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Direct WIMP Search

Xenon
- Germanium
Argon
Silicon

—
G.
ra

Direct Detection:

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

—
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form factor

Diff. rate [events/(kg d keV)]
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= §

my=100 GeV/c?
o =4x10*cm?2

0 10 20 30 40 50 &0 70 a0
Recoil energy [keVr]

41 BayesFITS (2914)

JHEP 1408, 067 (2014)

Recoil Energy: £: ~ O(10 keV) " [wWivP Expectations
spin-independent interactions
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) ) ) asymmetric DM,
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Direct WIMP Search

Xenon
- 5 Germanium
Argon
Silicon

Direct Detection:

Er < 100 keV
R < 1 evt/kglyear

form factor

Diff. rate [events/(kg d keV)]

my=100 GeV/c?
o =4x10*cm?

JHEP 1408, 067 (2014)

How to build a WIMP detector? el e e e e
e large total mass, high A v sayestirs (2018
« low energy threshold v iqui ) | N |
i TRt 2 o WA .| WIMP Expectations
ultra OW ackgroun Xenon S spin-independent interactions
 good signal / background ¥
discrimination v &
. o ab& 1045 ! {
We are dealing with . | ]
« extremely low rates (0O(1) Hz) weh N v
» extremely low thresholds (-2 kev) I'T eve u"t*;; GOBEIY L
* extremely low radioactive backgrounds | |
0 0.5 mx (TeV;. 1.5
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enter any shielding or
Induce secondary
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ac:kground Sources
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I Low-background Screening
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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) — Direct Dark Matter Detection
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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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Dual Phase TPC

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

TPC = time projection chamber

> 02
pos HV s L . S2
ST
=9 C
________________________________________________________ SoE g1
N 0.05—
— A b | | |l
0 50— 100 150 00——_ 250 300 350 400
Time [s]

Xenon gas ED.OS'—Sl 3

liquid xenon g0 3

= =

£ £

L L L e b e 1y B 0 o P P M P
46465 4775 s 4w 196 198 200 202 204
Time [ps] Time [s]

neg HV
E~1 kV/cm
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Dual Phase TPC
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The WIMP Parameter Space
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_ coupling
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E
L
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State-of-the-Art

spin-independent WIMP-nucleon interactions

1078
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some results are missing...

M. Schumann (Freiburg) — Direct Dark Matter Detection 21



XENON1T @ LNGS Ne

XENON

Matter Project




XENON1T @ LNGS Ne

XENON

Matter Project
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Water Cerenkov Shield
JINST 9, P11006 (2014)

- 9.6m diameter, 10m height
- external y, neutrons irrelevant
- muon induced NRs irrelevant

— dominating background of
XENONLALT will be intrinsic
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XENON

Matter Project

JINST 8, P04026 (2013)
EPJ C 75, 546 (2015)

Low-background PMT developed with Hamamatsu

1

Extensive pre-testing/characterization campaign

00
Energy [keV]

_E' my "y ey “K 15x R11410-21
:?‘: o’ ,—ﬂri{:#rl’q — J ;"In .E|‘:-“ | - . Background
E :]11. llu_'lt;‘-i';:;il.“,-“' H II Ij':n'] A |_: = :‘|n. .‘f-,\g
| .--1._-| -!. " j | 'I. h :. )
ol LTI h‘# il |
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PMTs: Hamamatsu R11410-21 E¥&

X ENON
t

TPC Data Acquisition, Electronics

—

i -
]

- 1%
ﬁ Cathode HV

s

-

& : /" /
. e -

Parallel, trigger-less readout: — low threshold
— high throughput (>300 MB/s achieved — 0.8 TB/d):

raw data — database — software trigger — file

L j inhibit
veto
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XENONI1T Ne

XENON

Matter Project

- largest LXe TPC ever built
cylinder: 96 cm
active LXe target: 2.0t (3.2t total)

- 248 PMTs

' " - operating: started science run
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XENONLT Performance PN

XENON

Mattar Project

Water shield filled since Summer...

Rate

Water Level [m]

07/14 07/16 07/18 07/20 07/22 07/24 07/26 ‘ et
Date [month/day]
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XENONAIT Performance

Water shield continuously filled since Summer...

