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Dark Matter The indirect evidence for the existence
of dark matter is a clear indication for
physics beyond the Standard Model

ht e Dark Matter Halo
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> - Direct WIMP Search
o
T - TS
WIMP
Elastic Scattering of
: WIMP
WIMPs off target nuclei
. Nuclear Recoil
-— v ~ 230 km/s
nuclear recoll Ex ~ O(10 keVin)
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3, form factor S
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0 10 20 30 40 50 &0 70 80 0 10 20 30 40
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- < Direct WIMP Search
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WIMP
Elastic Scattering of .
WIMPs off target nuclei
. Nuclear Recoil
v ~ 230 km/s
= nuclear recoll Ex ~ O(10 keVin)
Detectable
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spin-independent WIMP-nucleon interactions

10-*32
10—34
10—36

1078

[cm?]

coupHng.
strength
unknown

0ss dection
o
S

Cr

coupling

unknown

1 Illlll[ 1

1

10—50 ! Lol Lol

0.1 03035 1 3 3

10

30 50 100 300

WIMP mass [GeV/c?*]

M. Schumann (Freiburg) — Dark Matter Searches with XENON

WIMP mass
unknown

1000

3000

10*



Current Status

spin-independent WIMP-nucleon interactions

T 1072
%I' AR (L) APPEC Dark Matter Report
10~ //I@ CRESST (Surf) Rep. Prog. Phys. 85, 056201 (2022)
—36
10 (F@/VO
o EDELWEISS (Surf)
£ 107 &2 R
S \ NEWS-G
— CRESST-III DAMA/Na
14 c —40 \ = ., :
S 10 N\ DAMIC DAMA/I :
10 = CDMSIité \\{‘\k = Cos\NE"UU
3 . . DarkSide-50 (S2) \
v 10 N SuperCDMS -3e-30
% XENONIT (52) <X EDELWEISS EAP-3600 parkSide
DEAP-
S 10" “—/ XEN
© » ; v-floor ' NS R —AT
10 N — =
o 10—48
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Current Status

FREIBURG

2
-
~ 0 g spin-ind How to build a WIMP detector?
e N | * large total mass, high A
107 * low energy threshold
6 * ultra low background
_  good signal / background
”g 10738 discrimination
— DAMA/Na
104 S 107 DAMIC DAMA/I
= CDMSlite
C% 10_42 DarkSide-50 (S2)
% XENONIT (S2)
o —44
10
6 = v-floor
10—46
o 10—48
10—50 III | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| 1 L1 1111l
0.1 0305 1 3 5 10 3050 100 300 1000 3000 10*

WIMP mass [GeV/c?]
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ckground Sources

(for ton-scale detectors)
i ST
NQY L-hlgh E neutrinos 3 y SO
S Sl NG~ CNNS bg P,
pp+7Be neutrlnos i— NR S|gnature ;.
--,'-l-'-.-*nL--t‘ﬂ:r b |
~ ER/signature ot _~.~ Ry ‘H '
e

neuirons from ﬁactlvatlon,,lmpurltles, ) ) )
(a,n) and sf 2vBR 5 | Electronic Recoils Nuclear Recoils

(gamma, beta) (neutron, WIMPS)
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E~10 kV/cm
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LXe TPC Features
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8000

— 3dim vertex reconstruction
— fiducialization

&
o
o
o

— multi-scatter rejection

— energy measurement (S1+S2)

Corrected S2 Bottom [PE]

400
— Charge_Light_Ratio (SZIS:I.)' 200 ;N_e.utron Geherator and AmBe Calibfation
Particle ID N WA WA N AN N O W 8
03 10 20 30 40 50 60 70 80 90 100
Corrected S1 [PE]
— ER background rejection (WIMP search) W
— selection of ER channels s charge signal S2
— very low background "L light signal S1
=) 04—
— low threshold Ega
(light: ~2-3 PE, charge: few electrons) L E __ ,‘"Hés‘"ig'd"ags'"'zdd"ﬁds'"'m'{_'_“"m'%ﬁ
. 04—
— large target mass — high exposure "NR
0.2—
n.o:‘ L

