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

ESA/Gaia 2015

ESA/Gaia 2015



Andromeda, our neighbour, 2 million light years 
away…

1 light year = 9.5 trillion kilometres



Mapping the visible Universe



Large scale structureClusters (lensing)Galaxies

Clusters (lensing+X-ray) Cosmic Microwave BG

Our Universe today: apparently consistent picture 
from an impressive number of observations
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Two New Things
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Dark Matter 
26%

• Everything else in the Universe is something Beyond the 
“Standard Model” 
• Really two new things: “Dark Matter” and “Dark Energy”

~27% 

dark matter

~68% 

dark energy

baryons

Large scale structures
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Large scale structures

Clusters of galaxies

Cosmic microwave background

Galaxies



Dark matter in 
galaxy clusters

Fritz Zwicky, 1933

The Coma cluster



Dark matter in clusters of galaxies

Pandora’s Cluster 
(Abell 2744)

3.5 billion light years 
from Earth

Blue: dark matter
Red: hot X-ray gas
Optical: galaxies 
< 5% of the total 
mass

At least 4 galaxy 
clusters were 
involved in the 
collision

http://chandra.harvard.edu 7

100%

Dark
energy
68%

Dark
matter
27%

Baryons
5%



Dark matter in spiral galaxies

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."

19
78
Ap
J.
..
22
5L
.1
07
R

Vera Rubin, Kent Ford, Norbert Thonnard, The Astrophysical Journal 1978
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The dark matter puzzle is fundamental:  
dark matter is matter - it leads to the 
formation of structure and galaxies in 
our universe 

We have a standard model of cold dark 
matter (CDM), from ‘precision 
cosmology’ (CMB, LSS): however, 
measurement ≠ understanding 

For ~85% of matter in the universe is 
of unknown nature

The dark matter puzzle Large scale distribution of dark matter, 
probed through gravitational lensing  

9

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) 

HST COSMOS survey; Nature 445 (2007), 268 



Exists today and in the early Universe 

Constraints from astrophysics and 
searches for new particles: 

No colour charge 

No electric charge 

No strong self-interaction 

Was slow-moving (non-relativistic) as 
large-scale structures were forming 

Stable, or very long-lived

Background | Probing dark matter through gravity

N-body

[Assume something 
about dark matter, 

cosmology, and galaxy 
formation]

COLD WARM HOT

Observation
[e.g. rotation curves; lensing; 

galaxy counts etc.]

CMB Cold Warm Hot

Probing dark matter through gravity

What do we know about the dark matter?

10



The Standard Model of Particle Physics

Only an “effective” theory at low 
energies

We expect new particles and 
new phenomena as well probe 
higher energies (e.g. at the 
LHC) 

In particular, no particle of the 
Standard Model is a good dark 
matter candidate 



Dark Matter Candidates
mDM

non-thermal non-thermal

Light DM “WIMPs”

GeV mZMeV
< 10 keV 
too hot

>100 TeV 
too much

10-22 eV

} }
mPlanck ~ 1019 GeV

12

~100 MO.

bosonic composite

adapted after 
Brian Batell, 

Invisibles2017

~100 eV



A Thermal Relic

• One of the leading hypotheses: a 
‘thermal relic’ from an early period in 
our Universe


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


• and our young Universe was hot 
enough to create new, massive 
particles:

quarks
leptons
photons
…

new
particles



Dark matter in the Milky Way

• If these particles are stable, they could form the halo of our Milky Way
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http://scienceblogs.com


How to see in the dark?

Dark Matter - 
Standard Model 
mediators
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WIMP search

Indirect detection

��� e+e�, pp

Direct detection

� N� � N

Production at LHC

p + p� � + a lot

� Talk by A. Baroncelli

Teresa Marrodán Undagoitia (UZH) Dark Matter Grenoble, 21/07/2011 4 / 31

Standard 
Model states

Standard 
Model states

ATLAS



How to see in the dark?

Indirect detection
� �

p
s
⇠

2m
�

16IceCube

AMS-02

IceCube

Dark Matter - 
Standard Model 
mediators

Fermi

Standard 
Model states

Standard 
Model states



How to see in the dark?