Cerenkov detector sees muons...

i
(=2]
S
(=]

15800

ADGC Channel

15600

15400

Area [pe]

15200

15000

14800

14600

_III|III||II|III|III|III|III||||

14400

—
[=2]
(=]

Water Level

07/14 07/16 07/18 07/20
Date [month/day]
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XENONLT Performance PN

XENON

Matter Project

Recording light (S1) and light signals (S2) from the entire detector

700} 1500} ] 0
= B00) S1: light £ S2: charge
£,80ar & 1000} |
o 400} p
2 300) 2 500
S 200 a -
g 100 <Et / 10¢
O . \ b - i n i 0 i i L n
0.2 0.3 0.A\0.5 0.6 0.7 0.8 0.9 1.0 248 250 P52 254 256 258 =
\'ime (us) +1.002e2 ‘yfme (us) g f
T T T T T T = g
1500 \iingle scatter interactién “ g
o 10!
g 1000 |
ié 500
£
0
! \ I I I I | = 100
0 50 100 150 200 250 300 350 50
Time (us) R (cm)
Calibration: external (**’Cs, AmBe), internal (33mKr, 2°Rn)
104
100 CS137: samK Backgrounds

preliminary S1+S2 energy scale

fij2 = 156 + 1 ns (stat) » material background low,

self-shielding effective

3
80 10

3 “‘I‘_i“‘ .
. ﬁ it 510 « 22Rn background agrees
" | with predictions
. ’ « online removal of &Kr
" via cryogenic distillation
00 00 mgnergy [Ke\f]oo o0 o0 600 800 10(;(; Tir:]queOé)iﬁeigr?é)e (nls?OO 1800 2000 Started
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I Background: Electronic Recoils Xe

1073

S
L

107

1078

ER Rate [(kg - day -keV) ']

[
o
4

1000 kg fiducial target

; Total
;’ 22p

; 136%e
_:h_ materials Kr
—T] — '

E solar v
| | | | | |

0 50 100 150

Electronic Recoil Energy [keV]

Assumed contamination:
222Rn: 10 puBg/kg

natKr: 0.2 ppt

136X e: 8.9% natural abundance
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107

107

10°°

XENON
JCAP 04, 027 (2016) Matter Project

1-12 keV interval

| \ | I\IHII‘ l\ \IIHH‘

| | | | ‘ | | ‘ | |
600 800 1000 1200 1400 1600 1800

Fiducial Mass [kg]

Electronic Recoilsj] Nuclear Recoils
(gamma, beta) (neutron, WIMPS)




I Background: Electronic Recoils S

JCAP 04, 027 (2016) Matter Project

different boiling points of Xe and Kr

S —removal of Kr by cryogenic distillation
1000 kg fiducial t :

— 107 ¢ — achieved reduction factor ~5x10°
'; - — exceeds the design goal of 10
2 10+ =1 column has already delivered a _
> - concentration of <0.026 ppt = 2.6 X104, /
T K ~ better than required for XENON1T “"? 7 2
2 B — 7k
R
g0
(a4 R
H —7 i |
0% 50

Electronic Recoil Energy [keV]

Assumed contamination;

L

Electronic Recoilsj] Nuclear Recoils
(gamma, beta) (neutron, WIMPS)
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Background: Nuclear Recoils Xe

102
10~
10
10~
10°
107
10
10"

NR Rate [(kg - day - keV)"]

107"
ln—ll

XENON

JCAP 04, 027 (2016) Matter Project

"I CNNS

Lt

= Reservoir

_?\

L radiogenic ]
— cosmogenic M
E ~—

— e

0 10 /20 30 40 50 60 70
Nuclear Recoil Energy [keV]

Muon veto design and performance:
XENONL1T, JINST 9, P11006 (2014)
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Electronic Recoils
(gamma, beta)

material screening, e.qg.
EPJ C 75, 546 (2015)

Nuclear Recoils
(neutron, WIMPS)




XENONLT Sensitivity — [A%e

XENON
JCAP 04, 027 (2016) Matter Project

based on background predictions shown before, 2 tXy exposure:

107
DAMA/Na XENONIT Sensitivity
107 DAMAT g Dot O D
10—41 + 2 ¢ expected
o XENONIO0 (2013)
9 s SuperCDMS (2014) panda 22—
=
Q :
—45 [\
A 107E
O 10YE o
= need only few weeks of data
10%e |\ to reach current best sensitivity
E S e
10q4gglill \‘I‘-'_T.-_I-—-llllll | | | IIIII| | | | I .|
6 10 20 30 100 20 1000 2000 10000

