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WIMPs
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Direct WIMP Search

WIMP

Elastic Scattering of

WIMPs off target nuclei il
' ~ 230 km/ Nuclear Recoil
= nuclear recoll e 20 e = OO
Detectable
Signal
\\ ;Y
\\ ,/
X NP et gamma- and beta-particles
O (background) interact with the

f f atomic electrons
— electronic recoil [in keVee]
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Direct WIMP Search
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Direct Detection:

Er < 100 keV
R < 1 evt/kg/year
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I WIMP-Nucleon Interactions

A priori, we do not know how dark matter WIMPs interact with ordinary matter

Parametrization of interactions leading T RS e
to WIMP-nucleus scattering: loss of coherence
- — mainly for heavy targets
coupling to matter | and tajl of v-distribution
Spin independent Spin dependent

- quark (SI, scalar)| ¥ X - quark (SD, axial)
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p X .
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Direct WIMP Search

Direct Detection:

Er < 100 keV
R < 1 evt/kgl/year

How to build a WIMP detector?

* large total mass, high A

* low energy threshold

e ultra low background

 good signal / background
discrimination

We are dealing with

* extremely low rates (O(1) Hz)

* very low thresholds (-1 keV)

» extremely low radioactive backgrounds
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Elkzli Matals
Flaline Earth Metals
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Low-background Screening

& GeMSE JINST 11, P12017 (2016)
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Identify materials with lowest radioactivity:

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

(for ton-scale detectors)
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Background Suppression

H>0 ! Polyetiyiene

A Avoid Backgrounds
Use of radiopure materials

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

self shielding — fiducialization

z [mm]

Astropart. Phys. 35, 573 (2012)

B Use knowledge about expected WIMP signal

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

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

M. Schumann (Freiburg) — XENON & DARWIN
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spin-independent WIMP-nucleon interactions
coupling
unknown
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Current Status
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spin-independent WIMP-nucleon interactions

CRESST-II1

~

~
&
-

2 3

5

10 20 30 50 100 200 500 1000

WIMP mass [GeV/c?]

some results are missing...
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UNI

Annual Modulation

Dark Matter Halo am *
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UNI

DAMA/LIBRA: New Results

| B spin-independent WIMP-nucleon interactions

FREIBURG
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Annual Modulation Searches

UNI
|

FREIBURG

XENON100: PRL 118, 101101 (2017)
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Current Status

UNI
FREIBURG

spin-independent WIMP-nucleon interactions
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The XENON Collaboration

www.xenonlt.org
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XENON Instruments
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The XENON collaboration develops and operates
dark matter detectors of increasing size and sensitivity
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Why Xenon?

+ scintillation light in VUV (178nm)

+ high mass number A~131
Sl: high WIMP rate @ low theshold

+ high Z=54, high p~3 kg/I:

self shielding, compact detector
+ 50% odd isotopes
+ "easy" cryogenics @ —100°C
+ scalability to larger detectors

+ no long lived Xe isotopes
two 2nd order weak decays

+ background discrimination
when measuring light and charge

— expensive
— only fair background rejection

M. Schumann (Freiburg) — XENON & DARWIN
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Dual Phase TPC

Dolgoshein, Lebedenko, Rodionov, JETP Lett. 11, 513 (1970)
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Background Rejection

— 3dim vertex reconstruction
— fiducialization

— multi-scatter rejection
— energy measurement

— Charge-Light-Ratio (S2/S1):
Signal partition in light/charge depends
on dE/dx — the interaction type

— ER background rejection
— significant loss of acceptance

XENON100 0.53 3.8 40
XENON100 0.53 3.8 30
LUX 0.18 8.8 50
XENONIT 0.125 ~7.5 50
ZEPLIN-III 3.4 4.2 50
K. Ni APP14 0.2-0.7 10 50
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P Matter Project
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Dark Matter Data Taking Ne
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dark matter
search starts
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Earthquake!
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Matter Project
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o
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DaXe
end SR1

continue dark matter

search and calibration

more data
was acquired
(not yet published)
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I Signal / Background Calibration Ne

XENON

Matter Project

10 20 30 40 50

z=° [cm]

_80 1 ‘. : Iy 5‘_;_-'7 : ;'__: - -'--.:‘. -3 X ‘: :

— v

_100 L T --|I--- ‘ - ! s - .
0 500 1000 1500 2000 2500
R_recZ [Cm2]

int

Used to construct background and
signal models.

sig'nal-like' :
N .- use central 1.3 t LXe for analysis

3y Neutron Geherator and AmBe Calibration

_.-ﬁq X IR T T & |";" P, 1 Exposure:1.3tx278.8d = 1.0txy
03 10 20 30 40 50 60 70 80 90 100 |argest Iow-bg exposure ever
Corrected S1 [PE]
Light Signal
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Blinded Data Ne

XENON

Matter Project

Ri5¢ [cm]
10 20 30 40 50
0 e R E :
Charge .
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= —40
—
£ 6o

R TR L &
- =t PR d P
80t . .i-" L
-, ke .
e " L]
. o v

0 500 1000 1500 2000 2500
RE? [cm?)