Direct detection� �
q  10sMeV

17

ER =
q2

2mXe
< 30 keV

Dark Matter - 
Standard Model 
mediators

Standard 
Model states

Standard 
Model states



Collisions of invisibles 
particles with atomic nuclei 

18

Direct detection principle

WIMP

WIMP

�

�



Momentum transfer ~ few tens of MeV 

Energy deposited in the detector ~ few keV - tens of keV

v/c ⇠ 0.75⇥ 10�3

N

�
�

N Evis

19

Direct detection principle

ER =
q2

2mN
=

µ2v2

mN
(1� cos ✓) θ

θ



ER

dR
/d

E R

higher 

WIMP mass

lower WIMP mass

v [km/s]
2000 600

f(v)

Astrophysics

⇢0, f(v)

Particle/nuclear physics

mW , d�/dER

Detector physics

NN , Eth

What to expect in an Earth-bound detector?

20

Velocity 
distribution of 
WIMPs in the 
galaxy

dR

dER
= NN

⇢0
mW

Z vmax

p
(mNEth)/(2µ2)

dvf(v)v
d�

dER



Local density (at R0 ~ 8 kpc) 

local measures: vertical kinematics of 
stars near the Sun as ‘tracers’ (smaller 
error bars, stronger assumptions 
about the halo shape) 

global measures: extrapolate the 
density from the rotation curve (larger 
errors, fewer assumptions)

Astrophysics

21
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Figure 7. (Left) Average density of DM particles with 7 < R < 9 kpc as a function of the height from
the galactic disk z (R is the spherical radius to the galactic center). The dashed line gives the average
value for the entire spherical shell. To select particles in z slices, we used a thickness �z = 2 kpc.
(Right) Ratio of ring to shell densities as a function of distance from the galactic center for di↵erent
planes. The ratio fluctuates around 1.2 for the galactic plane (blue), while it drops to a value ⇠ 0.9
for other planes (green, magenta). For the plane yz, the sudden peak at R ' 13 kpc is due to the
presence of a satellite halo, visible on figure 8.b.
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Figure 8. Density maps of the dark matter halo in the planes a) xy (galactic plane), b) yz.
Contours correspond to ⇢DM = {0.1, 0.3, 1.0, 3.0} GeV/cm3.

|z| < 3 kpc, we have Nstar = 143, 320. The distribution of vr and v� are shown on figure 6. We
observe that the dark matter and the star particles are indeed co-rotating in the solar neigh-
borhood. The mean tangential velocity is hv�i = 201 km/s but tends towards hv�i = 225 km/s
for stars closer to the galactic plane, which is consistent with Milky Way rotation curve

– 12 –

H
igh-resolution cosm

ological sim
ulation w

ith 
baryons: F.S. Ling et al, JC

AP02 (2010) 012

Density map of the dark matter halo 
rho = [0.1, 0.3, 1.0, 3.0] GeV cm-3

Gaia mission: April 25 to release 
data from 1.3 billion stars



What is the WIMP flux on Earth?

http://www.symmetrymagazine.org

=> WIMP flux on Earth: ~105 cm-2s-1 (MW=100 GeV, for 0.3 GeV cm-3)
22

⇢(R0) = 0.2� 0.56GeV cm�3 = 0.005� 0.015M� pc�3

Justin Read, Journal of Phys. G41 (2014) 063101 



How to deal with the particle physics?

Use effective operators to describe WIMP-quark interactions 

• Example: vector mediator


• The effective operator arises from “integrating out” the mediator with mass M and 
couplings gq and gX to the quark and the WIMP

⇤ =
M

p
gqg�

) �tot / ⇤�4Le↵
� =

1

⇤2
�̄�µ�q̄�

µq

N

�

N

�

contact interaction scale

23N
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g2

M2
q̃
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Z0
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�
�0 ⇠ 10�39cm2

WIMP-nucleus cross section: examples
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�0 ⇠ 10�44 � 10�47 cm2



Si

MWIMP = 100 GeV

σWn=1×10-47 cm2Xe

Ge
Ar

Expected nuclear recoil spectrum

25

5

0 1 2 3 4 5 6
u

10
-4

0.001

0.01

0.1

1

10

100

1000

S
S
(u

)

Structure factor
Fit

134
Xe

FIG. 12. (color online). Same as Fig. 6 but for 134Xe.
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FIG. 13. (color online). Same as Fig. 6 but for 136Xe.

butions only from the L = 0 multipole and is model-
independent:

SS(0) = A2 c2
0

2J + 1

4⇡
. (9)

This reflects the well-known coherence of the contribu-
tions of all A nucleons in SI scattering. Consequently,
near u = 0 the spin-averaged structure factors are essen-
tially identical for all xenon isotopes, apart from small
variations in A2.

