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First hints:  
gravitational effects in galaxies and clusters



1933 F. Zwicky: Compared the velocity distribution of 
galaxies in the Coma cluster to what would be expected 
given the observed mass (estimated from the luminosity)

➡ galaxies moved much faster than expected
➡ visible matter only 0.5 % of the total

Coma cluster (image from SDSS)
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1970s Vera Rubin measured the rotation velocities of 
stars in the outer regions of galaxies
➡ If we take the distribution of luminous matter, we 

expect the velocity to fall as we get further away 
from the center (as in the Solar System): 

Galaxy rotation curves
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expected

Solar System Galaxies



1970s Vera Rubin measured the rotation velocities of 
stars in the outer regions of galaxies
➡ If we take the distribution of luminous matter, we 

expect the velocity to fall as we get further away 
from the center (as in the Solar System):

➡ Stars in the outer regions move as fast as the inner 
ones!
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expected

observed

Galaxy rotation curves



➡ A halo of dark matter is required to 
explain the observations

➡ ~90% of the mass in galaxies is “dark”!

M (r )

r

luminous  
matter DM halo
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Galaxy rotation curves



More evidence: gravitational lenses

Galaxy

Two images, but 
the same galaxy

Dark Matter
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✤ General relativity
✤ Space-time is distorted by large 

masses: deflects the light path
‣ Weak lenses: slight distortion 

of the image
‣ Strong lenses: large distortion 

and multiple images



!9NASA, Z. Levay, ESA. Patrick Kelly and Alex Filippenko

Refsdal Supernova

Gravitational lens example



The Bullet cluster
✤ Two galaxy clusters collided 100 million years ago
✤ While the dust clouds (red) interacted and got distorted during the 

collision, the dark matter halos (blue) just passed by each other

http://apod.nasa.gov/apod/ap060824.html

Mass distribution (blue) 
determined using the 

gravitational lens effect

Gas distribution (red) 
measured using an X-ray 

telescope



Coma cluster

Dynamics of galaxies and clusters

What is the Universe made of?

Max Tegmark
Dept. of Physics, MIT

tegmark@mit.edu
DM2008

February 20, 2008
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Cosmological models (CMB, Supernovas, etc.)

Big Bang model



What can Dark Matter be?

✤ It does not exist! - modified gravity
➡ MOND: MOdified Newtonian Dynamics
➡ Assumes that gravity behaves differently at large distances (when the 

gravitational force is very small)
➡ Explains galaxy and cluster dynamics, but not gravitational lenses or CMB

✤ Non luminous baryonic (“normal”) matter
➡ MACHOs: Massive Astrophysical Compact Halo Objects
➡ Planets, brown dwarfs, neutron stars, etc.
➡ Dedicated surveys using the gravitational lens effect, with little success
➡ Total amount is limited by the CMB measurements

!12



✤ Neutrinos
➡ Sub-atomic particles with tiny 

masses

➡ Generated in nuclear reactions 
inside the stars

➡ We know there are plenty of them

➡ Probability of interaction with 
normal matter is very small, but 
known

!13

Due to their high velocity (close to the speed of light) they are “hot” dark matter:  
They would not form halos, so no galaxies or clusters would form in the Universe

What can Dark Matter be?



It must be made of new particles!

✤ Required properties:
➡ neutral
➡ low energy (“cold” dark matter)
➡ interaction with the “normal” matter only 

via gravity  
(and possibly a weak scale interaction)

➡ high mass (~nuclei)
➡ candidates from SUSY extensions of the SM

!14

WIMPs (Weakly Interacting Massive Particles)

Computer simulation of large structure formation 
in the Universe using cold dark matter
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Production in particle accelerators (LHC)

✤ Protons are accelerated in a 27 km long tunnel

✤ Upon colliding, their energy(14 TeV*) becomes available to create new 
particles (E = mc2)

✤ Some of these particles may be WIMPs 
(look for missing energy)

!15* Equivalent to the energy of a flying mosquito! 