Used to construct background and

signal models.

-100

4000

Corrected S2 Bottom Array [PE]
S )
S

[y
]
o
o

or data

400

use central 1.3 t LXe for analysis
200
L Blind analysis

g 9 100 =region of interest inaccessible during
analysis to avoid human bias

50 ’60 7
Corrected S1 [PE]

Light Signal
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Blinded Data &

XENON
Matter Project
best-fit relative — W ER ™ Surface ™ Neutron B AC E WIMP R [cm]
probabilities of
signal/background 4000 Y
components under ?
. 2000 17
best-fit model = 2/
a : Y
Charge: 1000 ]
larger markers = % N’
: ]
more WIMP-like 100 A
200 7
Analysis done in ¥
— signal (light, charge)
_ it N “ EmER WS
pOSItIOI’l (X’. R’ ”Z ) — TPC ed]ge —— 1.3t ===09t —-0.65t 10 20 30 40 50
space o : :
45—
event cuts and ,signal/ Wl
background-like-ness*
defined using several N L ] 5
parameters g I F I S
O oF 3 [ e
. . . > N K. tew ".’ o R T i
Full likelihood analysis. Ll S RS I
| .'..o .)"I..
Lo o ‘L it
T
C e .l
45— e, Lt . ::.
| | | | | | | -100 IR VAR AR o s i 555 o
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X 2 2
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Background Prediction Ne

XENON
Matter Project
What is expected here? W R W Surface W Neutron WIAC WWIMP 5 RBECI“] i

— depends on Fiducial Mass
Mass 1.3t 1.3 tfs 09t  0.65¢tl 1/
(eS1, ¢S2y,) Full Referenr.'ei Referencaii Referenca: 2
ER 62726 2.170.09]: 153006 086£0.04: ; -J
neutron 144£0.61 0.75:0.30; 0.42+0.185 0.1420.06] %
CEvNS 0.05+0.02 0.02+0.01/: 0.02+0.01}, 001! 9 ; Y’
AC 0.47333  0.10%5:35f 0.05:+0.023 0.0440.01 | o
Surface 10611 5.36+0.54/: 002§ 0.1 Ny
BG 736+28 8.40+0.63: 2.[}5:|:0.185' 1.06:|:0.DTi | ; ;.5.:;5:/
: ; 5[I]0 I ll]IOG H 15I00 AL

40
S QL cS1 [PE] R? [cm?]
\ R [Cm]
TPC edge 1.3t ===09t —-0.65¢ 10 20 30 40 50

85 evts ty*keV_*

— |lowest
background
ever achieved
In dark matter
experiment!

Y [cm]

45 —30 -15 0 15 30 15 0 500 1000 1500 2000 2500
X [em] R2 [cm?]
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Unblinding

©

XENON

200 GeV/c? Matter Project
What is expected here? W ER M Suface W Neutron WAC W WIMP o R3Ecm] 0
— depends on Fiducial Mass 000 . T 3 Tz
g - s o —— keVy R . i
Mass 13t 3¢ 09! oee P .._.-'-"_/
(eS1, ¢S2,,) Full Rcfcrcncci Rcfcrencei! Rcfercncc: 2000 =t
ER 62726 2.17:0.09) 1.53:0.06} 086£0.04: T 17 . ;
neutron 1.4440.61 0.75+0.30}: 0.42:|:0.18:i 0.1440.06) =0T '
] ] o~ .
CEvNS 0.0540.02 0.02+0.01} 0.02+0.01} 0.01! @« 7
AC 0.47+929  0.10*9:%): 0.05+0.02i! 0.04+0.01 | 400
Surface 106+11 5.3640.54); 0.023 0.01! A
1 1 ! 200
BG 736+28 8.40+0.63[} 2.0540.18% 1062007 -
Data 739 11 : DE. 0 | 03 10 ZE) 30 4|0 50 .60 70 500 1000 1500
[ —— [ ——— =) CS]. [PE] R2 [sz]
— TPCedge —— 1.3t ===-09t —-0.651 10 20 Rlcm] 50
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451 E
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1 RERSLE THR gt
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excess q El
@] — o
observed 2 N
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No Signal — Exclusion Limit Ne