165 170 175 180 185 190 195 200 205 210
Time (us)
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EPJ C 77, 991 (2017)

active LXe target: 2.0t (3.2t total)

cylinder: 96 cm
248 PMTs
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General Search Strategy .
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1. reduce background
— pick optimal region of interest (ROI)

2. know your expected signal 2 NS
3. know your backgrounds e e A
— requires lots of detector calibration

4. perform a ,,blind“ search to avoid bias
— ROI not accessible

5. Unblind
— check if there is an excess of signals
above the background expectation in the ROI

M. Schumann (Freiburg) — Dark Matter Searches with XENON 17
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spin-independent WIMP-nucleon interactions
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10734 & PRL 126, 091301 (2021)
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DarkSide-50 (S2)
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Spin-dependent S1+S2
PRL 122, 141301 (2019)
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Ssessdeces, o
R g = &
coess esssss =
@ Spin-Dependent Couplings
XENON PRL 122, 141301 (2019) S&
° Coup”ng of WIMP to unpaired nucleon Spins Isotope Abundance Spiﬁ U_npair;ed Nucleon Relative Strength
N "Li 92.6% 3/2 proton 12.8
Xenon very favoured target op 1000% 12 broton 1000 |
e traditionally separated in Na 100.0%  3/2 proton 1.3
29Gi 4.7% 1/2 neutron 9.7
prOton-OnIy and neUtron_OnIy BGe 7% 9/2 neutron 0.3
1271 100.0% 5/2 proton 0.3
* same parameter space explored by Toixe 2L3% 32 S 7]
indirect and collider searches
WIMP-proton WIMP-neutron
10736 = ].0736 ;
N /Qf(%_ =
1077 = ,9,(;/ 107 - SuperCDMS
“  F ) -
S 0¥ AT =
= - = =
= - 3= -
c§) 107 = c}gj 1073 =
g E Superk (T . g E
Q 10740 _— [ORETE -
oy = = =
X B T— _ B :
104 e o | b
—42_ 1 1 IIIIII| 1 1 III\IIl l 1 L1 1 1 11 —42_ 1 | II\III‘ | l III\IIl 1 1 | I N I I
10 1 2 3 5 10 20 30 50 100 200 500 100 10 1 2 3 5 10 20 30 50 100 200 500 100
WIMP Mass [GeV/c?] WIMP Mass [GeV/c?]
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PRL 121, 101801 (2018)  y..uy 4X
JHEP 03, 194 (2018) '

. Bremsstrahlung

neg HV

lonization electron

XENONIT: PRL 123, 241803 (2019)
X .......... oo === 0.1 GeViet WIMP (MIGD) ! I -I 51-52| data

=01 GeVie® WIMP (BREM)
5 Al === S2-only data
— L0 GeVict WIMP (MIGD) —

— 1.0 GeVic® WIMP (BREM)

<=

107 .

‘‘‘‘‘‘

Auger electron

—
=

— use only charge signals (S2) and
exploit expected effects after nuclear recoil
- very low threshold

Rate [events/tonne/year/keV]
=
|

lﬂ—]’ ' | |
. . . 0.1 0. 1.0 2.0
— caveat: effect not yet observed in calibration A Electronic recoil energy [keV]

M. Schumann (Freiburg) — Dark Matter Searches with XENON ~180 eV (~4.5 electrons) 20
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Spin-dependent S1+S2
PRL 122, 141301 (2019)

S2-only+Migdal
PRL 123, 251801 (2019)

S2-only: light mediator, ALPs
dark photon, DM-e scattering
PRL 123, 241803 (2019)

WIMP-pion coupling
PRL 122, 071301 (2019)

Double-electron Capture #*Xe
Nature 568, 532 (2019)

