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about 100'00 dark matter particles
cross an area of 1 cm? per second


http://www.physik.uzh.ch/groups/groupbaudis/xenon/

Evidence for Dark Matter
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" Expect: Kepler Rotation
(as solar system)
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Expectation Observation



I Galactic Rotation Curves

' Measurement: flat rotation profile ... well beyond visible stars
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I Cosmic Microwave Background

I = afterglow of the hot big bang;

Correlation Analysis:
Jypical T variation at typical angular scale”
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2 10 50 500 1000 1500 2000 2500

& 6000 : =
= Planck ol

— 5000 . - :

w r 02 04 06 08 LO I 02 04 06 08

< s E— —
Q T T

'-g 4000 | l o (¢) Baryons

=

S 3000 ﬁ - ol

o y N

5 2000f 1 Sl

£ =

g 1000 L fihs <l

£

[h} —_—

}— i ] L L . .|

T 1° 0.2° 0.1° 007 ™

Angular scale

P S

S

}

~asTrae Tl 3

T
==
e S
—_——

i

S R

llll"lff.;
;{’ I

e

i

|

M. Schumann (Freiburg) — Exploring the Dark Universe 9



Dark Matter shapes the Universe

~40M years
after big bang

£=26.20

http.//cosmicweb.uchicago.edu



Dark Matter shapes the Universe

Right ascension

- | - i R £

http://cosmicweb.uchicago.edu

Simulation Observation (SDSS)



st n electro-weak
symmetry breaking
(mass giving)

everyday matter

exotic matter force particles
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-
e 2.4M (1276 17126
<— charge
l I C t <— color charge (r,g or b) 2
e
o
up A charm top S= G g

(1epew-pue g+
syJenb g
Q-
,5.
=
{on
(26142 J0j00) 2910 JEB[ONU BUOS
"
B
3
S

N
=

4 Looking for matter with . B 6
the following properties: € y. M ! J .,-.Ym :

— 97inViSible“ . B :\2; ‘ (<o (<155m B0.4G 912G %;—
— ”COId“ (= ”SIOW“) - a—neeutrincﬁ l.lngumno t—netnrino :5

L

— almost collisionless :
— stable

{eBieyo) onsubewouide @

.

suojdaj g

(sagew-pueg+)
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Problem:
no known particle fits the description

REWARD: NOBLE PRICE? [§ — we need to look for something new

weakly interacting massive particle (WIMP)
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Primordial Black Holes?

Can primordial black holes (PBH) formed in the big bang be the dark matter?

o MACHO or PEH mass Min-selar masses @ LIGO Hanford data (shifted) @ LIGO Livingston data
10~ 4015 40~ 105 105 10'0 108 - LIGO
1 =f El_._ T r.‘_' XTI i Eedead :I L0 H L
RE | . ] - E E
lens g 05 : —
25% - R 1 “E' 00 f
@ g5 T '
g o 10 —
L= | & ¥ 030 035 040 045
4:-. T g Time (seconds)
= =y -1 i alloweed
E : -: E. .:"l_!l d F kN
e IH D
-_ﬁ. = R
L Black holes moving in
= by early dense universe
N . , accrete matter and
-“:I--: e ] i b i I i S " I, i | prOduce X'rayS
107 10% 10%* 10°° 107 104 10% 10% — jonize atoms
MACHO or PEH mass M in grams — affect CMB
constraints in 10-100 Msun range (LIGO):
— PBHs cannot constitute >0.01% of dark matter Astrophys.J. 680, 829 (2008)
— but:  new discussion about PBH dark matter started PRL 116, 201301 (2016)

maybe PBH not dark matter but faster merger rate  PRL 117, 061101 (2016)
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Part 2 -

Searching for Dark Matter

-
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wnumDmi_r;?ect WIMP Search

Carina-Sagittarius Arm 3

Elastic Scattering of

WIMPs off target nuclei 3
v ~ 230 km/s
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Direct WIMP Search

Elastic Scattering of
WIMPs off target nuclel
- nuclear recoill

M. Schumann (Freiburg) — Exploring the Dark Universe

WIMP

WIMP

Nuclear Recoil
Er ~ O(10 keVnr)

v~ 230 km/s

Detectable
Signal

gamma- and beta-particles
(background) interact with the
atomic electrons

— electronic recoil [in keVee]
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Direct WIMP Search

Elastic Scattering of
WIMPs off target nuclel
- nuclear recoill

A2

s

—
L=
ra

[2x]

Diff. ratg[evemsf(kg d keV)]

Xenon (A=131)
Germanium (A=73)

my=100 GeV/c?
o =4x10*cm?2
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Silicon (A=28)
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WIMP

WIMP

v~ 230 km/s

Er

Nuclear Recoil
~ 0(10 keVnr)

Detectable
Signal

P
Eventrate 5 x N-—(o, )