XENON
PRL 121, 111302 (2018) Matter Project

g% .
LI I . 1 : 1 I I 1 LI 1 I. I I I. LI =
spin-independent WIMP-nucleon interactions3
(\E ]
S fp==g .
I
= B i
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- iF ]
a9 I |
E 1045 -
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WIMP mass [GeV/c?]
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X@ Spin-Dependent Couplings
Matter Project PRL 122, 141301 (2019) S&

° Coup”ng of WIMP to unpaired nucleon Spins Isotope Abundance Spi_n U_npair;ed Nucleon Relative Strength

o ] “Li 92.6% 3/2 proton 12.8
* traditionally separated in [ g 100.0% 1/2 proton 100.0 |
23nT i) b
proton-only and neutron-only Na 100.0%  3/2 proton 1.3
29Gi 4.7% 1/2 neutron 9.7
* same parameter space explored by j;g‘e 7% 9/2 neutron 0.3
: : : I 100.0% 5/2 proton 0.3
indirect and collider searches Tixe 3% 3/2 p—— 7]
WIMP-proton WIMP-neutron
10736 — 10736 —
= A =
E /0‘4-13-,. ;
1077 = . » 107 - SuperCDMS
= F B g -
107 ~ T ] = 0TF
S - __,"‘:Eﬁ_% — ke =
c;} 109 2_ Supe‘-‘l{ (ob) ﬂﬂoﬂ\’i‘ c}g) - E_
§ E Superk e N Pum‘lux i § E
T Ll N b 1cO-00t O 104k
(= = ? —
= - T T = -
1074 I(_e..C-tj-b;-(:C-”E 104 &
10—42_ 1 1 1 IIIII| 1 1 1 II\IIl l 1 1 L1 1 11 10—42_ 1 | 1 I\III‘ | l 1 II\IIl 1 1 1 L1 1 11
1 2 3 5 10 20 30 50 100 200 500 1000 1 2 3 5 10 20 30 50 100 200 500 100
WIMP Mass [GeV/c?] WIMP Mass [GeV/c?]
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Xe Standard Analysis

XENON

Matter Project

0.2
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He Charge-Only Analysis

XENON

Matter Project

> 02
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NE Charge-Only Analysis

XENON

Matter Project

arXiv:1907.11485

[E—
|
o
—_

1042 |

. XENON1T
[ (this work)

SI DM-nucleon o |cm?|

\____ I

DarkSide-50 S2-only

| I

! ! | |
D 7 10 14 20 30
Dark matter mass [GeV /c?]
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Xe

XENON

Matter Project

) ¢
«

g : Bremsstrahlung
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Auger electron

LDM-nucleon cross section ¢ [cm?]

10—26

— exploit expected effects after
nuclear recoil

- very low threshold 10-22

1021
10732_

10771

)
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|

)
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I

107%L

Migdal Effect, Bremsstrahlung

arxXiv:1907.12771
| | | |
I. Spin-independent
A{I:gda/ BREM
"7@%/
|_— CDEX (BREM) LUX (Migdal)
EDELWEISS (Migdal) — NEWS-G
— CDEX (Migdal) — CDMSlite = S2-only data (XENONIT)
- —— CRESST-III —  DarkSide = S1-S2 data (XENONIT)
| | | |
| | | |
II. Spin-dependent
(proton-only)
81?844
A”"gda,
Aﬁgda/

— CRESST-Li (proton) === S1-S2 data (XENONIT)

—— CDMSLite (proton) === S2-only data (XENONIT)
| | | |

| |
III. Spin-dependent

(neutron-only)

—— CRESST-Li (neutron)
—— CRESST-O (neutron) === S1-S2 data (XENONIT

— caveat: effect not yet observed in calibration PPy ) it Gl |
0.06 0.1 0.2 0.5 1.0
mx[GeV/cz]

M. Schumann (Freiburg) — XENON & DARWIN




INE! Double Electron Capture of 12Xe

XENON
Matter Project Nature 568, 532 (2019)
_ ——-= 1Blmye . 2l4pp —— Materials —— 2VECEC
Tl [: AY :] ~ (1 oy FE . | {ME‘LP ) I‘f‘-r —ee 83mKy Solarv  ---- Interpolation Blinded region
— —_ 85y 136 @ — Fit . 125
2
103
T
>
L 102
C 4
KLM o :|>
a
¢ 101
® 2nd order weak process 100
with very long T, S 5L
* so far only seen in 8Kr, *°Ba .'g h]=
« test of nuclear structure models e L | | | | -]
25 50 75 100 125 150 175 200

e.g., PLB 797, 134885 (2019) Energy [keV]