WIMP mass [GeV/c?]

assumptions: energy interval: 4 — 50 keVr, ER rejection as XENON100: 99.5% @ 50% NR acc.
— expected LY is 2x higher than in XENONZ100!
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XENON1IT — XENONnT PRYE

XENON
JCAP 04, 027 (2016) Matter Project

N T

XENONI1T XENONNT

- 2t active LXe target - 6t active target

- operating - projected to start
- science run started in 2018

W] 4

= Already existing:

&1 * Muon Veto

- &+ Cryostat Support
&« Outer Cryostat

— B *in-LXe Cabling

& ° LXe storage system

¢ » Cryogenic system

E ¢ Purification system

 Kr removal

* DAQ

» 95% of Electronics

« Calibration System

& «>300 PMTs

y * ~8t of LXe

» Screening Facilities

e dedicated nT funding
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XENONNT:

Sensitivity vs. time

1074 — - — — ——
5 FC sensitivity estimate @ ~50 GeV/c? |
(conservative, no background subtraction) |
XENONI1T i
107%° E
c § XENONNT
2 } LZ
: -
-46 \ i . o
3 10 \ \ iIncrease sensitivity by
o \, Ii‘&.\ an order of magnitude
O \\\‘\.,___‘ \\\
1 0—47 = N
10- 48| | | | | | | | | | | | “-:::::::::-'::‘::::::,__:
2016 2018 2020 2022 2024
Year

LZ information taken from: https://idm2016.shef.ac.uk/indico/event/O/contribution/69/material/slides/0.pdf
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XENON Science Goals Ne

XENON

Matter Project

spin-independent WIMP-nucleon interactions

CRESST-II

CRESST-II

10—41
ean

SuperCDMS

10—45

10—46

10—49

| IlIIII | | IIIlII| | | | N TN N o |

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

some projects are missing...

Cross Section [cm
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I Dark Matter Searches: The Limit

JCAP 01, 044 (2014)

WIMP 6 GeV/c *

10-38 E v: Sum
o F > E
1077 v, =
= X ~
10—4{} E? ".'}\ %_
1041 _? 'TX 2 hep“"‘n .
& = =10 g~ T e
— X =
g 104 a [
P 3107 =
g e g E
&8} 1044 é =
2 104 b
o = Energy [keV]
Ve \ >~ Interactions from coherent neutrino-nucl
oy ~ nteractions from coherent neutrino-nucleus
= PRD 89, 023524 (2014) ~ . scattering (CNNS) will dominate
10% &= - ultimate background for direct detection
]_0_49 _E | | | | | | | I | \'-f_': '.
I 2 3456810 20 B &
WIMP n il

Z boson\‘@
—C’?
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DARWIN
DARWIN The ultimate WIMP Detector = -

o

spin-independent WIMP-nucleon interactions

1078

107° ;g
]_0_4{] ; CRESST-II
— 104 ;? /
Igl ]-(]_42 ;? CRESST-II
310 | Exposure
2 10% & < 0.1txy
o =
O 104 o 2ty
1047 - 0wt ) — 20 tXy
g <—200 txy
10 & \N
o DARW
]‘0 ? | 1 | 1 1 1 1 IJ | 1 | | 1 1 1 || 1 | | | 1 1 11
1 2 3 456 810 20 3040 60 100 200 400 600 1000

WIMP mass [GeV/c?]

some projects are missing...
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DARWIN
DARWIN The ultimate WIMP Detector = -

JCAP 11, 017 (2016) ¢

.,
.
.

" o bEousls * aim at sensitivity of a few 10™*° cm?,
N R limited by irreducible v-backgrounds

High-voltage
feedthrough ...

.
‘a,
-,

* international consortium, 21 groups
- R&D ongoing

Top
photosensor. ...
array .