Low-ER EXxcess:

solar axions, ALPs,
neutrino magn. moment
PRD 102, 072004 (2020)
etc.
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#z Double-Electron Capture of ***Xe _z.
00000 “
XENON Nature 568, 532 (2019) Du
i Xe+2e - e +2v, e 131mye 214y —— Materials —— 2VECEC
. s ~-=- 83MKy Solarv  ---- Interpolation Blinded region
—— Fit — 2vECEC | E— | calibration data 85 136 . 125
---- Background 125 Kr Xe — Fit || |
150 -
__ 1251 + ¥126 evts I -~ ROI
'~ 100 —_ 10°
) o :
- 75 C
EI:U |> TH+ H>\ i
) 50 8 | 102
> o &
il A «
0 ' %
fDU 3 - ° s ® o i 101
T ottt e Sy g
g °
o —3r I | l | ° l
o 125 i i —10°
27 10- | calibration e !
S35 = =R
W 1 - L sefis ) 2 0 : .
50 55 60 65 70 75 80 g 3k . ‘
Energy [keV] I o | I 7I5 1(|)0 155

* 126 events above background in 1.5t Xenon
o T?ECEC =(1.84£0.5__*0.1_ )x10*?y

stat sys

* Longest half-life ever directly measured!
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TR &
i Low-ER EXxcess
o Zu
XENON PRD 102, 072004 (2020) =Y
120 T T T T T . - .
* excess in electronic recois (1-7 keV range)
100 ] . 285 evts observed vs 232 = 15 expected
> ‘ - (naive) 3.30 fluctuation
MIETREL
) T 1 -
£ oot H” [T 11 |[| ] |1I « New physics (solar axions, ALPs, magnetic
& 20 ] l moment of neutrino, etc.) or old background (®H)?
5 a0f 4
8 20k 3 | ---- 2lpp ---- Solarv ---- 83Ky
: SE{I data ———. 85Ky 133%e 124yg
0 | | | | I ---- Materials ---- 13Im¥Xg —— By
oL - -——- 136Xe -—-- 1251 [ SRI1 data
=} 2k o 104 I T I T I I T T i
0 : 10 15 =0 25 3 SR1 (226.9 days) ]
rgy [keV] ~ N3 E
E E
) 102 i3 _|__|l __________________ _.',_____11-, ______ 3
% L S _3::--fi‘t::‘_"_"_'_'_'_'_'_—_'_‘_—_-EL___—_—___T‘:_—____5
Needs to be checked 5 1 PR
by instruments with ol I R [ ——
reduced background! T L e MR A
2F, P, z
° af : B R -
1040 2|5 SIO 7|5 1(|]0 155 15")0 1'|/‘5 2(|)0

M. Schumann (Freiburg) — Dark Matter Searches with XE

Energy [keV] 24
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XENON

— target mass 5.9t
- new, larger TPC

— lower background
- lightweight TPC design
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XENON
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— target mass 5.9t
- new, larger TPC

— lower background
- lightweight TPC design

Rn reduced by factor 6
— online Rn-removal

neutrons below neutrinos
— neutron veto

avoid *H contamination
— cleaning, materials

M. Schumann (Freiburg) — Dark Matter Searches withiXENON

b4

Radon dominates 4 Condenser
ER background
of current detectors 2|

Active on-line Dlstlllatlon | !
Rn removal via 5 Ppackage !

i
distillation ik [ Al

Demonstrated factor

>27 on XENON100 [
EPJ C 77, 358 (2017) Killkil!

:|i|| W

rate [uBg/kg]

{i
Wl {hif

fit e

+ 222 Rn a- decay best fit equilibrium: (1.72 = 0.03) uBag/kg
0 10 20 30 40 50
days since distillation start (intermediate mode)

1 uBg/kg reached in LXe distillation mode

27
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XENONNT

XENON
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— target mass 5.9t
- new, larger TPC

3"'5_: 9
— lower background T2
- lightweight TPC design | ~ontinuous
Rn reduced by factor 6 E;‘Iri'f'gfdt';zgnon
— online Rn-removal GUIC o N
_ — remove electronegative impurities (- O,) by absorption
neutrons below neutrinos in cryogenic filters

— neutron veto — flux goal: ~2 LPM (21000 slpm)

30000

— higher Xe purity .
(=smaller corrections)

- liquid Xe purification

20000 +
15000 -

10000 -

Electron livetime [us]

5000 A

0
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XENON
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— target mass 5.9t
- new, larger TPC

— lower background
- lightweight TPC design

Rn reduced by factor 6
— online Rn-removal

neutrons below neutrinos
— neutron veto

— higher Xe purity
(=smaller corrections)
— liquid Xe purification

— additional upgrades
*DAQ
* storage (Restox-ll),
* gas purification (Rn-free pumps),
* computing etc.