« ¥ Xe+2e - Te* + 2V,
natXe contains ~1 kg **Xe per tonne

line at 64.33 keV
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NGl DEC of 2Xe: 129] Background

2 eter o Nature 568, 532 (2019)

Date
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Ne DEC of 2¢Xe

% EMamr Fgaje'zlt Nature 568, 532 (2019)
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———w 83m ———— : : .
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tter Project

Dec 2018: XENONI1T Stoppe

UNI
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From XENONI1T

Z
=

FREIBURG

Ne

XENON
h. |C| cryogenics Matter Project
water shie ) ;
GXe purification
v ) —
muon veto // \\

) (5 S

DAQ Slow control

cryost&lllt

=)

(; Kr distillation

_ N
| e

XENON 1 T support structure '
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From XENONI1T to XENONNT

JCAP 04, 027 (2016)

Z
=

FREIBURG

Xe

XENON
h' |d ) R d t" v Matter Project
water shie Cryogenics GXe purification n aistiiation
3/- ' — p=
muon veto / \

S —

DAQ Slow control

1IN

10

Kr distillation

AN ReStoX-lI
LXe purification
~—|

XENONNT support structure @ v

If

- 3x larger than XENONI1T 5.9t active LXe target
~8.5t total mass

-goal: ER bg reduced x0.1, 0.6 NR neutrons in 20 txy
M. Schumann (Freiburg) — XENON & DARWIN 49



From XENONIT to XENONNT

JCAP 04, 027 (2016)

Z
=

FREIBURG

— low-background TPC
— novel field cage design
— 494 R11410-21 PMTs

cryogenics

GXe purification

Rn distillation

NN

///\\

S

h

Xe

XENON

Matter Project

DAQ Slow control

Kr distillation

A=A
) gﬁ I
XENON nT support structure

LXe purification @

_ N

O N/

ReStoX-ll

- 3x larger than XENON1T

5.9t active LXe target

~8.5t total mass

-goal: ER bg reduced x0.1, 0.6 NR neutrons in 20 txy
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From XENONI1T to XENONNT

JCAP 04, 027 (2016)

UNI
|

FREIBURG

— Gd-loaded water (0.2%)

— technology from EGADS X @

N4 — high LY in inner volume

XENON

Matter Project

cryogenics purification Rn distillation

NN

T [

- S e

DAQ Slow control

(\; Kr distillation

AN ReStoX-lI
LXe purification
~—|

XENONNT support structure @ '

If

- 3x larger than XENONI1T 5.9t active LXe target
~8.5t total mass

-goal: ER bg reduced x0.1, 0.6 NR neutrons in 20 txy
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From XENONI1T to XENONNT

JCAP 04, 027 (2016)

UNI
|

FREIBURG

— principle demonstrated in XENON100
— throughput 200 slpm @

Condenser — Can be upgraded

XENON

Matter Project

cryogenics GXe purification Rn distillation
i i | | Distillation stages 1 AN P AN
Piston pump § \J'W \_ h
i AQN N —
S e
Reboiler 1

DAQ Slow control

(\; Kr distillation

\ ReStoX-ll

Liquefier i
S—

LXe purification
i e )
XENONNT support structure @ v
- 3x larger than XENON1T 5.9t active LXe target

~8.5t total mass

-goal: ER bg reduced x0.1, 0.6 NR neutrons in 20 txy
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From XENONI1T to XENONNT

JCAP 04, 027 (2016)

B _— efficient purification at 5 I/min
__..,1. 2Cu+0, -~ 2Cu0 @

—LXe from bottom of cryostat

UNI
|

FREIBURG

XENON

Matter Project

cryogenics Rn distillation

GXe purification

NN

- S e

DAQ Slow control

Kr distillation

AN ReStoX-II
Xe purification
%C:

- 3x larger than XENONI1T 5.9t active LXe target
~8.5t total mass

-goal: ER bg reduced x0.1, 0.6 NR neutrons in 20 txy
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From XENONI1T to XENONNT

JCAP 04, 027 (2016)