""" Anode
Double wall Baseline scenario
cryostat - - TPC with ~50t total LXe mass
PTFE centraldark  ~40 t LXe TPC
o, mattertarget 30 t fiducial mass

- Cathode

» Bottom

photosensor  ® Timescale: start after XENONNT

array

www. dar Wi n- observatory. org
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VIN Backgrounds

“"“hlgh E neUtFmOS ining background sources:
S = — Neutrinos (- ERs and NRs
pp+7Be neutrinos:: :_‘NB S|gnla§ure ﬁ“ ..m. N ~ ) "':',’ 5 &l )
—~ ER signature = g sk =E CClC

® Xe-intrinsic by’ |

i V' @ 22pp ssKr 2vBB) , . ,
neutrons from ' oi | ) ] ) ]

(a,n) and sf | e Electronlc Recoils Nuclear Recoils

| (gamma, beta) (neutron, WIMPS)

only single scatters



L 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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WIMP Detection

DARWIN

ER-like . .
(baCkground) j .‘ll.:-' y -‘- . -.I-- 'l:.- * . "“ --: -:':ﬁ‘I ¢ -
A = ‘L 2ns8% solar neutrinos,
@ — N «,: 85Kr 222Rn
% 0l - = e 200, materials
o F o
. .. . E B S 4 -r t 2 M
discrimination "' -2 S e Y ) D4
variable; — " - :_ CAS A M R R
based on S2/S1 £ B AT AT “ v, .« . .
= 4 B te, . o e
- B -. . » *
‘E | m *" . . . ®
2 6 . \ WIMP: 30 GeV/c2, 0=2x10" cm?2
y ~ s 27 signal events in box
_' A _I-I 1 1 | 1 1 1 1 | | I I | | | I I | | 1 1 1 1 | | I I | | | I I | | | I | |
(I;IiR A'EIG)) % 5 10 15 20 25 30 35 40
9 Energy [keVnr]|
CNNS-+NeUtrons reconstructed energy,

M. Schumann (Freiburg) —

based on S1 and S2 signal
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DARWIN
WIMP Spectroscopy — -

JCAP 11, 017 (2016) *

Reconstruction: 2x10~% cm?2

10

- - -

= = )

' Ja i
=

Cross Section |Elﬂ2|

[
-
]
1
da
o

,_
-
]
1
da
¥=

IIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| L L

10 10° ) 10”
WIMP mass [GeV/c”]

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

» 10/20 CI, marginalized over astrophysical parameters
e due to flat WIMP spectra, no target can reconstruct masses >500 GeV/c?
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New: Cryolab @ FR
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New: Cryolab @ FR

13.00

1.00

|
k

1

Cryosetup small

desk

Lﬁ 4.0 x 2.5 m?
N
.--"""F"::g
.E%::F
>0
x @D
yo! 38
- ~ 3
desk desk

Cryosetup large
7.0 x 4.5 m2

R&D Objective: Solve some of the most critical challenges

for the ultimate dark matter detector.
— backgrounds (??2Rn, (a,n) neutrons), detector size

1

UNI

FREIBURG



DARWIN
DARWIN The ultimate WIMP Detector = -

#
High-voltage Connection to cryogenics,
feedthrough ™-... purification, data acquisition
Top other than WIMPs

photosensor ... | LY e
array . v i
|| .
| : Bl Anode

Double wall | u What (EISE) Can
cryostat - | 26061 i o

e W@ do with these
Instruments?

PTFE
reflector

B
g
.
.
.
",
.
»
.,

- Cathode

- Bottom
photosensor
array
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Interactions in LXe Detectors

oafen e s e L Lt st L | scattering off atomic electrons,
e g 2 AT 2z excitations etc.
- electronic recoll

g
0.2
0.0

e rare processes detectable

if ER background is low
-0.4

b

coherent scattering
off xenon nucleus
— nuclear recoll

 Dark Matter
* CNNS

(82 /S1)-ER mean
o

0

1
=
=

log

-0.8

-1.0

+
4t L
+ + o+
f.

'+

_1 2 ] || ";l‘ |+"I '|+ | |‘I' | ‘I++I ] ‘4 | | L | r [ | il L | | | | | | 'I I‘ |-I -
’ 10 15 20 25 30 35 40 45 50
Energy [keVnr]

Many science channels are accessible
with a multi-ton DARWIN detector thanks to
its extremly low ER background.
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DARWIN

Solar Axions, Dark Matter ALPs * -

JCAP 11, 017 (2016)

]O-]'[J

Galactc ALPs 7
-~ Solar v

]D-]]

— EDELWEISS S

——
—— ——

solar

¥
-1,
=T0]

XENON100

']2_____________‘_____-
*10 S DARWIN
C Red giant T T T T T T T3

XENON100

—_—
-._,...—_., — — S

— ——— — DARWIN
_—— N -

L

]ﬂ-]% - I |||||||| 1 |||||||| 1 10§ 1188
107 10* 107 10

m, [keV/c’]

|

Axions and ALPs couple to xenon
via axio-electric-effect

2 2
JAe 3E 4 Ba
e E — e y ) 1
0ae(Ea) = 0pe(Ea) B 167rozm62< )
— axion ionizes a Xe atom

L 1 1 1 L 1 1 1 I 1 ']
2 3 4 5 6 78910 20 30 40
m, [keV/c?]