F’H-t

N

Detector Local DM
Density

Physics

p,~0.3 GeV/c?
- very small: <1 event/kg/year

— search for rare events
- low-background crucial
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Cosmlc rays (p, n, |.1) ,;
= enter any shleldmg or
~ induce secondary
= particles
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The U and Th Chains

Radon (radioactive gas
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Low-background Screening

& GeMSE JINST 11, P12017 (2016)
A%‘\ NN \/uc des Alpes Laboratory

Material and

Meteorite (600 I I We)
Screening
Experiment

~.5_‘107

g . background: — TLNo Shield
=10 ~246 cnts/day ——— VdA, Open Shield
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T 104}
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- ! el
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Energy (keV)

low-background HV connector

Identify materials with lowest radioactivity:

* y-spectrometry using HPGe Detectors
* mass spectroscopy: ICP-MS, GDMS ,
* neutron activation analysis 1o
* 222Rn emanation

Counts (keV ™' day™)

500 1000 1500 2000 2500 3000
Energy (keV)
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..ground Sources

solar neutrino flux:
~6.4 x 101° s'cm~?

\eutrinos; - Son H‘_‘NB SIQI)a}tur]?
~ ER signature ‘, /_m‘rﬂ M =E

L

||||||

L | ® _ o, B-, y-radiation, n; .
neutrons from~  activation, impurities, EI’ ic R ils Nucl R il
(a.n) and sf 20Bp / | ectronic Recoils Nuclear Recolls

(gamma, beta) (neutron, WIMPS)



Background Suppression

H>0 ! Polyetiyiene

Avoid Backgrounds

Shielding
deep underground location
large shield (Pb, water, PE)
active veto (U, y coincidence)

self shielding — fiducialization

Pb 2 /Inw ragioactivity Pb 1

Palyethylene- -
s

Astropart. Phys. 35, 573 (2012)

z [mm]

Use of radiopure materials

Use knowledge about expected WIMP signal

WIMPs interact only once
— single scatter selection
requires some position resolution

WIMPs interact with target nuclei
— nuclear recoils
exploit different dE/dx from
signal and background

M. Schumann (Freiburg) — Exploring the Dark Universe
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I Dual Phase liquid xenon TPC

M. Schumann (Freiburg) — Exploring the Dark Universe
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1 '
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Dual Phase TPC
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Dual Phase TPC

pos HV
E~10 kV/cm

0.2

\ 0.05
-

Amplitude [V]
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C s e
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]
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0.1
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neg HV _ SR T 96 198 200 202 204
E~1 kV/cm Time [us] Time [ps]
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Dual Phase TPC

K@ T )
7 (rlEics oy
(5w
w 3dim vertex
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% O L s14PE Astropart. Phys. 35, 573 (2012)
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The WIMP Parameter Space

spin-independent WIMP-nucleon interactions

38 Interaction
107 ==
= unknown
107 &
10 -
— 10"
E 42 -
o 10 e asymmetric
5 10% dark matter
coupling 533 104 -
strength 2 104
unknown g = . \NIMPS
O 10 & genen® "o \ysv)
= (e.9. from
10 -
107 ke
1049_? 1 | IIlIIII ] 1 L1 1 1 1 11 L JlIIII|
1 2 3456 810 20 3040 60 100 200 400 600 1000
WIMP mass [GeV/c?]
WIMP mass
unknown
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High WIMP-masses TPC dominated

I |—> >4.5 GeV/c?

spin-independent WIMP-nucleon interactions

already excluded

- a WIMP with these
properties would
have been detected

107

CRESST-II
DAMA/Na

CRESST-II

SuperCDMS

10—45

10—46

| IlIIII | | IIIlII| | L | IS I I

2 3 456 810 20 3040 60 100 200 400 600 1000
WIMP mass [GeV/c?]

some projects are missing...
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XENON

Matter Project

|
EPJ C 774881 (2017)







Ne

XENON

Matter Project

|"I N
largest LXe TPC ever built
cylinder: 96 cm
active LXe target: 2.0t (3.2t total)
248 PMTs




I How would dark matter look? PA%e

XENON

Matter Project

... but it's a low-E neutron interaction from calibration!
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Dark Matter Data Taking Ne

XENON

Matter Project

e T I
300 | |mmm Rn220 : — |
mm Kr83m : - ]
50 |[mmm LED ! T —
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1] . . 1
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3 200f | — B ,/
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c 150 . ce|mun |18l _—~
- . : el i wl
g "I Scie ). ll
0 L 1
50 , ql
—— -
,
Nov 2016 Mar 2017 May 2017 Jul 2017 Sep 2017 Nov 2017 Jan 2018
ate

commissioning
completed

Xmas

calibration _
continue dark matter

dark matter Earthquake!  search and calibration yesterday
search starts
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Calibration and Analysis Ne

XENON
PRL 119, 181301 (2017) BeEEIE
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8000 F

Corrected S2 bottom [PE

4000 |

2000 [ ;
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R T e e T '/ signal models.