UNI
|

FREIBURG

— store 10t of LXe or GXe
— currently: 8.3t of Xe in @

both storage systems

XENON

Matter Project

cryogenics purification Rn distillation

(4

S —

—~— DAQ Slow control
(4 wséillgtion \

LXe purification
~—|

support structure @ v

. .
ReStOX—l | ger than XENON1T 5.9t active LXe target
~8.5t total mass

-goal: ER bg reduced x0.1, 0.6 NR neutrons in 20 txy
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UNI

XENONNT Sensitivity Goal

FREIBURG

spin-independent WIMP-nucleon interactions Eg @
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some results are missing...
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The ultimate Limit

UNI
|

FREIBURG

JCAP 01, 044 (2014)

WIMP 6 GeV/c 2

10_41 - v: Sum
3 VE
10_42 = ';2 C 2x10™" em?
— — 1 =
- > WIMP 100 GeV/c *
10_43_E ﬁx - v hei;""-. e
a — ';10'5“—————~:=-¢_~
E 1074 &= b2 N
= - 5107
9 —45 E L
g0 E 3
1) C
& 107% &
o =
O e ;_ Energy [keV]
- ino floor” Interactions from coherent neutrino-nucleus
1078 B Prn oo oosens s scattering (CNNS) will dominate |
= - ultimate background for direct detection
—49 P
10 E ] | oo | \"k/".
1 2 3 5 10 20 o F i \ﬂ
WIMP e e RSN S S e
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[
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. DARWIN &
DARWIN The ultimate WIMP Detector - B

L
<o
(118

darwin-observatory.org

» | Xe-based

1074 = D
— M‘S}'%L Jéfo
10 = 7 &, |
| )
a3
= E \ \ \ \ NS
g 10744 A\ \ | S
—d g \ XENON\OO
= = UxX Exposure
£ op W e B
210 \ X
S F W\ Pl PP
= NS — R
10—48 _E \ ~ — _ﬁ@nﬁz DARW-}BI’ — -{;‘ 200 txy
—49 |
10 E | | | 1 L1 11 | | 1 | | L1 1 I| 1 | | | L1 1 1
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WIMP mass [GeV/c?]
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. DARWIN &
DARWIN The ultimate WIMP Detector - 2

» | Xe-based darwin-observatory.org

Baseline scenario
~50t total LXe mass
~40 t LXe TPC

~30 t fiducial mass

... Connection to cryogenics,
purification, data acquisition

High-voltage
feedthrough ..,

Exposure
— <—  1txy

Top
photosensor,....*

array .

""" Anode \ < 20 t><y
Coutiewal | \ =S|

........... | | .. TPC ‘th K X p
PTFE centr\;\fdark \ ENON“ﬁZ WIN — —_ 200 txy
reflector matter target \ X %R = AR\N‘
—
~~ R D

g 10 20 30 50 100 200 500 1000
~ Cathode
- bt WIMP mass [GeV/c?]

photosensor
array
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DARWIN AR

www.darwin—-observatory.org

UNI
|

FREIBURG

* aim at sensitivity of a few 10™*° cm2,
limited by irreducible v-backgrounds

* international collaboration,
26 groups, ~160 scientists

— continuously growing

* endorsed by several national and
international agencies

e LOI to LNGS submitted
* Timescale: start after XENONNT

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

R&D Phase Engineering | Construction Data Taking, Analysis
CDR TDR Start
Data
Taking
Start First

Commissioning Result
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Backgrounds N2

ing background sources:

CNNS by  § ERs and NRs)
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' @ Xe-intrinsic bg:
| . ® _222Rn 8K, ZVBB
neutrons from

(a,n) and sf ' h Electronic Recoils Nuclear Recoils
(gamma, beta) (neutron, WIMPS)

only single scatters



DARWIN

UNI

Water Shield Studies

FREIBURG

Z [mim]

7500 1

2500 &

-2500

5000 1 "j_.:

~7500 1

Various water shield geometries
were studied for LNGS depth

— the more shielding the better,
but 12m appears sufficient
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_ DARWIN £
LXe: Radon Background - _=
. 5¢
3.5 - *2Rn (1 pBq/kg)
3 DARWIN goal:
30 _DARWIN _
P ER background dominated
> by solar neutrinos
= 2.0;—
XLsp 222Rn factor 100 below XENONI1T
? 1.0;— — this is the main
g f background challenge
0'5:_7—/ — (DEAP-3600 achieved 0.18 puBg/kg)

-r—|—+—1—r—|—|—r—|—|—|‘——r—|ﬁ—+—|—l—r |—|——|—|—|—1—|—1—|—
0'00 2 4 6 8 10 12 14

Energy [keVee]

Strategy XENONNT - DARWIN

— avoid Rn by material selection + treatment
— avoid Rn by detector design

— NEW: active Rn removal

=
o
w

EPJ C 77, 358 (2017)

518 + 8 —PemE — — — e e )
f [

T llIIIIII

10?

