333

resenting the uncertainties discussed above deviating ap-334

preciably from their nominal values. Our results improve335

upon the previously strongest spin-independent WIMP336

limit for masses above 10 GeV/c2. Our strongest exclu-337

sion limit is for 35-GeV/c2 WIMPs, at 7.8 ⇥ 10�47cm2.338

These first results demonstrate that XENON1T has339

the lowest low-energy background level ever achieved by340

a dark matter experiment. The sensitivity of XENON1T341

is the best to date above 20 GeV/c2, up to twice the LUX342

sensitivity above 100 GeV/c2, and continues to improve343

with more data. We already recorded more than 60 days344

of additional background data since the January 18th,345

2017 earthquake, and continue to acquire more.346
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7.8⇥ 10�47 cm2 at 35GeV/c2



Direct, indirect & LHC

Adapted after Nature physics, March 2017

LHC

Indirect detection
Direct detection

DARWIN
ARGO

DarkSide-20k



Constraints on the scattering cross section on nucleons

Direct detection evolution
NOW

LB, Update from Physics of the Dark Universe 4,  2014

XENON100

LUX/PandaX

XENONnT/LZ

DARWIN, ARGO

XENON1T
DEAP-3600

DEAP-50T

DarkSide-20k



Summary & Outlook
Cold dark matter is (still) a viable paradigm that explains all 
cosmological & astrophysical observations 

It could be made WIMPs - thermal relics from an early phase of our Universe 

- this hypothesis is testable: direct detection, indirect detection, accelerators 

- so far, no convincing detection of a dark matter particle in the laboratory 

But: direct detection experiments offer excellent prospects for discovery 

increase in WIMP sensitivity by 2 orders of magnitude in the next few years 

reach neutrino background (measure neutrino-nucleus coherent scattering 
from solar/atm/SN neutrinos!) this & next decade 

high complementarity with indirect searches (AMS, IceCube, CTA, Fermi…) & 
with the HL-LHC



Of course, “the probability of success is difficult to estimate, but 
if we never search, the chance of success is zero”

G. Cocconi & P. Morrison, Nature, 1959

W. Hablick, Sternenhimmel



The End