✤ Pairs of WIMPs may annihilate 
✤ In this case, SM particles will 

be generated
✤ There are several experiments 

in orbit looking for sources of 
excess of these particles

Indirect detection

!16

Fermi LAT

This is similar to how PET scanners work: 
positrons annihilate with electrons and 

produce 2 back-to-back gammas

AMS-02



✤ The WIMP density in our region of the  
Milky Way is estimated to be 0.3 GeV/cm3

✤ This is ~3 WIMPs /litre

✤ Millions of WIMPs are crossing us at every second!
✤ Eventually, they may interact with normal matter…
✤ In direct detection, we try to observe the results of these interaction

Direct detection

Interactions produce:
‣ light
‣ charge (electrons and ions)
‣heat

!17



A couple of important details…

✤ The probability of WIMPs interacting with matter is  
very (very!) low!

✤ Otherwise we would have found them already

✤ The interaction rate is, at most  
 1 interaction/year/100 kg of matter

✤ We need detectors with large masses

✤ The energy the WIMPs will deposit on the detectors is also  
very (very!) low (~10 keV*)

✤ We need very sensitive detectors

!18*- 100 million times lower than the kinetic energy of a flying mosquito!

Merging these two requirements is not a trivial feat!



On the other hand…

✤ A very sensitive detector will also be sensitive to other 
interactions:
✓ cosmic radiation
✓ radioactivity in materials
✓ even radioactivity in humans! (40K)

✤ We call noise to all these interaction  
(given that this is not what we’re looking for)

!19



Signal vs Noise

✤ Radioactivity from surrounding materials:  
~100 decays/kg/sec

✤ Human radioactivity:  
~1000 gamma-rays/person/sec

✤ Cosmic radiation:  
~1 muon/hand/sec

✤ WIMPs:  
<1 interaction/100kg/year

WIMP?

!20



How can we reduce the noise?
✤ Run the experiment in an underground 

laboratory
➡ Reduces muon flux, but not the WIMPs

✤ Shield the detectors from surrounding 
radiation
➡ Lead + H-rich plastic, water

✤ Carefully select building materials for 
low radioactivity

LAB

1 µ / hand / s

1 µ / hand / month

!21

LUX

ZEPLIN-III



Direct detection experiments around the world

ROSEBUD 
IGEX-DM 

ANAIS

CRESST 
CUORICINO 
DAMA/LIBRA 

XENON 
GENIUS 
WARP

EDELWEISS 
SIMPLE

XMASS 
ELEGANT 
LIF

PICASSO 
CLEAN 
DEAP

CDMS 
COUPP

ZEPLIN

PANDA
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A specific example…

The Large Underground Xenon 
(LUX) Experiment 



Sanford Underground Research Facility

Sanford Underground Research Laboratory

1478 m deep  
(equivalent to 4.2 km of water)

Cosmic ray muon flux is 
reduced by a factor of  

10 millions

1 muon/hand/3 months

!24



Building the underground lab…
1960-80: Ray Davis installed the first solar 
neutrino experiment in this same cave

2010: Cavern clean and ready 
for the new laboratory



Current status…
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The LUX detector (2013-2016)

Water tank

Cryostat

Source tubes

Breakout cart
Thermosyphon

Figure 3: Overview of the LUX detector system installed in the Davis
Cavern. Shown are the water tank and the central cryostat. The PMTs of
the muon-veto system are not shown.

7

300 ton water tank
External radioactivity reduced to 

negligible levels

370 kg of liquid xenon !27



How a xenon detector works

!28

✤ Xenon has high density (~3 g/cm3) and 
high atomic number (A~130)
➡ large interaction probability

✤ To liquify, we need to cool it (and 
maintain it stable) at ~ -100 ºC

✤ Small gas layer (~5 mm) above the liquid

✤ An electric field transports free electrons 
to the surface

✤ An interaction produces:
➡ scintillation light (S1)
➡ free electrons, which are extracted to 

the gas and produce a secondary light 
signal (S2)

✤ From these two signals we can 
reconstruct the energy and 3D position of 
the interaction



Discrimination in xenon TPCs
✤ The water tank provides great shielding against the external radioactivity, but there is 

still the radioactivity in the detector building materials

✤ Xenon detectors are very efficient at discriminating 𝛾-ray and 𝛽 interactions (interactions 
with the atomic electrons) from nuclear recoils (due to WIMPs or neutrons)

Recoil  
median

Electron recoils  
137Cs source

Nuclear recoils  
(AmBe source)