Because of angular momentum coupling, only L = 0
multipoles contribute to the structure factors of the even-
mass isotopes. As discussed in Sec. II, parity and time
reversal constrain the multipoles to even L for elastic
scattering, so that for 129Xe only L = 0, and for 131Xe
only L = 0, 2 contribute. For the latter isotope, we show
in Fig. 10 the separate contributions from L = 0 and
L = 2 multipoles. At low momentum transfers, which
is the most important region for experiment, the L =
0 multipole is dominant, because coherence is lost for
L > 0 multipoles. Only near the minima of the L = 0
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FIG. 14. (color online). Structure factor SS(u) for
128Xe (this

work, black dots) in comparison to the Helm form factor (solid
red line) [25] and to the structure factor from Fitzpatrick et
al. (dashed green line) [15].
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FIG. 15. (color online). Same as Fig. 14 but for 129Xe.

multipole at u ⇠ 1.7 and u ⇠ 4.4 is the L = 2 multipole
relevant, but the structure factor at these u values is
suppressed with respect to SS(0) by over four and six
orders of magnitude, respectively.
Finally, we list in Table II the coe�cients of the fits

performed to reproduce the calculated structure factors
for each isotope.

V. COMPARISON TO HELM FORM FACTORS
AND OTHER CALCULATIONS

In experimental SI WIMP scattering analyses the stan-
dard structure factor used to set limits on WIMP-nucleon
cross sections is based on the Helm form factor [25]. This
phenomenological form factor is not obtained from a de-
tailed nuclear structure calculation, but is based on the
Fourier transform of a nuclear density model, assumed to

12
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Sp(u) 1b currents
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Sp(u) 1b + 2b currents
Sn(u) 1b + 2b currents

127I

FIG. 11. (Color online) Structure factors Sp(u) (solid lines)
and Sn(u) (dashed) for

127I as a function of u = p2b2/2 with
b = 2.2801 fm. Results are shown at the 1b current level, and
also including 2b currents. The estimated theoretical uncer-
tainty is given by the red (Sp(u)) and blue (Sn(u)) bands.

4. 127I, 19F, 23Na, 27Al, 29Si

In Figs. 11, 12, and 13, we show the structure fac-
tors Sn(u) and Sp(u) for 127I, 19F, 23Na, 27Al, and 29Si
at the 1b current level and including 2b currents. The
dominant structure factor is the one for the odd species.
Therefore, for 29Si Sn(u) dominates, while for the other
isotopes Sp(u) is the main component. All the features
discussed for 131Xe in Sec. IVC2 translate to these iso-
topes as well: The structure factors for the nondominant
“proton/neutron-only” couplings are strongly increased
when 2b currents are included. For the dominant struc-
ture factor, 2b currents produce a reduction, by about
10%− 30% at low momentum transfers, which at large u
can turn into a weak enhancement due to the 2b current
contribution to the pseudo-scalar currents. This is most
clearly seen for 19F in the top panel of Fig. 12, where we
also show the isoscalar/isovector structure factors S00(u),
S01(u), and S11(u). Note that the structure factor S01(u)
vanishes at the point where Sp(u) and Sn(u) cross.

V. CONCLUSIONS AND OUTLOOK

This work presents a comprehensive derivation of SD
WIMP scattering off nuclei based on chiral EFT, includ-
ing one-body currents to order Q2 and the long-range
Q3 two-body currents due to pion exchange, which are
predicted in chiral EFT. Two-body currents are the lead-
ing corrections to the couplings of WIMPs to single nu-
cleons, assumed in all previous studies. Combined with
detailed Appendixes, we have presented the general for-
malism necessary to describe both elastic and inelastic
WIMP-nucleus scattering.
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19F

FIG. 12. (Color online) Structure factors for 19F as a
function of u = p2b2/2 with b = 1.7608 fm. Top panel:
Isoscalar/isovector S00(u) (solid line), S01(u) (dashed), and
S11(u) (dot-dashed) decomposition. Bottom panel: Pro-
ton/neutron Sp(u) (solid line) and Sn(u) (dashed) decom-
position. In both panels results are shown at the 1b current
level, and also including 2b currents. The estimated theoret-
ical uncertainty is given by the red (S11(u), Sp(u)) and blue
(S01(u), Sn(u)) bands.