— cryogenic distillation : 3
distillation column installed @ XENON100 "
— demonstrated reduction factor >27 (@ 95% CL) P
: qig_fﬁi_ﬁ&} n
— dedicated column under development S S R R i

25/12 01/01 08/01 15/01 22/01 29/01 05/02
date [day/month]

222pn activity conc. [puBag/kgl]

T T IIITII|
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IS | Xe: Krypton Removal

XENON

Matter Project

— DARWIN goal: 0.03 ppt (~ 0.1 x pp-neutrinos)
— removal by cryogenic distillation

XENONLAIT: custom designed distillation column ery. ¢ 77, 275 (2017)
natKr/Xe = (0.6+0.1) ppt achieved
by novel online distillation
- |lowest value in LXe experiments ever

| I
102L ‘ Online krypton DST ‘

_ FE-\.
— 3
§ "‘}%.‘ 10
o 10lk L AIFTL T ey
; :::::::::?ﬁﬁ:ﬁ?f“ﬁ:_3_':%‘-";:?‘???:”:1:0:0::L@>:<::::::::::::::::::::::: =
E ___________________ ? ________ e e Pandax-Il___________. 0%
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Q
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. DARWIN
DARWIN WIMP Sensitivity -

JCAP 10, 016 (2015)
* exposure: 200t X y; all backgrounds included
e likelihood analysis

* 99.98% ER rejection @ 30% NR acceptance,
S1+S2 combined energy scale, LY=8 PE/keV, 5-35 keVnr energy window

spin-independent couplings spin-dependent couplings (n-only)
0% g - - —
m*“;—
D'IE E
%lﬂ‘“’?
3 m*é—
S (Vi =
1{}4"";
E 1 1 Lol ! ] [ N B | lﬂ—1?_~|||||| ] Lol ] Lol 1 [
10 107 10° 10 10° 2m—1 10*
WIMP mass [GeV/c?] WIMP mass [GeV/c7]
200 txy: 0 <2.5x 10 cm2 @ 40 GeV/c? excellent complementarity to LHC searches
'

Phys.Dark Univ. 9-10, 51 (2015).
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_ DARWIN
WIMP Detection > -

[
. . - g i . * . &, s -.' -- o e
PN PR PP Y S PO O T een’ Y SRR .
= 20 iyt A e g e S rige DSl solar neutrinos,
E -3 ~_._* N4 ‘ _ ! A% i I. :'.+-- : : _":. ' ol — H-‘:_’ 'r_} *..‘",-g 85Kr’ 222Rn’
S TR CR R A NP IS 2\, materials
R
[ 2_ ; 1) o .
i ) — --I*" % ":T"‘ :--‘ . ? -:'."!-: 40’
= I .. -0%00 " - o * . ;.!,. ** . “ --' .
E I~ ".P.i -‘-f.-l- * . . . . . L .
P _4 Il “, o* . ® . ]
.E - . 3 . . . .
E | m *" . . ®
£ . : T~ WIMP: 30 GeV/c2, 0=2x10¢ cm?
Z 6 40 signal events in box
_S_I'-I 1 1 | 1 1 1 1 | | I I | | | I I | | 1 1 1 1 | | :
CNNS " 0 5 10 15 20 25 10
+ =
neutrons Energy [keVnr] .g -
a8,
107
;
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DARWIN
WIMP Spectroscopy — -

JCAP 11, 017 (2016) *

Reconstruction: 2x10~% cm?2

10

— — —

= = =

' s 9
=

Cross Section [cm”|

—
.
]
1
da
-~

,_
.
]
1
is
i=

IIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| UL LA

WIMP mass [GeV/c”]

Capability to reconstruct WIMP parameters
- m =20, 100, 500 GeV/c?

* 10/20 CI, marginalized over astrophysical parameters
* due to flat WIMP spectra, no target can reconstruct masses >500 GeV/c?
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DARWIN The ultimate WIMP Detector

High-voltage
feedthrough

""""" S, purification, data

.
.
e

Top

array .

ey,

Double wall
cryostat

PTFE
reflector

B
.
.,
.
e
.
“
.
"l

e

M. Schumann (Freiburg) — XENON & DARWIN

.. Gonnection to cryogenics,

acquisition

- TPG with

central dark
matter target

 Cathode

" Bottom ‘
photosensor

array

DARWIN

N

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)
— |low radioactivity
- |long-term stability

e etc etc
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DARWIN
DARWIN The ultimate WIMP Detector = -

JCAP 11, 017 (2016) +

— R&D within XENON collaboration ++

— two ERC projects PR
ULTIMATE (Freiburg) ......;
Xenoscope (zirich) @Y C

M. Schumann (Freiburg) — XENON & DARWIN



DARWIN
DARWIN The ultimate WIMP Detector = -

.
“
.
0

High-voltage
feedthrough ...