ZEPLIN-III

(S2/S1)𝛾 > (S2/S1)WIMP !29



Assembling the LUX detector

!30



LUX installed inside the water tank

!31

Detector



Latest LUX results (2017)

!32
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Latest LUX results (2017)

Most sensitive WIMP experiment in the world between 2013-17

No WIMP detected after 3 years running
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The future: LUX-ZEPLIN (2020-25)
✤ Same technology as LUX
✤ 10 tonnes of xenon
✤ Installed in the same lab/tank
✤ Operation starts in 2020
✤ Duration: 4 - 5 years  

(but first results after just a  
couple of months)

!34
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FIG. 1. Left: Cutaway drawing of the LZ detector system. The LXe-TPC is surrounded by the outer detector (OD) tanks
(green) and light collection system (white), all housed in a large water tank (blue-grey). Conduits penetrate the various regions
and boundaries to deliver services to the LXe-TPC: PMT and instrumentation cables (top and bottom, red); cathode high
voltage (lower left with cone); purified LXe (bottom center, green); neutron beam conduit (right, yellow and pitched). Right:
Expanded view of the lower right corner. ‘OD PMT’ indicates an outer detector photomultiplier tube. The xenon skin region
is observed by an independent set of PMTs (not depicted).

pure titanium [10] holds 10 tonnes of LXe, including the
LXe-TPC and its enveloping xenon skin veto. The cryo-
stat is maintained at 175 K by a system of thermosyphons
and is surrounded by a room temperature liquid scintilla-
tor outer detector (OD). Both are located within a large
water tank in the Davis Campus at the 4850-foot level
(4300 m w.e.) of the Sanford Underground Research Fa-
cility (SURF) [11]. Key dimensions and masses of the
experiment are summarized in Table I.

The active volume of the TPC is a cylinder with both
diameter and height equal to 1.46 m, containing 7-tonnes
of LXe. Particle interactions in the LXe generate prompt
scintillation light (‘S1’) and release ionization electrons—
the latter drift in an applied vertical (z) electric field and
are extracted into the gas layer above the surface where
they generate electroluminescence photons (‘S2’). The
xenon circulation and purification strategies are based
on the LUX experience [12–14] and electronegative im-
purities are suppressed su�ciently to allow electrons to
survive, with good e�ciency, drifting through the length
of the TPC.

Photons are detected by 494 Hamamatsu R11410-
22 300-diameter photomultiplier tubes (PMTs), with a
demonstrated low level of radioactive contamination [15,
16] and high quantum e�ciency at the LXe scintillation
wavelength of 175 nm [17]. The PMTs are assembled in
two arrays viewing the LXe from above and below. The
241 bottom PMTs are arranged in a close-packed hexag-
onal pattern to maximize the collection e�ciency for S1
light. The 253 top PMTs are arranged in a hybrid pat-
tern that transitions from hexagonal near the center to
nearly circular at the perimeter, thereby optimizing the
(x, y) position reconstruction of the S2 signal for inter-

actions near the TPC walls. The TPC walls are made of
highly reflective polytetrafluoroethylene (PTFE) panels
that also embed 57 field-shaping rings which define the
drift field.

Vertical electric fields in the TPC are created by four
horizontal electrode planes, which consist of grids woven
from thin stainless steel wires. At the top of the TPC,
the gate and anode grids straddle the liquid surface to ex-
tract ionization electrons from the liquid into the gas, and
to create an S2-generating region in the gas phase. At
the bottom, the cathode grid defines the lower boundary
of the active TPC volume. An additional grid below the
cathode shields the bottom PMT array from the cathode
potential. This creates a reverse field region below the
cathode, containing 840 kg of LXe, where energy deposits
create S1-only events. The drift field is established be-
tween the cathode and gate grid. The nominal cathode
operating voltage is �50 kV, delivered from a dedicated
conduit penetrating the cryostat laterally. In this work
we assume a uniform TPC drift field of 310 V cm�1.