We have performed state-of-the-art large-scale shell-
model calculations for all nonzero-spin nuclei relevant to
direct dark matter detection, using the largest valence
spaces accessible with nuclear interactions that have been
tested in nuclear structure and decay studies. The com-
parison of theoretical and experimental spectra demon-
strate a good description of these isotopes. We have cal-
culated the structure factors for elastic SD WIMP scat-
tering for all cases using chiral EFT currents, including
theoretical error bands due to the nuclear uncertainties
of WIMP currents in nuclei. Fits for the structure factors
are given in Appendix D.
We have studied in detail the role of two-body currents,

the contributions of different multipole operators, and
the issue of proton/neutron versus isoscalar/isovector de-
compositions of the structure factors. The long-range
two-body currents reduce the isovector parts of the struc-
ture factor at low momentum transfer, while they can
lead to a weak enhancement at higher momentum trans-

SI

SD

R ⇠ 0.13
events

kg year


A

100
⇥ �WN

10�38 cm2
⇥ hvi

220 km s�1
⇥ ⇢0

0.3GeVcm�3

�



What can we learn about WIMPs?

• Constraints on the mass and scattering cross section
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WIMP mass

Detection!
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.
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What can we learn about WIMPs?

• Constraints on the mass and scattering cross section
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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.
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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.
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The WIMP landscape ~one year ago
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Light
dark matter

Standard WIMP

~ 1 event/ kg-day

~ 1 event/ tonne-year

Nature physics, March 2017



The WIMP landscape ~one year ago
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phonon 
detectors
@ few mK

noble liquids
@90-180K

~ 1 event/ kg-day

~ 1 event/ tonne-year

Nature physics, March 2017
+ many other technologies!

Threshold & 

atomic mass

Detector size

x time matter



Phonons

Charge Light LXe: XMASS 
LAr: DEAP-3600 
CsI: KIMS 
NaI: ANAIS 
DAMA/LIBRA, 
COSINE, SABRELXe: XENON, LZ, PandaX, 

DARWIN 
LAr: ArDM, DarkSide, 
ARGO

Ge, Si:  
SuperCDMS 
Ge:  
EDELWEISS 

CaWO4:  
CRESST 

C3F8, CF3I: PICO 
Ge: CDEX 
SI: DAMIC  
CF4: DRIFT, DMTPC, 
MIMAC, Newage, NEWS

Direct Detection Zoo
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Backgrounds
• Must be below the expected signal (< 1 event/exposure) 

• Muons & associated showers; cosmogenic activation of detector 
materials 

• Natural and anthropogenic radioactivity 

• Neutrinos! Coherent neutrino-nucleus scattering exists

⌫ ⌫
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COHERENT, Science, August 3, 2017

 
  

Fig. 3. Observation of Coherent Elastic Neutrino-Nucleus Scattering. Shown are residual differences 
(datapoints) between CsI[Na] signals in the 12 µs following POT triggers, and those in a 12-µs window before, 
as a function of their (A) energy (number of photoelectrons detected), and of (B) event arrival time (onset of 
scintillation). Steady-state environmental backgrounds contribute to both groups of signals equally, 
vanishing in the subtraction. Error bars are statistical. These residuals are shown for 153.5 live-days of SNS 
inactivity (“Beam OFF”) and 308.1 live-days of neutrino production (“Beam ON”), over which 7.48 GWhr of 
energy (~1.76 × 1023 protons) was delivered to the mercury target. Approximately 1.17 photoelectrons are 
expected per keV of cesium or iodine nuclear recoil energy (34). Characteristic excesses closely following the 
Standard Model CEνNS prediction (histograms) are observed for periods of neutrino production only, with a 
rate correlated to instantaneous beam power (fig. S14). 
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Backgrounds
• Must be below the expected signal (< 1 event/exposure) 

• Muons & associated showers; cosmogenic activation of detector 
materials 

• Natural and anthropogenic radioactivity 

• Neutrinos! Coherent neutrino-nucleus scattering exists
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [22–24]. Right: Neutrino background event rates for a germanium based detector. The black dashed line
corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event rate
from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino event
rate.