Axion

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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Low-E solar Neutrinos

l. 200,000 years

Low-energy solar Neutrinos: pp, 'Be

— vast majority of solar neutrinos;

help to understand how the Sun works
- very low energetic, hard to detect
— mainly pp-neutrinos

— o Q
= 112 F—= I == Kamiokande ) pep-v, RS
w T 1T | T T T T T7TTT | T i .- a ><
" 3 p+p—2°H+e prp+e —?He+v, )
[ ' - S)
B 0 _!1 99.8% 0.2% CD
A 10 - L] %
E p+?H —3He +v S
= B - E
= 108 1|} 3 85% 15% l10%
~: i | J $ + Hap-v,
' = E| ‘He +*He »Be + 7| *He+p 2> *He+e* + v,
= 106 | | :
-~ 10 bl :
o |l 0.016%
- _,--""'-FFF ! ; |
5 4 r | | v
= 10 7 I . . 7 p
5 =Be™| | |~ 'Be+e =L Be+p—="B+y
= ]| '
o 3 i : | "By,
@ 10° . . o
X ]m;ﬁﬁ:l o . He + *He — *He + 2p Li+p— 2 ‘He ‘Bo2He+e* +v,
I 0.1 0.2 0.5 1 2 5 10 20
Neutrino energy (MeV) pp-l pp-i pp-lll
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: : DARWIN
pp-Neutrinos in DARWIN -

o

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

Differential Recoil Spectrum in Xe Neutrino interactions
x Sum B WIMP 40 GeV/c*
o - ——— V. te T . /-—1><]'[]""'I cm’ A
N N —— v, +e LA vﬂMP 100 GeV/ic®
Q = i N G107 em? 2
-4 - e o z o
._.X E\ Be HX
'>\ [ Ny ':;._‘ i \
X 10 = "Be (862 keV) X 107
T = T - p+ Be
S X . L \
E 02 TBe(384keV) ; B
g 2 10"
=] e
~ - N\ =4
1[}-3__I||||||||||: |:E-|| PR R TS A NN NE L - . TR . 1 . ""'I__‘
0 100 200 300 400 500 600 | 2 3 4567810 20 30 40 10°
Energy [keV] Energy [keV]
* neutrinos interact with Xe electrons * ER rejection efficiencies ~99.98% at
— electronic recolil 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 in 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
'> = N e vy te 0.7
b -
4 - -y
~: - 'Be 0.6F
X 10! "Be (862 keV) - 5
- a8 05F DARWIN
X \ -
8 L 0.4 :
210 - _I
2 -
52 ﬂ.?-:— ‘
107 H T . 0.25 ?'1""""3 ; e
00 400 500 600 700 2x107 10° 2x10 10*
Energy [keV] Neutrino Energy [keV]
* neutrinos interact with Xe electrons 30t target mass, 2-30 keV window
— electronic recoil 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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DARWIN
135Xe: Ov double-beta Decay -

o

JCAP 01, 044 (2014)

n p n P T —
—_— = ] == = . % 2, 9+ BX Cs
W w & 136 N
v | \‘\\ (L ‘AEL
ZVBB OVBB Ym X Q =2457.83 keV 5. | 1 760.493keV
n W p ¢ n W D e 0l 0 ¥ 818.497 keV
- = 136,
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B o iduci £X0.200 no **Xe enrichment!
R OvBp —  limit
%  2vBp
x 107 Background (6t):

B F — 4.6 evts/tly in =30

X L

e 102 & Materials

X = .

2 » 0/E~1% at Qpp, combined E-scale

5 f f - signal in plot assumes T ,=1.6 x 10®y

Q 107 = 214Bj e . 26

S E gy o e sensitivity: T, ,=5.6 X 10°° y (95% CL, 6t x 5y)
i P R | | . P e
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Energy [keV]
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DARWIN
Ov Double-beta Decay ' -

JCAP 11, 017 (2016)

s
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107
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Supernova Neutrinos

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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Exciting times ahead of us
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