1000 | 522

400 _ "‘.. Do / |
000 LB " " signal-like ©~~. 1  use central 1000 kg LXe for analysis
100 £ - ‘ 24'AmBe calibration _ Blind analysis

C I CI f{_f' 15 20 25 30 ]
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Corrected S1 [PE]
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Background Expectation Xe

XENON
PRL 119, 181301 (2017) BaREEII05

figure of merit:  exposure E = target mass [t] X measuring time [d]

Corrected S2 bottom [PE]

8000 I | ) | _lw | | .

4000

2000 |-

1000 |

400 note:

- (0.4+0.1) events final unbinned profile likelihood analysis

[ from background takes into account

100 £ expected * full signal and background distributions

50 B q 1 A « full parameter space

03 10 20 30 40 50 60 70
Corrected S1 [PE]

XENONLIT: 35.6t x d

M. Schumann (Freiburg) — Exploring the Dark Universe 41



An ultra-low background Ne

XENON
PRL 119, 181301 (2017) DS ELIEE:

figure of merit:  exposure E = target mass [t] X measuring time [d]

S1 [PE]
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Corrected S1 [PE]

[PENONIT: 35.6tx d XENON100: 7.6 t X d EI‘

5X more data
30x lower background

o0 dark matter candidate observed!
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No Signal — Exclusion Limit Ne

PRL 119, 181301 (2017) B ELICE

spin-independent WIMP-nucleon interactions

DAMA/I

CRESST-II

CDMSlite

CRESSTH-II
SuperCDMS

EDELWEISS

Cross Section [c
> o o o
5 5 b %
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2 3 456 810 20 3040 60 100 200 400 600 1000
WIMP mass [GeV/c?]

XENONLIT science goal: 5X more sensitive than current result
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XENONIT - XENONnT DBSE

XENON
JCAP 04, 027 (2016) Matter Project

XENON1T XENONNT
- 2t active LXe target - 6t active target
- taking data - science run by 2019
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XENON: The Future

spin-independent WIMP-nucleon interactions

1078
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o 107
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some projects are missing...
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Dark Matter Searches: The Limit

spin-independent WIMP-nucleon interactions

107
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some projects are missing...

M. Schumann (Freiburg) — Exploring the Dark Universe 46



Dark Matter Searches: The Limit

JCAP 01, 044 (2014)
WIMP 6 GeV/c *

w3

)
3

v: Sum

>

[a—

v:hep ..

.
-.._._.‘_:_

=)
[R¥]
' IT‘ T TTTII

-
@
-
X
PSS
X
—"i—i
X
7s]
—
-
2,
o
=
(7

Energy [keV]
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DARWIN
DARWIN The ultimate WIMP Detector = -

o

spin-independent WIMP-nucleon interactions

10”°
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some projects are missing...
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DARWIN
DARWIN The ultimate WIMP Detector

JCAP 11, 017 (2016) +

spin-independent WIMP-nucleon interactions

Baseline scenario +many other WIMP and
~50t total LXe mass / non-WIMP channels!
~40 t LXe TPC B,
~30 t fiducial mass T
High-voltage Connection to cryogenics,
feedthrough ‘pgrifioation, data acquisition CRESSTII
SuperCDMS
EDELWEISS //W
— Exposure
T e N X -—
pcr)wgtosenﬁg‘r_ ...... 8 '-‘ = n \ﬁ 01 t><y
array . | N sNONIL
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e WIMP mass [GeV/c?]

-+ Bottom
photosensor

array some projects are missing...
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DARWIN

DARWIN The ultimate WIMP Detector = -

High-voltage
feedthrough ...

.
.
e

Top 4
photosensor,....*
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.. Gonnection to cryogenics,
S, purification, data acquisition

ey,

- TPC with
central dark
matter target

 Cathode

- Bottom
photosensor
array

JCAP 11, 017 (2016) ¢

Challenges

* Size
— electron drift (HV)
— diameter (TPC electrodes)
— mass (LXe purification)
— dimensions (radioactivity)
— detector response
(calibration, corrections)

* Backgrounds
— 222Rn: factor 100 required
— (a,n) neutrons (from PTFE)

* Photosensors
- high light yield (QE)
- |ow radioactivity
- |long-term stability

e etc etc

SIS ULTIMATE
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WIMP Detection
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DARWIN
WIMP Spectroscopy — -

WIMP mass [GeV/e®]
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Exploring the dark with LXe Detectors

Baryom[=llatter

26.8%
Dark Matter

Dark Energy
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XENON

Matter Project

DARWIN

www.darwin—-observatory.org
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