A two-component veto system rejects multi-site back-
grounds and asynchronously characterizes the radiation
environment around the WIMP target. The innermost
veto component is the xenon skin region, formed by in-
strumenting the outer 2 tonnes of LXe located between
the TPC and the inner cryostat vessel. This region is op-
tically segregated from the TPC, and scintillation light
produced in the LXe is viewed by 93 Hamamatsu R8520
100 PMTs mounted near the xenon liquid level and a fur-
ther 38 Hamamatsu R8778 200 PMTs mounted near the
bottom of the TPC. The inner surface of the inner cryo-
stat vessel is covered by a thin liner of PTFE to improve
light collection. The principal role of this skin region is
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TABLE IV. Eleven background types considered in the PLR
analysis, along with the systematic uncertainties on their nor-
malizations, included as nuisance parameters in the PLR.

Background �/N
222Rn (ER) 10%

pp+7Be+14N ⌫ (ER) 2%
220Rn (ER) 10%

136Xe 2⌫�� (ER) 50%
Det. + Env. (ER) 20%

85Kr (ER) 20%
8B solar ⌫ (NR) 15%

Det. + Env. (NR) 20%
Atmospheric ⌫ (NR) 25%

hep ⌫ (NR) 15%
DSN ⌫ (NR) 50%

low number of background counts expected in LZ. No
other nuisance terms are included in the sensitivity cal-
culation presented here.

The signal spectrum for WIMP recoils is calculated
using the standard halo model following the formal-
ism of [74], with �0 = 220 km/s; �esc = 544 km/s;
�e = 230 km/s and ⇢0 = 0.3 GeV/c2. For SI scattering
the Helm form factor [75] is used as in [76], while for SD
scattering structure functions are taken from [77]. Signal
and background PDFs in S1c and S2c are created using
NEST and the parameterization of detector response de-
scribed in Sec. III and shown in Table II. The power of the
PLR technique arises from an optimal weighting of the
background-free and background-rich regions, and for all
WIMP masses considered background rejection exceeds
99.5% for a signal acceptance of 50%. Figure 7 demon-
strates the separation in (S1c,S2c) of a 40 GeV/c2 WIMP

FIG. 7. LZ simulated data set for a background-only 1000 live
day run and a 5.6 tonne fiducial mass. ER and NR bands are
indicated in blue and red, respectively (solid: mean; dashed:
10% and 90%). The 1� and 2� contours for the low-energy
8B and hep NR backgrounds, and a 40 GeV/c2 WIMP are
shown as shaded regions.
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FIG. 8. LZ projected sensitivity to SI WIMP-nucleon elas-
tic scattering for 1000 live days and a 5.6 tonne fiducial mass.
The best sensitivity of 1.6⇥10�48 cm2 is achieved at a WIMP
mass of 40 GeV/c2. The �2� expected region is omitted
based on the expectation that the limit will be power con-
strained [78]. Results from other LXe experiments are also
shown [7–9]. The lower shaded region and dashed line indi-
cate the emergence of backgrounds from coherent scattering
of neutrinos [51, 79] and the gray contoured regions show the
favored regions from recent pMSSM11 model scans [80].

signal from the LZ backgrounds expected in a 1000 day
run.

A. Spin-independent scattering

The LZ projected sensitivity to SI WIMP-nucleon scat-
tering is shown in Fig. 8. A minimum sensitivity of
1.6 ⇥ 10�48 cm2 is expected for 40 GeV/c2 WIMPs, an
order of magnitude below the projected sensitivities of
all running LXe experiments. With this sensitivity LZ
will probe a significant fraction of the parameter space
remaining above the irreducible background from coher-
ent scattering of neutrinos from astrophysical sources,
intersecting several favored model regions on its way.

The higher light collection e�ciency compared to the
baseline presented in the TDR [22] (from 7.5% to 11.9%)
leads to an improvement at all WIMP masses. The lower
energy threshold leads to a significant expected rate of co-
herent neutrino-nucleus scattering from 8B and hep neu-
trinos, with 35 and 1 counts expected in the full exposure,
respectively. These events are not a background at most
WIMP masses but are interesting in their own right and
would constitute the first observation of coherent nuclear
scattering from astrophysical neutrinos.

The observed rate of events from 8B and hep neutri-
nos as well as sensitivity to low mass WIMPs will depend
strongly on the low energy nuclear recoil e�ciency (see
Fig. 3). Recent results from LUX and XENON1T ap-
propriately assume a cuto↵ in signal below 1.1 keV to

!35

Soon we will hit the  
“neutrino floor”

The future: LUX-ZEPLIN

100x more 
sensitive than 

LUX
(this is the sensitivity, 
but we hope to find 
dark matter before 

getting there!)