Triggerless DAQ System
concept: JINST 14, P07016 (2019)
— continuous, asynchronous readout
of ~750 channels (0.1 PE threshold)
— on-line processing
— low-gain channels for Ov33

M. Schumann (Freiburg) — Dark Matter Searches with XENON

XENONNT is
currently taking

data at
LNGS
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Calibration & Characterization
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f ! Bi, ' Co, VK,

Single Voxel
TS A.l

e

¢S1 [PE]
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XENON

Calibration & Characterization
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800

600 F

Q, [pe/keV]

x*-fit H4 Low energy lines
++ High energy lines (excluded)

J. 28KV

—

™ [ 4
rreliminary

103 =

S — . Hmy
'-";::EE"“"SEEB'H keV
.L—uq .:—; 200 g 236.2 keV N:lm-';;t
e @ 41.5 keV
—_ 'x 1 1 1 L
Single Voxel -y
7 2 af il
© = op e ST A RE— sl -
S —25F
-d 1 1 1 1
‘T 5 6 7 8 9
& L, [pe/keV]

¢S1 [PE]
M. Schumann (Freiburg) — Dark Matter Searches with XENON

Detector Response

Scintillation Light

g1 =0.151(1) PE/ph
ChargeSignal

g2 =16.5(6) PE/e-
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XENON PRL 129, 161805 (2022)  SE
| | XENONAT] 104 -
E sof ] l I 4 [ ff)f -
El Focus on 2, Oey,
g ol ! | 1 [ ERs <10 keV ’*ﬁg[ % et el 1410 o
" —= 1 toinvestigate — Y, =m WL Civenhacielod (1008
; —1 low-E excess from A~ e L R TR S =~
el U T XENONAT e~ i O J =
0 5 IOEner 15[kev]20 25 30 w ol . 5
gy (&) . ° 8
. . - +  SRO data
Blind analysis! 103 pz. WIMP search
X region (blinded)
) -. Excluded region L
) ] 1 ; ] i ] | 1
XENONNT Calibration data 0 20 40 60 80 100
60 |- A cS1 [PE]
37 } *! 14000 ER data » Data outside FV
% 50 Ar ‘i l | [ ][ E + ER data<10 keV
= i v - @lininary
or B T AN
w301 {: | \ l HH 12000 3 o}
= P ' =
320F l [ : 5 ﬁ
© { i \ 41000 © E E o,
10 { ] kY 220Rp N =
0 prxxa '{ .A"‘.l ‘ﬁ\ 1 1 0 OOk —30k
2F - M PR A —120F %
b (ke Lo, T e .
-2 F L O . —140 e
0 2 4 6 8 10 ~160520 30 20 50 6':- -~ -—EB =30 30 63
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cos0se 222200 = - (3
colosolecsces )
@ Low-E Electronic Recolls
XENON PRL 129, 161805 (2022)  SE
— BO - 214Pb S 136Xe - 124Xe — gngI’
0 { Data 85Kr Solar v Materials — '33Xe
40 \
> -
2 30t l | £
2 [ I %
2 20 l §
10 [
0 I==— AN
2 | : -
b O - L™ - b
_2 i 1 1 1 1 1 1
0 20 40 60 80 100 120 140 0 5 10 15 20 25 30
Energy [keV] Energy [keV]