.
.
.

“-...,Connection to cryogenics,
purification, data acquisition

Top

other than WIMPs

photosensor. ... | Rlgy. -
array --------- 2l L :‘ I-.I = :
{ ...
| ) mil | Anode

e WML, | B What (else) can

coricre W@ do with these
Instruments?

PTFE
reflector

B
e,
.
e 1
.
“
.
"l

So=soo=a “ Cathode

= % J =g
S I x-I

=y
e S e
===

- Bottom
photosensor
array
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Interactions in LXe Detectors
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1
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scattering off atomic electrons,
excitations etc.
— electronic recoill

* rare processes detectable
If ER background is low

coherent scattering
off xenon nucleus
— nuclear recoll

 Dark Matter

-
+ . * ¥ * * +
-+ + +
"+ * + o+ * " *
+ + ‘1 + " + +
- . P+ H +
* + + 4 + *
e e |- 0 I i I | | ¢
+ + +
II"h | I | T T Y Py I | o L || | 4 | | 1y -

0 15 20 25 30
Energy [keVnr]
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35

40 45 50

SM process, not yet measured.
Deviation from expectation
- new physics?
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Interactions in LXe Detectors

pp+'Be neutrinos

scattering off atomic electrons,
excitations etc.
— electronic recoill

* rare processes detectable
since ER background is low

—
)
9]
>
)
-
X
>
X
e
=
)
L
=
a4

k| FEESE] coherent scattering
111;1[&‘1"1;1[.\'_{_ “Rn (0.1 nBq/kg) + Oﬁ xenon nUC|9US

—I_I_‘_'l_l_|_+_1'_|_l_|__l_l_l_}_|_l_|" I_|__|_|_I_"l—|_'_l_

4 6 8 10 12 14 — nuclear recoll

keVee]
T T —— ; == | * Dark Matter
-1.2 |||'-h|'|+'|'|+||‘|'||+|]4||||.||||‘|:|L||||L||||||||_||||_ .CNNS
) 10 15 20 25 30 35 40 45 50
Energy [keVnr]

—

R

o
=

— Many science channels are accessible

DARWIN = A low background, low threshold astroparticle physics observatory
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ISoIar Axions, Dark Matter ALPs -

DARWIN

o

JCAP 11, 017 (2016)

]0-]'[] E | | | | —— —
Galactic ALPs -
<" Solar v
-
N EDELWEISS S _
10" e I
5 - XENONI00 3 XENON100
52 F 1 = -
L e 0 V=3
E_Red_f__-im _________________ . . =N
5 i — e ——— \..__-—'f DARWIN
]ﬂ-]ﬁ | y sl L1 s p el vl L1l L 1 1 1 L R T T | 1 1
10 10 107 107 10 1 2 3 4 56 78910 20 30 40
m, [keV/c’] m, [keV/c’]
Axions and ALPs couple to xenon Axion

via axio-electric-effect ,
2
JAe 3E A
Oae(Fq) =0,.(F
4e(Ba) = 0pe(Ba) 530t
— axion ionizes a Xe atom

Axion e

Z+ e Z+ e

M. Schumann (Freiburg) — XENON & DARWIN

arises naturally in the Peccei-Quinn solution
of the strong CP-problem
— well-motivated dark matter candidate

Axion-like particle (ALP)
generalization of the axion concept,
but without addressing strong CP problem

(ALPs = Nambu-Goldstone bosons from breaking of some global symmetry)
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, : DARWIN
I pp-Neutrinos in DARWIN -

o

a background for the WIMP search JCAP 11, 017 (2016)