neutrino-nucleus cross section with the neutrino flux as

dR⌫

dEr
= MT ⇥

X

A

fA

Z

Emin
⌫

dN

dE⌫

d�(E⌫ , Er)

dEr
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where dN
dE⌫

corresponds to the neutrino flux. As it has
been shown in Ref. [17], the neutrino-nucleon elastic
interaction is theoretically well-understood within the
Standard Model, and leads to a coherence e↵ect imply-
ing a neutrino-nucleus cross section that approximately
scales as the atomic number (A) squared when the mo-
mentum transfer is below a few keV. At tree level, the
neutrino-nucleon elastic scattering is a neutral current
interaction that proceeds via the exchange of a Z boson.
The resulting di↵erential neutrino-nucleus cross section
as a function of the recoil energy and the neutrino en-
ergy is given by [18]:
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where mN is the nucleus mass, Gf is the Fermi coupling
constant and Q! = N � (1 � 4 sin2 ✓!)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓! the weak mixing angle.
The presence of the form factors describes the loss of
coherence at higher momentum transfer and is assumed
to be the same as for the WIMP-nucleus SI scattering.
Interestingly, as the CNS interaction only proceeds
through a neutral current, it is equally sensitive to all
active neutrino flavors.

In Fig. 1 (left panel), we present all the neutrino fluxes
that will induce relevant backgrounds to dark matter
detection searches. The di↵erent neutrino sources con-
sidered in this study are the sun, which generates high
fluxes of low energy neutrinos following the pp-chain [19]

and the possible CNO cycle [20, 21], di↵use supernovae
(DSNB) [22] and the interaction of cosmic rays with the
atmosphere [23] which induces low fluxes of high energy
neutrinos. As a summary of the neutrino sources used
in the following, we present in Table II the di↵erent
properties of the relevant neutrino families such as: the
maximal neutrino energy, the maximum recoil energy for
a Ge target nucleus and the overall flux normalization
and uncertainty. In order to most directly compare to
the analysis of Ref. [10], we use the standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [23] and [22] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m�,�

SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we do not consider neutrino-
electron scattering, even though it is predicted to pro-
vide a substantial signal in future dark matter detectors.

pp

LB et al., JCAP01 (2014) 044F. Ruppin  et al., 1408.3581, PRD 90, 2014



How to deal with backgrounds?

• Go deep underground
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• Select low-radioactivity materials

• Use active shields

33

• Fiducialize

includes tagging time-coincident hits in different crystals or identifying multiple scatters in
homogeneous detectors. For detectors with sensitivity to the position of the interaction, an
innermost volume can be selected for the analysis (fiducial volume). As the penetration range
of radiation has an exponential dependence on the distance, most interactions take place close
to the surface and background is effectively suppressed. Finally, detectors able to distinguish
electronic recoils from nuclear recoils (see section 5.1) can reduce the background by
exploiting the corresponding separation parameter.

4.2. Cosmogenic and radiogenic neutron radiation

Neutrons can interact with nuclei in the detector target via elastic scattering producing nuclear
recoils. This is a dangerous background because the type of signal is identical to that of the
WIMPs. Note that there is also inelastic scattering where the nuclear recoil is typically
accompanied by a gamma emission which can be used to tag these events. Cosmogenic
neutrons are produced due to spallation reactions of muons on nuclei in the experimental
setup or surrounding rock. These neutrons can have energies up to several GeV [151] and are
moderated by the detector surrounding materials resulting in MeV energies which can pro-
duce nuclear recoils in the energy regime relevant for dark matter searches. In addition,
neutrons are emitted in n,( )a - and spontaneous fission reactions from natural radioactivity
(called radiogenic neutrons). These neutrons have lower energies of around a few MeV.

Dark matter experiments are typically placed at underground laboratories in order to
minimize the number of produced muon-induced neutrons. The deeper the location of the
experiment, the lower the muon flux. Figure 3 shows the muon flux as a function of depth for
different laboratories hosting dark matter experiments.

The effective depth is calculated using the parametrisation from [151] which is repre-
sented by the black line in the figure. The muon flux for each underground location is taken
from the corresponding reference of the list below.

• Waste Isolation Pilot Plant (WIPP) [152] in USA.
• Laboratoire Souterrain à Bras Bruit (LSBB) [153] in France.
• Kamioka observatory [151] in Japan.
• Soudan Underground Laboratory [151] in USA.

Figure 3. Muon flux as function of depth in kilometres water equivalent (km w. e.) for
various underground laboratories hosting dark matter experiments. The effective depth
is calculated using the parametrisation curve (thin line) from [151].

