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Our Universe today
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Dark matter torms the £
structures we observe inthe
Universe today, in particular
also galaxies

But:
what Is it made of?




FIrst:

what IS normal
maltter made or?

Neutron Proton

http://www.symmetrymagazine.org

galaxies, stars, planets,
people, polenta...
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Particles from a very early phase of our Universe



What do we know about the
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Cold) as lar ge
were forming

x Stable, or very long-lived

Probing dark matter through gravity



Weakly Interacting massive
particles (WIMPSs)

x  One of the leading hypotheses
for Cold Dark Matter

® A thermal relic from an early

ohase S \ / new
/ \

leptons :
photons part|C|eS

x e can calculate its density
today

. gnd It matches the
observations



WIMPs could make up the halo of our
Milky Way
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Dark matter

A new particle, which does not
emit nor absorb light



How to make these dark
matter particles visible’?

Look for very rare collisions of:such particles with - atomic nuclel

Nucleus Nucleus




What do we expect in a detector?

= |nput from: particle physics, nuclear physics, astrophysics and detector
physics

Astrophysics
dR og  [Umax do
N dv f(v)v
dE R TN db R

Uimi
o min por

Detector physics

Particle/nuclear physics

The measured spectrum sescees
INn a detector on Earth




Flux of dark
matter particles:

» From the measured local
dark matter density

» About 10 Millions through
your hand, every second

Gaia mission: data from 1.4 x 10° stars

13
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Backgrounds

» Dark matter experiments are
deep underground

The Gran Sasso Laboratory in ltaly

» To shield from cosmic rays
and their secondary particle

®
Teramo

*/ Pescara
L’Aquila ™




Underground laboratories

Canada

Mexico

Venezuela

Colombia

Bolivia

Argentina

Greenland

Finland

Sweden @

i Russia
Norway

Iceland

1)

Unités
Kinge
g

Kazakhstan Mongolia

Afghanistan

Egypt Pakistan

Algeria Libya
Saudi Arabia India

: . Thailand
Mali | Niger

Chad

Sudan

Nigeria Ethiopia

DR Congo

. Indonesia
Tanzania

Angola

Namibia

Madagascar
Botswana 9

South Africa

Papua New
Guinea

Australia

£

New
Zealand




Direct detection signals

Ge, Si: CaWO4:
SuperCDMS CRESST
EDELWEISS

L Xe: XMASS
LAr: DEAP-3600
CsFs, CR3l: PICO Csl: KIMS
Ge: CDEX Nal: ANAIS
Si: DAMIC 'SENSEI DAMA/LIBRA.
. DRIET DMTP
Sl DRIEH 2 LXe: XENON, LUX, LZ, PandaX. COSINE, SABRE

MIMAC, NEWS:DM,

st DARWIN

LAr: ArDM, DarkSide, ARGO 17



The experimental challenge

x Observe a signal which is:
= very small ( few keV - tens of keV)

= cxireme

x cmbedo

y rare (<1 per ton of detector material per year
ed in a background that is millions of times higher




The experimental challenge

x Specific dark matter signatures
® rate and shape of recoll spectrum depend on target material
= motion of the Earth cause a
» temporal variation in the rate (*annual modulation”)
» directional dependance

lower WIMP mass

dR/dERr

June

WIMP wind

v=~220 km/s

higher <
Cygnus
WIMP mass

galactic plane

December

Er

19



Detectors using xenon

Light at A=175 nm

x Measure VUV light
and charge

x 3D position of an
iInteraction

x Example: 3.2 t of
Iquid xenon at

-100°C = ,

v




Detectors using xenon

= Measure VUV light
and charge

Charge

x 3D position of an

J{’{ -

m
o
~
n
©
0
o
O
0
| .
—
o
&)

interaction
e T . Electronic Recoils
x Example: 3.2 t of ' e tecols
liquid xenon at oo
-100°C Light

Time

v



The XENON and DARWIN timelines

XENON10 XENON100  XENON1T XENONRT DARWIN

2005-2007 2008-2016 2012-2019 2020-2024 2024++
15 kg 161 kg 3200 kg 8200 kg 50 tonnes

~10-43 cm?2 ~10-45 cm? ~10-47 cm?2 ~10-48 cm?2 ~10-49 cm?2

*detector pictures not to scale

22



Size and backgrounds :

XENON1T

Inner detector mass [kg] PandaX |
XENON100
XENON10
1000-1300

Background Rate
[Events/(tonne keV day)]

Main backgrounds: radioactivity of detector materials



XENON Collaboration, EPJ-C 77 (2017) 12

XENON1T at Gran Sasso
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XENONT1T at the Gran Sasso Lab

Stainless steel cryostat and outer water shield s
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M

Vidéos Archéologie Astronomie Biologie Cerveau Géophysique Mathématiques Médecine

(167117 | 2015:lessciences en images

Xenon1T chasse la matiére noire

La découverte de la matiére noire est-elle enfin proche? C’est en tout cas le grand espoir des
astrophysiciens et physiciens des particules, tant I'instrument inauguré le 11 novembre dans le
laboratoire sous-terrain de Gran Sasso, en ltalie, parait prometteur. Plus gros, plus précis, plus isolé
que tous ses concurrents, Xenon 1 tonne devrait se lancer dans la grande chasse en février afin de
mettre la main sur la fameuse particule fantéme. Voila en effet trente ans que I'on sait que 80 % de
la matiére de I'Univers n'est pas «normale». Mais de quoi est-elle faite? Réponse, peut-étre, au
printemps.

check-list

Le point sur l'actualité a 8h

Paléontologie

Physique

Zoologie

2% Plein éc

L.e Monde

Les

SCIeNces
er
Images
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Inner detector In the cleanroom




