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Spiral galaxies of billions of Stars
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- Space Telescope:




" A
1933-1970 ¢1 jHEMISOs h O &OMMNOE 1 fj dzj dzdzs 2

CWWicCl
i B efhdstcH @ t BOUdEdEZO" CtdsOv My
‘ Velocity of the star B

Observed velocities

-~
-
- .

l Jt6® ( B dd
OQdgls | OB 9 O

15



200 \ S e ow e P2, B R 400 LI L L B L B LB

NGC 2841

Vo (km 57

Yu (km 5-')

PRI I 0 R0 AT Y B0 AT A (7Y VAT

J PSR T S —— .
PN 2. i Irarir e P B
0 10 20 30 40
Radius (kpe)

&
o

200 T T T T T T T T T T
A NGC 3198
A ‘.W
"o 1 a e = 4
g 1 & .
~ “ ~ \
X 1 ~— ~
al .
T 2001:11]!11!]!:[:
,'/ SR O N i | = -
i 4
ol vy p Ui g iy B L1 o1 S o e B o Y T O ) NGC 6503
o 10 30 20 30 40 B "
Radius (kpc) Radius (kpc)
200 T LI e DT SN S o B R DR M 400 S B B | SR B ] N
- - - J ‘m —
NGC 6503 - NGC 7331 B g
s00 - 2] g 100 3 Dark matter —
. - - b \ P b
e I ————— ] R i
E I : . - / o 0
§ 4 E 200 ’ = \\ N
< e e = v’,—’ : S~
A ) /‘)r\\ ~—____ Luminous i
100 - i e r—————,
i == : I Gas
) oo ] b”..’lllllllll|lLll
b = 4
o. = = e | = oon LK - i1 1al)x I Lalon s aal sy Lw o 10 20 30
= %0 .
Radius (kpe) Radius (kpc) Radius (kpc)

16



1L OBz HOj 5" j L WWjClsr

Atoms

Dark

4.9% FREGY
68.3%
Dark :
Matter
26.8%
TODAY
Neutrinos Dark
10% Matter
63%
Photons
15%
Atoms
12%

13.7 BILLION YEARS AGO

2
(Universe 380,000 years old) Gravitational Lens G2237+0305




| Qo dIlsOydtzdedzis g tc s 0 O dzd J

-

nSM‘ P
% so“
S E
g 2 v~
& 8
>

i

S
c
2
=
o

S’

\ -::...

pant

18

anpeboégqgqe?2g pDEgaGcIR?2,

Y2bb(dQUy3>¥Y(J eB3¢gRoeY

B3
N



s ZOMis j tt dIT&ORIEEOS sH dlsMv  dz0 10ci@fyfipieovatadip Mo j Is
sls | J Bdzd fHOEHgG deydddlsts dzts o (<1%edsOfiHn T | ), &5 ¥ ¢ O dz€s d
BOMMris)y deflzlz 8 d30 Is(390% GO ) fij).

19



cud BS O& € dzOflsSDBINLASHd8AL, Is d €
o5l dzd C MO® e Oo d Is Qs ddeEO dAf 8 ZMisC j sy d3dats 2

20



t OMmMfteJ Hjdzj ded ] Is] dgdzeis?2 dBOIsjtedd o ts
»




The solar system moves through the galactic halo
at about 230-kilometers per second. That creates

a wind of dark matter particles impinging on
detectors on earth!

Sun 230 km/s




) 5d M6

GOMmmd o def

1. Direct detection (scattering XS)

production
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Nuclear (atomic) recoils from elastic scattering
(annual modulation, directionality, A- & J-dependence)
Galactic DM at the Sun’s position — our DM!
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Electron Recoil
(gammas)

Nuclear Recoil
\ (neutrons, WIMPs)

Mass measurement (if not too heavy)

direct
-

indirect

. Indirect detection (decay, annihilation XS)

High-energy cosmic-rays, y-rays, neutrinos, etc.
Over-dense regions, annihilation signal o n?
Challenging backgrounds

. Accelerator searches (production XS)

Missing transverse energy, monojets, etc.
Good place to look for particles...

Mass measurement poor, at least initially
Can it establish that new particle is the DM?
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) 85dMS fdsHds?2 sj dds? ®0kjtedd M § sksh
Detector mass, o Location, Status References
Project Total/Feducial, ) 'Senjs VLY. , Years on duty
10*cm’ @ GeV/c?
Mass, kg

XENON-10 | 25/5LXe 8.8 @ 100;5.5@ 30 | GS,2006-07 Completed | Aprile et al. (2006)
ZEPLIN 1 31/8 LXe 66 (@ 55 BM, 2006-07 Completed | Lebedenko et al. (2008)
ZEPLINIII | 121LXe 29 @50 BM, 2008-2009 | Completed | Lebedenko et al. (2009)
XENON-100 | 170/62 LXe 0.11 @ 50 GS.2008-now | Completed | Aprile et al. (2016)
LUX 360/250 LXe 0.011 @ 50 H, 2013-16 Completed | Akerib et al. (2016)
DarkSide-50 | 50 LAr 6.1 @ 100 GS, 2013-now Active Agnes et al. (2015)
PandaX-II 500/300 LXe 0.0087 @ 40 J. 2015-now Active Cui et al. (2017)
XENONIT 3200/2004 LXe 0.0077 @ 35 GS, 2016-now Active Aprile et al. (2017)
LZ 7000/6000 LXe ~0.0001 @ 50 H, 2018 wc Cho et al. (2014)
PandaX-20T | 20000/12000LXe | ~0.00003 @ 50 J2,2020 Project Giboni (2014)
XENONnT | ~20000 LXe ~0.00003 @ 50 GS, 2020 Project Aprile et al. (2015)
DARWIN 40000/30000 LXe | ~0.00001 @ =5 GS, 2023-2030 | Project Aalbers et al. (2016)
DarkSide-20k | 23000/20000 LUAr | ~0.001 @ 1000 GS, 2021-2026 | Project Aalseth etal. (2017)

Notes: (BM) Boulby mine (England); (GS) Gran Sasso Underground Laboratory (Italy); (H) Homestake DUSEL (USA);
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