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Testing the WIMP paradigm (and many others)  
with ultra-low background, massive xenon detectors



The universe contains about 5 times more 
matter than what we can account for!

Dark Matter exists, we see 
its gravitational effects 

when we look at the sky… 

… but what is its 
Nature?
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IDEAL FOR 
WIMP SEARCHES  

(with mass down to few GeV/c2) 

(VIA nucleUS scattering) 

S1+S2 mode

NR

FIDUCIALIZATION → background SUPPRESSION

• gamma- and beta-induced events 
from detector materials (ER) 

• Neutron-induced events from 
detector materials (NR)

Xenon1t
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ONCE fiducialization is applied, the surviving 
background is dominated by  radioactive 
contaminants diffused in the xe gas: 

• 214Pb (radon emanated by materials into the 
gas) 

• 85Kr (contained in the xenon gas)
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17

XENON1T achieved the lowest electronic recoil background, with 
major contribution from remaining Radon-222 (~10 Bq/kg)μ

XENON1T  (Rn dominant)

Kr/Xe~0.66 ppt

Kr85 dominant

XENONnT Goal
Online cryogenic 

distillation column 

from natKr/Xe=1ppb to  0.66 ppt!

Xenon1t
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Low-energy  
Electron  Recoil 
background  in  
fiducial  volume 

~1000 
[events/(tonne * keV * day)]

Low-energy  
Electron  Recoil 

background  in  
fiducial  volume 

~0.2 
[events/(tonne * keV * day)]

Lowest 
Background  

to date 

Below 25 keV dominated by 
internal contamination  

91% from 214Pb 
9% from 85Kr

(10uBq/kg of Rn)
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FIDUCIALIZATION → background SUPPRESSION

2νECEC iN 124Xe

IDEAL FOR 
RARE PROCESS 

SEARCHES   
(through ELECTRON recoil) 

Nucleus captures 2 atomic 
shell electrons  

converts 2 protons to 
neutrons 

2 neutrinos are emitted and 
atomic shell left excited. 

Extremely rare process 

Estimated half-life  
~ 1022 year  

cascade of auger 
electrons and x-ray  

(KK -63keV)

Xenon1t

~1kg of 124Xe per tonne
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THRESHOLD of about 4-5 e- → 0.2 keVee 

Background control is more challenging and 
full Background modeling is still missing 

Can be used to exclude DM parameter space

(8B)

arXiv:1907.11485v1
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Xenonnt Sensitivity BOOST Fast upgrade

XENONnT

XENON1T designed to allow 
fast upgrade of its central 
detector with a newer and 

larger TPC

TPC

8.3 tonne total 
5.9 tonne active 

~4 tonne fiducial (x4) 

Identified and tested 
successfully strategies to 

further suppress the dominant 
background (1/10th) 

FV

XENON1T turned off in DEC 2018 
and disassembled in Feb 2019 

XENONnT Installation startED 
in the Summer 2019 

First data in 2020

Fast

x4
1 10



New TPC
LXe RECirculation 

Purification 
ONLINE Radon  

REMOVAL
Neutron Veto

5.9-ton Time 
Projection 

Chamber

To achieve fast 
cleaning of the 

large LXe volume 
(5000 SLPM)

To online remove 
the 222Rn emanated 
inside the detector

To tag and measure 
in situ  

neutron-induced 
background

Condenser

Distillation stages

Reboiler

Liquefier

Piston pump

The Neutron Veto for XENONnT

M. Lindner MPIK LNGS, Oct. 1, 2018 20

Cherenkov light from Compton electrons of 8 MeV g-ray cascade from n-capture

è add 0.5% of Gd2(SO4)3 octahydrate in XENON water tank
è 120 extra PMTs  (8“ – same as for muon veto)
è add inner high light-yield volume, optically separated from MV (Tyvec reflector), 

shielded from external radioactivity

Established technology: 
- EGADS system è test for Super-Kamiokande-Gd
- EGADS is providing knowledge and technology 
ßà our Japanese groups

- source of radiopure Gd-sulfate-octahydrate identified
- veto efficiency comparable to the LS-Gd achievable

Advantages of filling the 700 t tank with Gd loaded water:
• all Gd relevant components are external to tank
• XENONnT will start with pure water 

à check TPC performance, cryostat leakage, ...
à does not delay the overall XENONnT schedule

• minimal obstruction for calibration sources
• no gap in azimuthal coverage of the n-veto 

XENON1T Infrastructure  

and sub-Systems 

(already operative) 
Aprile et al., Eur. Phys. J. C (2017) 77: 881

Kr

Cryogenic	
Plant

Kr	Distillation	
Column

Infrastructure	
(WT	and	building)

Computing	
System

Slow	Control

Xenon	Gas

Calibration	
System

DAQ		
System
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projected 
Sensitivity 

4ton- fiducial 

5 years
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Largest TPC fitting in the XENON1T 

outer vessel:

Time 
Projection 

Chamber

Dimensions (∅, 
height)

1340mm, 1578mm 
(cold)

Target Mass 5.9 t (cold)

# of PMT in Top 
array

253

# of PMT in 
Bottom array

241



REDUCE 
RADON 

SOURCES

REDUCE 
RADON  
bkg?