* No excess above background observed
— XENONIT excess not from new physics

* For the first time, shape of low-E background spectrum
dominated by second order weak decays (0vp3B of 1**Xe, 2vECEC of 1?*Xe)
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#  Low-E Electronic Recolls
00000 zg
XENON PRL 129, 161805 (2022) =]
— BO - 214Pb S 136Xe - 124Xe — gngI’
0 | Data 85Kr Solar v Materials — 133Xe_
i} PandaX-4T i
40 | B 3
= I l _120fF . i
5 30T | l | 2 100F ]
£ . ol . -
2 20} ! I | l I 2 80f it e
3 [ _ E 60 i v . T
10 [ =l v -
T o i 4 i
0 f=——— /j\\\ //- \\f i i il [ ]
. é :.. . teeit o tee s ._-...,.._. e 20 ‘ XE.:NO.NI‘ET i, oo - —]
0 20 20 60 80 100 120 & %0 2 4 6 8 10 1z
Energy [keV] Energy [keV..]
* No excess above background observed
— XENONIT excess not from new physics
* For the first time, shape of low-E background spectrum
dominated by second order weak decays (0vp3B of 1**Xe, 2vECEC of 1?*Xe)
» world-record low ER background level: (15.8+1.3) evts/(txyrxkeV)
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Limits on New PhySICS
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- new leading results for several new physics channels
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- spin-independent WIMP-nucleon interactions
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The ultimate Limit
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The ultimate Limit _
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Be aware of the definition
spin-inde] — 1 CNNS event" line is well above ,v-floor*
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DARWIN: The ultimate LXe WIMP Detector r
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DARWIN: The ultimate LXe WIMP Detector _Eg_

darwin-observatory.org JCAP 11,017 (2016) -]
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DARWIN: Radon Background
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Strategy DARWIN

— active Rn removal via cryogenic distillation

— column developed for XENONNT is R&D for DARWIN

— avoid Rn emanation by

L&

M. Schumann (Freiburg) — Dark Matter Searches with XENON

/7

optimal material production
material selection
surface treatment
optimized detector design

DARWIN goal:
ER background dominated
by solar neutrinos

222Rn emanated from all
detector surfaces.
Need concentration
factor ~50 below XENON1T
factor ~10 below XENONNT

— main background challenge
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DARWIN LXe test platform in Freiburg: == ==
— 2.7 m inner diameter
¥ — up to ~15 cm height (=5 cm LXe)
=8 -~ ~400 kg Xe gas
ﬂ | — test horizontal components,
" real-scale electrodes etc.
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— = up to ~15 cm height (=5 cm LXe)
Wl - ~400 kg Xe gas
= 8- test horizontal components,
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other than WIMPs} & &
axions, ALPs, -
anomalous v-interagti
double-electron captures=

/L

What (else) ca
we do with this
Instrument :

f

DARWIN = A low background, low threshold astroparticle physics observatory
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LXe Whitepaper

arXiv:2203.02309, accepted by J. Phys. G

FREIBURG

A Next-Generation Liquid Xenon Observatory for Dark Matter and Neutrino Physics
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the available parameter space for Weakly Interacting Massive Particles (WIMPs) while featuring
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XENON + LZ + DARWIN = XLZD

FREIBURG

www.xlzd.org :z>

Future merger of DARWIN / XENON + LZ collaborations DARWIN
to build and operate the next-generation N
liquid xenon observatory ,
— new, stronger collaboration L assee
— will come once XENONNT and LZ are in Rttt o000

routine operation se3esets2ess
Now: paving the way with XLZD Consortium e
- MoU 2021: 104 group leaders from 16 countries XENON

- Joint whitepaper on science published
— first joint workshops

XENON
DARWIN
LUX-ZEPLIN

e e L oS Es e
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* DARWIN's low-E ER spectrum dominated by pp neutrinos (and 2vECEC+2vf3p)

* distinct features in v spectra allow extracting neutrino fluxes

— full spectral fit of all components up to 3 MeV
(possibility to enhance sensitivity by more sophisticated analysis)

Event Rate [count/tonne/year/keV]
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DARWIN

pp-Neutrinos in real time
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136Xe: Ov double-beta Decay " -

DARWIN
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EPJ C 80, 808 (2020)
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plot adapted from M. Agostini
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Exciting times ahead of us
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