J. Phys. G: Nucl. Part. Phys. 43 (2016) 013001 Topical Review

15

26.06.2015 Ludwig Rauch

Calibration with a YBe 
neutron source

● Maximum recoil energy: 4.5 keV
nr
 

● Energy threshold in XENON100 science run II: 3 PE → 6.6 keV
nr
 

● YBe source placed inside XENON100 shield

Observation of events above the threshold → Poisson 
fluctuations of expected S1 signal justified   

PRD, vol. 88, 1, 2013

10

signal-like

background-like

• Discriminate

Backgrounds
Extrinsic Intrinsic

Electronic recoil Radiogenic γ, β
222Rn progeny (β)

85Kr (β)
v-electron scattering

136Xe ββ

Nuclear recoil Radiogenic neutrons
Cosmogenic (μ-induced) n Coherent ν-nucleus sc.

Other backgrounds:
 
Accidental coincidences
Events from unusual regions (gas, cathode)

S1/S2 discrimination

LXe self-shieldingInstrumented water shield
10m high, 10m diam.

85Kr distillation

Gran Sasso mountain
3.6 km water eq.

[https://arxiv.org/abs/1406.2374]

[arxiv:1612.04284]

Illustration only

3

    

Nuclear Recoil Backgrounds
Muon-induced Neutrons

● 3,600 m.w.e. rock overburden (1x106 attenuation of 
muon rate)

● 700 m3 demineralized water surround detector
● Water Cherenkov Muon Veto provides additional 

reduction
● 0.012 events/t-y expected BG

Radiogenic Neutrons
● (α, n) reactions from U- and Th- chains and 

spontaneous fission
● Mimic WIMP signal (many are single 

scatter, many penetrate into fiducial volume)
● Reduction via careful material selection and 

minimization of material budget
● O(1) event/t-y expected

Coherent Neutrino Nucleus Scattering
● Irreducible background
● Larger at very low energies (1keV)
● Nearly no contribution above threshold of 5 keV
● 0.01 event/t-y expected

11

JCAP04(2016)027  
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• Detect a temperature increase after a particle interacts in an absorber

Phonon detectors at T ~ mK
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SuperCDMS: Ge, Si


16 Sept 2016 Alan E. Robinson | CDMSlite and SuperCDMS SNOLAB7

SuperCDMS Soudan (2010–2015)

Ge iZIP (interleaved Z-sensitive Ionization and Phonon sensors)

• Measure phonons and ionization

– Athermal phonons measured with Transition Edge Sensors

– e-/h+ pairs drifted across ±2 V bias.

– 15 detectors, 0.6 kg each at ~50 mK



Phonon detectors at T ~ mK

TeVPA 2016 CERNC. Strandhagen 21

Conclusion

● CRESST searches for light dark 
matter with cryogenic detectors 
made out of CaWO4

● the low energy threshold for 
nuclear recoils leads to the best 
sensitivity to dark matter below 1.7 
GeV/c2

● new data taking campaign started 
just now, using novel detectors with 
even lower thresholds (~100 eV)

● CRESST-III has great potential to 
explore light dark matter

16 Sept 2016 Alan E. Robinson | CDMSlite and SuperCDMS SNOLAB13

SuperCDMS SNOLAB Conceptual DesignSuperCDMS @SNOLAB 
CREST-III: 10 modules, 24 g each
Energy threshold ~ 100 eV

36

• 4 detector towers with 18 Ge (à 1.4 kg) and 6 
Si (à 0.5 kg) crystals in total


• reduce ER background by factor 200 

• improve energy resolution (TES design, 

improved electronics)

• start operation in 2020 



Phonon detectors at T ~ mK
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• Reached energy thresholds ~ 100 eV

• Probe low-mass WIMP region (sub-GeV to few GeV)

0.35 GeV

CRESST, at TAUP2017



Liquefied noble gases

• Xenon (“the strange one”) and argon (“the inactive one”)

38

Xe
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Ionisation
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molecule
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Two-phase xenon projection chambers

2016/3/4 9S2S1
time

Dark Matter Detection with LXe TPCs

Energy
- S1 area
- S2 area

Position
- x-y (S2 signal)
- z (drift time)

Interaction type
- S2/S1 ratio (ER/NR)

7 S1

S2

XENON100 LUX PandaX

background-like

signal-like



XENON1T at LNGS

1400 m

Gran Sasso Lab

L’Aquila

Teramo
Pescara

Gran Sasso mountain

L’Aquila

Teramo

Hall B

Tagesanzeiger December 2016 

• Total (active) LXe mass: 3.2 t (2 t), 1 m electron drift


• 248 3-inch PMTs in two arrays
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XENON1T at LNGS