The LUX and LZ collaborations

LZ
36 institutions

~250 scientists,  
engineers and technicians

lzdarkmatter.org 

LUX
20 institutions
~100 scientists

luxdarkmatter.org 

!36

http://lzdarkmatter.org
http://lzdarkmatter.org


The LIP Dark Matter group

Isabel 
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Cláudio 
Silva

Paulo 
Brás Francisco 
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Alexandre 
Lindote Vladimir 

Solovov
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LIP activities in LZ
✤ Background studies 

and coordination
✤ Studies of rare physics  

(e.g. 0ν2β decay) 
✤ Software modules  for 

data processing
✤ Experiment control 

system



Thank you!



Extras



First hints

Estimated that the invisible mass could make up to 50% of the total, 
but would be in stars that were too dim to be observed.

1932 Jan Oort: showed that our galaxy rotates (TS ~225 Ma). 
‣ Studied the movement of stars near the Sun, but outside the 

rotation plane (in the halo)
‣ Noticed that they move faster than expected given the visible 

mass in the galaxy disc (from the visible stars)
‣ He used the term “dark matter” to justify this difference

!40



✤ Until the 70’s, several estimates were done for other clusters

✤ The total mass obtained from the dynamics of the galaxies 
was always much larger than the visible matter

✤ Interstellar gas was studied as a possible explanation for 
this missing matter
✤ At most, it should amount to less than 2% of the total mass

✤ Massive non-luminous objects were seen as the best 
candidates (e.g. dwarf of dead stars)

First hints

!41



Milky Way

Most of the mass is in the central region of galaxies. What is expected is that the rotation 
velocity of stars and gas clouds decreases rapidly with the distance to the center.

!42
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Expected Observed

Galaxy rotation curves
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More examples

Even at very large distances from the 
center:

• rotation speed of the gas is constant
• evidence that there is a large amount of 

dark matter well beyond the limits of the 
galaxy disk

Galaxy rotation curves

Milky Way



Efeito de lente gravitacional

!45

ALMA (ESO/NRAO/NAOJ), L. Calçada (ESO), Y. Hezaveh et al.
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NASA/ESA

Gravitational lenses



➡ Using the position and distortion of 
the four images it’s possible to 
estimate the mass of the galaxy

➡ Estimated mass >> visible mass!

One of four images created by the 
gravitational lens

Galaxy responsible 
for the lens effect

!47

Gravitational lenses



ESA/Hubble & NASA imgur

Einstein Ring around the LRG 3-757 galaxy Imagem anamórfica

!48

Gravitational lenses

https://imgur.com/HfJyR9d
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The Bullet cluster



53

FIG. 7. The bullet cluster. The colored map represents the X-ray image of this system of merging

clusters, obtained in a 500 second exposure with Chandra. The white bar is shown for scale, and

represents a distance of 200 kpc at the location of the cluster. The green contours denote the

reconstructed lensing signal, proportional to the projected mass in the system. From Ref. [81].

gravitational lens was observed [324] – two mirror images of a quasar – and another decade

after that before the first observations were made of lensing by a galaxy cluster [204, 299].

Today, gravitational lensing is frequently used to study the properties of clusters (see e.g.

Refs. [155, 211] for recent reviews).

In 2006, a group of astronomers including Douglas Clowe transformed the debate between

dark matter and MOND with the publication of an article entitled, “A direct empirical proof

of the existence of dark matter”. In this paper, the authors described the observations of a

pair of merging clusters collectively known as the “bullet cluster” (and also known as 1E0657-

558) [81]. As a result of the clusters’ recent collision, the distribution of stars and galaxies

is spatially separated from the hot X-ray emitting gas (which constitutes the majority of

the baryonic mass in this system). A comparison of the weak lensing and X-ray maps of

the bullet cluster clearly reveals that the mass in this system does not trace the distribution

!50

D. Clowe et al., ApJ 648, L109 

The Bullet cluster



Cosmological evidence
Big Bang Model

!51



✤ Cosmic Background Radiation (CMB)
✤ 380 thousand years after the Big Bang, the temperature gets too low for the 

radiation to have enough energy to ionise atoms
✤ Protons and electrons combine, and make the first hydrogen atoms
✤ Matter and radiation “decouple”
✤ This radiation is a snapshot of the Universe at that age
✤ As the Universe expands, the radiation gets colder (-270 ºC)

1948 Predicted by 
George Gamow 
Did not win the Nobel prize…

1965 Accidentally discovered by  
Penzias and Wilson

They thought it was just background noise
They won the Nobel prize!!!