Differential Recoil Spectrum in Xe Neutrino interactions
~ Sum I WIMP 40 GeV/c?
= ~ ——— V. te — e /-—1><]'[]""'I cm? i
N N —— v, +e ST =L 1§MP 100 GeV/c®
O - i N G107 em?
e = ~ N
Ee E\ "Be X i -
'>\ [ Ny ':;._‘ B \
X 107 \K "Be (862 keV) X107
Xt s x f \
E 02 TBe(384keV) ; B
0 - 210!
= o <
~ - N\ e
1[}-3__I||||||||||: |:E-||||||||||||||| L - L TR . 1 1 ""'I__‘
0 100 200 300 400 500 600 1 2 3 4567810 200 30 40 10°
Energy [keV] Energy [keV]
* neutrinos interact with Xe electrons * ER rejection efficiencies ~99.98% at
— electronic recoil signature 30% NR efficiency are required to
e continuous recoil spectrum reduce to sub-dominant level

— largest rate at low E
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: : DARWIN
pp-Neutrinos iIn DARWIN — -

o

a new physics channel! JCAP 11, 017 (2016)

Differential Recoil Spectrum in Xe Neutrino interactions
L 0.8 .
Sum - pp "Be  pep ‘B
— ——— V. te C
> 1 NN e v te 0.7
b -
M -
X ; B "
T < Be 0.6
X 10! "Be (862 keV) - Z
- a8 05F DARWIN
X ), -
8 L 0.4 :
2102 - _I
8 -
52 D.?-:— ‘
107 H T . 0.25 ?'1""""3 - Lol
00 400 500 600 700 2x107 107 2x10 10*
Energy [keV] Neutrino Energy [keV]
* neutrinos interact with Xe electrons 30t target mass, 2-30 keV window
— electronic recolil signature — 2850 neutrinos per year (89% pp)
e continuous recoil spectrum — achieve 1% statistical precision
— largest rate at low E on pp-flux (- Pee) with 100t x y

~0.26 v evts/t/d in low-E region (2-30 kev)
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dNAEE/ Q)
N

« OV candidate with Qg =2.46 MeV
* 40t DARWIN LXe target contains 3.5t of **Xe without any enrichment!

[=)]

I
: HH  XENONI1T * EX0-200
1
& § XENON100  x PandaX-I
—= 15 LUX
5}
c al-
s 1
=
=
2 3t .
v ®2°60% :
L i . i
E‘i2 2239 :
CICJ i
1
-k 1+ 1.37% _’Q w
1.17% 1.09% 03%. * * : *
T 0.91% 0.92% 0.81% 0.81%
0 l 1 I | '
0 500 1000 1500 2000 2500

DARWIN
135Xe: Ov double-beta Decay -

B>< 136Cg
136Xe \‘\ : - 0+ A L ¢
y ~ 1

b BB e

O
=

Q=2457.83kev v 760.493 keV

T 818.497 keV

s
3

13SBa

Energy Resolution of XENONI1T
* Combine light and charge signals

- 0/E ~ 0.8% @ Q,,
FWHM/E ~ 1.9% @ Q,,

Energy [keV]
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DARWIN
135Xe: Ov double-beta Decay ° -

— = == = o 135C5
. o7 P
e e § 1 —
" Wit 4] =y AL £ 0
i N L 04
v I BB T e
ZVBB OVBB Vi x Q = 2457.83 keV \\\ ” ¥ 760.493 keV
JH<< . or | 1 818.497kev
p J. B +

13SBa

« OV candidate with Qg =2.46 MeV
* 40t DARWIN LXe target contains 3.5t of **Xe without any enrichment!

10t

6t fiducial mass| Background Study is ongoing

* Material background depends on
contamination and self-shielding

Materials . B e
/‘\ — optimize sensitivity
13?Xe

~_ o * Important background from decays of
“Ra neutron-activated =*"Xe

10t

i T

,_.
=
o

,_.
o
L

ER Background [events/t/y/keV]
S
|
/M
=
w

,_.
=
&

« Aim for few x 10?” y sensitivity

1078 . ; . . .
2300 2350 2400 2450 2500 2550 2600 2650 27C

Energy [keV]
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: DARWIN
Supernova Neutrinos ° -

o

Chakraborty et al., PRD 89, 013011 (2014)
Lang et al., PRD 94, 103009 (2016)

v from supernovae could be detected via CNNS as well

* signal fom accretion phase of a ~18 Msun supernova
@ 10 kpc is visible in a 10t-LXe detector (=DARWIN)

* signal: NRs plus precise time information
* challenge: theshold

accretion phase
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XENON & DARWIN: Exciting Times  __

FREIBURG

y
<
.

Xe

XENON 107+

Matter Project

DARWIN

_
|
B
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Cross Section [cm? ]
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2 3 5 10 20 30 50 100 200 500 1000
WIMP mass [GeV/c?]
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DARWIN: A low-background, low threshold astroparticle observatory
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