41

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

Water tank and 
Cherenkov muon veto

Cryostat and support
structure for TPC

Cryogenics and 
purification

Data acquisition and 
slow control

Xenon storage, 
handling and
distillation column

Time projection
chamber

Umbilical pipe
(cables, xenon)



The XENON1T Cryostat and Water Shield



The XENON1T Cryostat and Water Shield



The time projection chamber: first assembly



The time projection chamber underground



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 Time Projection Chamber
• The 248 3-inch, low-radioactivity PMTs are arranged in two arrays

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

127 PMTs in the top array 121 PMTs in the bottom array
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3.2 t LXe @180 K



XENON1T first results

• 34.2 live days dark matter exposure Oct 2016 - Jan 2017


• No evidence for a signal -> upper limit

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

We gratefully acknowledge support from the Na-347

tional Science Foundation, Swiss National Science Foun-348

dation, Deutsche Forschungsgemeinschaft, Max Planck349

Gesellschaft, German Ministry for Education and Re-350

search, Netherlands Organisation for Scientific Research351

(NWO), NLeSC, Weizmann Institute of Science, I-352

CORE, Pazy-Vatat, Initial Training Network Invisibles353

(Marie Curie Actions, PITNGA-2011-289442), Funda-354

cao para a Ciencia e a Tecnologia, Region des Pays de355

la Loire, Knut and Alice Wallenberg Foundation, Kavli356

Foundation, and Istituto Nazionale di Fisica Nucleare.357

Data processing is performed using infrastructures from358

the Open Science Grid and European Grid Initiative. We359

7.8⇥ 10�47 cm2 at 35GeV/c2

Phys. Rev. Lett. 119, 181301, 2017



Science and calibration data overview

• First science run: Oct 2016 - Jan 2017 (34.2 live days) 

• Second science run proceedings smoothly (~ 250 live days)


• Unblinding very soon… and new results this spring

SR0 
~34 live days

SR1 
~ 250 live days

Earthquake  Jan 18



• In construction LXe & LAr: 


• LUX-ZEPLIN, XENONnT, DarkSide-20k, PandaX-4t


• Next-generation, design & R&D phase: 


• DARWIN 50 t LXe; ARGO 300 t LAr

DarkSide 50june 27, 2013 p. 21

Darkside 5000

● R&D and engineering for ton-scale experiment 
"DS G2" with 5t liquid Argon (active volume) and 
a sensitivity of 2·10-47 cm2

● reuse same neutron veto + water Cherenkov veto

DarkSide: 20 t LAr

Future noble liquid detectors

XENONnT: 8t LXe 
49

LZ = LUX + ZEPLIN

2

ZEPLIN‐III

6 kg LXe fid

LUX

100 kg

ZEPLIN
pioneered
WIMP‐search
with 2‐phase Xe
3.9 ×10‐44 cm2

+

1.1×10‐46 cm2

at 50 GeV/c2
(decommissioned 
in early 2017)

→
Scale‐up using demonstrated 
technology and experience for 
low‐risk but aggressive program:
‐ internal background‐free strategy
‐ some infrastructure inherited 

from LUX
‐ LZ expected sensitivity: 

2.3×10‐48 cm2 with 3‐yr run

LZ

5,600 kg

Large)Scale)TPC

• Drift)region:)! ~1.2m�H"~1.2m
– Xenon)in)sensitive)region�4ton

• Design)goal:
– High)signal)efficiency
– Large)and)uniform)electric)field
– Veto)ability
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“Ultimate” WIMP detector


50 tonnes liquid xenon


R&D and prototypes supported by two 
ERC grants: Ultimate (Freiburg) and 
Xenoscope (Zürich)

darwin-observatory.org

4 Linearity

The dynamic range for simultaneously incident photons is determined by the number of pixels and photon
detection efficiency of the SiPM. As the number of incident photons increases, two or more photons begin
to enter one pixel. Even when two or more photons enter one pixel, each pixel can only detect whether or
not the photons entered the SiPM. This means that the output linearity degrades as the number of incident
photons increases. Suppose that an SiPM with N pixels is diffusely illuminated by an instantaneous pulse of
light containing Nin photons. The linearity of the SiPM is given can be modelled by the following equation:

Nfired = Npix · (1� e
�PDE· Nin

Npix ) (1)

The setup necessary to measure the linearity is shown in figure 5 (left). A LED is placed below the SiPM
and powered with pulse generator. A part of the generated LED light is taken by a optical fibre and guided
to a 1Inch PMT. The SiPM signal and the PMT signal are amplified and acquired at the same time the a
CAEN v1730 flash ADC.