!52

Cosmological evidence
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Cosmic Background Radiation
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Planck satellite: 
www.esa.int/Our_Activities/Space_Science/Planck

✤ Analysing this radiation, it’s possible to determine several parameters of the 
Big Bang model, including:
✤ density of baryonic (“normal”) matter 

✤ density of dark matter

Cosmic Background Radiation
2018



Big Bang Model

!55

ΛCDM ("Lambda Cold Dark Matter")



Big Bang Model
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ΛCDM ("Lambda Cold Dark Matter")



How can we detect it?

NC
weak-scale?
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✤ Espera-se que a densidade de WIMPs na nossa  
zona da Via Láctea seja de 0.3 GeV/cm3
✤ Isto corresponde a ~3 WIMPs /litro

✤ 50 biliões de WIMPs atravessam uma pessoa a cada segundo!
✤ Ocasionalmente, deverão interagir com a matéria…
✤ Na detecção directa, tentamos observar o resultado destas interacções

Detecção directa

χχ

χ

Esta interacção  produz:
‣ luz
‣carga (electrões e iões)
‣calor

!58



Sanford Underground Research Laboratory

✤ Largest and deepest gold mine in North America, abandoned in the late 90’s
✤ A millionaire donated 70 million dollars to reconvert it to science



1478 m deep  
(equivalent to 4.2 km of water)

Cosmic ray muon flux is 
reduced by a factor of  

10 millions

1 muon/hand/3 months

Sanford Underground Research Laboratory
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Building the underground lab…



Current status…

!62
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How a xenon detector works



Activity above the water tank…





LUX results for low-mass WIMPs
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LUX completely excluded all the results from previous 
experiments claiming to have observed WIMP signals



Now a museum piece

What we learned from LUX is now being used to build the  
next generation detector: LUX-ZEPLIN (LZ) !67

LUX retired at the end of 2016 Exhibit (2017)



Sensitivity of direct dark matter experiments

�68
Even faster then the computing power evolution: a factor of 10 every 5 years
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Coherent Neutrino Scattering
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FIG. 8. The past and projected evolution of the spin-independent WIMP-nucleon cross section

limits for a 50 GeV dark matter particle. The shapes correspond to limits obtained using di↵er-

ent detectors technologies: cryogenic solid state detectors (blue circles), crystal detectors (purple

squares), liquid argon detectors (brown diamonds), liquid xenon detectors (green triangles), and

threshold detectors (orange inverted triangle). Taken from Ref. [83].

continue along this trajectory for years to come.

As CDMS, EDELWEISS, XENON100, LUX and other direct detection experiments have

increased in sensitivity over the past decades, they have tested and ruled out an impres-

sive range of particle dark matter models. And although results from the CoGeNT [1, 2],

CRESST [24], and CDMS [14] experiments were briefly interpreted as possible dark matter

signals, they now appear to be the consequences of poorly understood backgrounds [25, 173]

and/or statistical fluctuations. While many viable WIMP models remain beyond the cur-

rent reach of this experimental program, a sizable fraction of the otherwise most attractive

candidates have been excluded. Of particular note is the fact that these experiments now

strongly constrain dark matter particles that scatter coherently with nuclei through Higgs

exchange, representing an important theoretical benchmark.
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The flight of the mosquito
✤ Mosquito mass: 2 mg
✤ Reasonable flying velocity: 1.4 km/h
✤ Kinetic energy: 1/2 mv2 = 1.6 x 10-7 Joules
✤ 1 eV = 1.6 x 10-19 J
✤ 1 TeV = 1 x 1012 eV = 1.6 x 10-7 Joules
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PET scanner

✤ The patient is injected with a drug containing a 
radioactive isotope which decays via positron emission

!71
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Positron: electron anti-particle



Example of LUX S1 and S2 signals

!72