XENON1T at Gran Sasso
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No dark matter signal (so far)

L. Baudis. S. Profumo, PDG2019
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XENON collaboration, Nature 568, April 25,2019

Observation of DEC In 124Xe

L ST T SR

The 2 neutrinos leave
the detectors
unnoticed

X-rays with at ~
64 keV\/ are
observed

2 electrons are captured
from the atomic shell

De-excitation of
the atom

The rarest decay process ever measured in the Universe



Events
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XENON collaboration, Nature 568, April 25, 2019

bservation of DEC In 124Xe

25. April, 2019

natur e

— it — 2vECEC | calibration data

—=- Background e 125

THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

=t NN \

LY \\\
NORE N

Dark manerdetectotcaptureselusuve l o —
~ nuclear decay inxenon PAGES 452&532

D NATURE.COM

TRANSITIONAL IN THE SPEECH
INSIGHTS DARK SYNTHESIZER
The world's largest study of How high -riseliving deprives Implant gives voice to brain
transgender people urban centres of natural light sigmals that control movement
PAGE 446 PAGE 451 PAGES 466 4 493
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XENONNT
In construction at LNGS

Next step

Start in 2020

® 3.4 tonnes of liquid xenon

LI

L
’y
1, ,

e

I, photosensor arrays

x New Inner detecto

>

doped water neutron shield

x (5d

33



The XENON collaboration

11 countries

® 165 scientists, 25 institutions

34



The DARWIN Observatory

darwin-observatory.org

x Ultimate dark matter detector e | R R—

feedthrough g, _Purification, data acquisition

= 50 tons liguid xenon

Top O A
photosensor ... KRS ﬁ

= Probe the experimentally = ;
accessible parameter space || \
for WIMP. dark matter (before Bl n e
the neutrino background will it |
dominate) o L

photosensor
array

DARWIN Collaboration, JCAP 1611 (2016) 017



darwin-observatory.org

36



DARWIN Demonstrator

® |n construction at UZH (ERC grant Xenoscope)

®x Small detector for photosensor R&D (Xurich)

L. Baudis et al.; arXiv:2003.01731

AN

Drwin demonstrator in our lab at U‘ZI—I Xurich detector 37



Many open guestions...

Is the DM really made of new, weakly interacting massive particles?
What are the properties of these particles?
Are there more than one type of dark matter particles?

What is their detailed distribution in the Milky Way?

’

http://www.symmetrymagazine.org
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lhank you

The Adolph C. and Mary Sprague

MILLER INSTITUTE

for Basic rch in Scien

Hilary Jacolbsen
Donata Hulber
—mily: Birman

Coaches: Niknhil

rsity of California Berkeley

Hosts at UG

Alan Poon

S and L

Yury Kolomensky

Bhatla, Louis Kang

SNL:
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Direct, indirect & LHC

Direct detection
Indirect

~
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O
=
O
Q
i
(V)]
v
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Neutrino “floor”

102

Moy (GeV cm2)

After Nature physics, March 2017
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Dark matter results

XENON, PRL'122,2019

30 GeV WIMP, o=1x1045 cm? ot Ao 10T om A at 30 GeVi/e?

WIMP-nucleon oy

>
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m

20 30 40 50 60
Nuclear recoil energy [keV] WIMP mass [GeV/c?]

Axial-vector mediator
Dirac WIMP
ATLAS (2018) gq=().‘25,gle.()

Axial-vector mediator
and a Dirac WIMP, with
fixed mediator-quark

and mediator-WIMP
coupling

/\'ENON

Mediator mass [GeV/cz]

102 103
WIMP mass [GeV/c?] XENON, PRL 122, 2019




Dark matter spectroscopy

Capability to reconstruct the WIMP mass and cross section for
various masses - here 20, 100, 500 GeV/c?-

Exposure: 200ty Exposure: 200ty

100 100
m,[GeV/c] m,[GeV/c]

1 and 2 sigma credible regions after marginalising the posterior probability distribution over:

Update: Newstead et al., PRD D 88, 076011 (2013)
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darwin-observatory.org

The timescale tor DARVWIN

2022

12024-25

50000000040,6 %
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2024

2026 Start data
taking
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How to make
them visible?

Produce such new patticles at

the L

proton

C, In p-p collisions

/s ~ few TeV

S ATLAS

EXPERIMENT
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How 1o make
them visible”

| ook for their annihilation

products in the Galactic Halo,
Galactic Centre or in the Sun

Known
X
V8~ 2 particles
. Known
Time .
e ,  particles

The AMS expenment on the 1SS

7 ] B
///// ’/7/ 5 5

/ » —
L 7 / 7/ \/ :‘n‘.
_—
& . fe g — ’/
s
- ’

¥ Hz ..

¢ @@ wé
w8 i ‘
. « L
w9
4 - ’ 4
S - o8 . _ l e w e
7 N —
ok » wr e
" °h h wit . - &‘ 'b d'
ok, £ e -5 . oo
Y * Y 2
ol h  oh PR T oo =
od el uiilek * 4
by o ¢ & whe e
e wh ok ke |
. : i o |
ok i b A — ok whe [
- o e S AENS - & /
3 ‘
(4] 1l (] ' 4
’! , ‘| e ‘ 1‘ ;

The Antares experiment In
the Mediterranean sea
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ATIE Xeros

| Iquifled noble gases

= Xenon (“the strange one’”) and

(¢ ' - > | .
argon (“the inactive one?) e edlon)
Excited 'l'
EXxcitation molecule | ,* 2
....... P es
« Ssssatre
Dissociation
Pl
----- B atatatel
v.

. > 5™,
N
s &

lonisation 3 lonised 239533
Recombination
b molecule
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