Figure 5: (left) The experimental setup for the linearity measurement. (middle) The used 6x6mm SiPM for
the linearity measurement. (right) The used 1Inch PMT with the attached optical fibres.

4.1 Linearity Analysis and Result
The response of the 1Inch PMT is linear over the whole ADC range, which has been verified in a different
experiment. As long the SiPM is linear, the output signal is growing linear with the PMT signal. The
acquired signal distribution for different LED light intensities has been fitted with a Gaussian function for
the SiPM and PMT, respectively. The mean of the Gaussian determines the number of measured p.e., as
shown in figure 6 (left). The number of measured p.e. of the PMT and SiPM are plotted over each other
and fitted with a linear function in order to determine the linearity. The result of this measurement with the
6x6mm SiPM is shown in figure 6 (right). The 6x6 SiPM with a pixle pitch of 50 µm is linear until ⇠3-4k
p.e. and starts to deviate for higher LED light intensities from the linear behaviour.

Figure 6: (left) The signal distribution of 6x6mm SiPM of a certain LED light intensity. The distribution
is fitted with a Gaussian function (black) in order to determine the mean number of p.e.. (right) The mean
number of measured p.e. of the SiPM over the mean number of measured p.e of the 1Inch PMT. As long
the the SiPM is linear the signal is growing linear with the PMT signal (black line).

5



Dark matter spectroscopy

• Capability to reconstruct the WIMP mass and cross section for various masses (20, 100, 500 
GeV/c2) and cross sections

v0 = 220± 20 km/s

vesc = 544± 40 km/s

⇢� = 0.3± 0.1GeV/cm3

Exposure: 200 t y

1 and 2 sigma credible regions after marginalising the posterior probability distribution over:
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DARWIN collaboration, JCAP 1611 (2016) 017



Non-WIMP Physics: a non-exhaustive list

• DM scattering off electrons (leptophilic models) 

• pp solar neutrinos (ν-e- scattering) to ~1% 

• Coherent ν-nucleus scattering (8B and SN 
neutrinos) 

• Neutrinoless double beta decay in 136Xe 

• Double electron capture in 124Xe 

• Solar axions and axion-like particles (via axio-
electric effect) 

• Heavy sterile neutrinos (masses in the > 10 keV 
range) 

• Bosonic SuperWIMPs (via absorption by Xe atoms)

52DARWIN collaboration, JCAP 1611 (2016) 017



WIMP Physics: Direct, indirect detection, and LHC

LHC

Indirect detection
Direct detection

DARWIN

After Nature physics, March 2017

Neutrino “floor”

LZ/XENONnT



Direct detection versus time

• Sensitivity: about a factor of 10 increase every ~ 2 years

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

XENON100

LUX/PandaX

XENONnT/LZ

DARWIN

XENON1T DEAP-3600

ARGO

DarkSide-20k



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 (and 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

Summary & Outlook

55
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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



Extra slides



Dark matter and the CMB

ΛCDM: excellent description of the cosmic microwave background spectrum

⇤CDM -> best fit to the Planck data

100%

Dark
energy
68%

Dark
matter
27%

Baryons
5% 58



Energy scale in XENON1T
Extra: Combined S1+S2 Energy Reconstruction

Energy loss to either light or charge channel 
→ S1/S2 anticorrelation

“Doke plot” → linear fit to calibration isotopes

ROI for 
WIMP 
search up 
to ~30 keV

● Solve the above for 
E for combined 
energy 
reconstruction

● Excellent resolution 
across a broad 
energy range

19



XENON1T calibration and science dataCalibration and Background Data in the Search Region
2016 data re-analysis (32.13 d) 2017 data (246.74 d)

A blind analysis is the only way 
to perform this type of rare event 
search

● Signal region inaccessible to 
analysts until analysis fixed

● Prevents human bias

The data is also ‘salted’
● Fake signal events may or 

may not inhabit signal region
● Additional protection against 

bias in post-unblinding 
scrutinization of events

We’re unblinding this data very soon!
15