-45%

Achieved in xenon1t

goal for nT



REDUCE 
RADON  
bkg?

Condenser

Distillation stages

Reboiler

Liquefier

Piston pump

ONLINE 
radon 

removal
A single dedicated column to 
remove Rn emanated both in 

gas and liquid phases.

E.Aprile	et	al.,	Online	222Rn	removal	by	cryogenic	distillation	in	the	XENON100	experiment,	Eur.	Phys.	J.	C	77	(2017)

im Menü über: 
Start > Absatz > Listenebene 

Folie in Ursprungsform 

Wechsel des Folienlayouts 

Construction finished

First liquefaction tests

Double-flange leaky
During thermal cycles

→ Stronger screws
Bumax,
worlds strongest A4,
higher yield strength,
lower amount of inclusion
than standard A4,
tork of 60 Nm

Michael Murra and Denny Schulte - Krypton and radon removal for XENONnT (WG 11) – Techn. Meeting Jan. 2019, LNGS

Radon – Top condenser construction

21im Menü über: 
Start > Absatz > Listenebene 

Folie in Ursprungsform 

Wechsel des Folienlayouts 

Radon – New Radon distillation column

18

Top Heat Exchanger
-

Condenser

Bottom Heat Exchanger
-

Reboiler

New MagPump Design
-

Compressor

Larger package material

→ screening ongoing

Flow: 200 slpm

Reflux ratio: 0.5
→ > 1kW cooling power required

Depletion factor 100 at top

Enrichment factor 1000 at bottom

No additional cooling power required
due to radon-free compressor

Michael Murra and Denny Schulte - Krypton and radon removal for XENONnT (WG 11) – Techn. Meeting Jan. 2019, LNGS

im Menü über: 
Start > Absatz > Listenebene 

Folie in Ursprungsform 

Wechsel des Folienlayouts 

13

Eu
r. 

Ph
ys

. 
J.

 C
 (

20
18

) 
78

: 
60

4

Cryo-pipe/cables/CRY system emanate
46% of total budget

→ Reduce with online distillation

Radon removal for XENON1T - Budget

Magnetically-coupled
piston pump after SR1 

Michael Murra and Denny Schulte - Krypton and radon removal for XENONnT (WG 11) – Techn. Meeting Jan. 2019, LNGS

TPC + Cryostat emanate 19% of total budget
→ Reduce with new Radon Distillation System

→ Expect less radon due to lower surface to volume ratio



REDUCE 
RADON  
bkg?

ONLINE 
radon 

removal
Concept Already successfully 
tested in XENOn1T & XENON100. 
This featureS a faster flow!

Tested in 

Observed 20% 

reduction when 

operatING the  

Kr-column 

inverted as test 

online radon 

removal plant!

E.Aprile	et	al.,	Online	222Rn	removal	by	cryogenic	distillation	in	the	XENON100	experiment,	Eur.	Phys.	J.	C	77	(2017)



Xenon1t Muon 
veto  

will be 
refurbished  

to act both as  
muon and 

neutron veto

Gd-doped 
water 

Add 0.5% of Gd2(SO4)3 TO 
ultrapure water 

technology established by 
EGADS for S-K-Gd 

N-capture on Gd leads to 8MeV !’s → 
Compton electrons → Cherenkov light

The Neutron Veto for XENONnT

M. Lindner MPIK LNGS, Oct. 1, 2018 20

Cherenkov light from Compton electrons of 8 MeV g-ray cascade from n-capture

è add 0.5% of Gd2(SO4)3 octahydrate in XENON water tank
è 120 extra PMTs  (8“ – same as for muon veto)
è add inner high light-yield volume, optically separated from MV (Tyvec reflector), 

shielded from external radioactivity

Established technology: 
- EGADS system è test for Super-Kamiokande-Gd
- EGADS is providing knowledge and technology 
ßà our Japanese groups

- source of radiopure Gd-sulfate-octahydrate identified
- veto efficiency comparable to the LS-Gd achievable

Advantages of filling the 700 t tank with Gd loaded water:
• all Gd relevant components are external to tank
• XENONnT will start with pure water 

à check TPC performance, cryostat leakage, ...
à does not delay the overall XENONnT schedule

• minimal obstruction for calibration sources
• no gap in azimuthal coverage of the n-veto 

REDUCE 
neutron  

bkg?

 Optical Photon  11

N(PMT hits) for case1

N-tag eff vs n-fold coincidence for case1

2.2MeV

N(generated photons) for case1

• For 0.2% Gd case, ~700 Cherenkov photons with a wavelength 
of 250-700nm are generated, resulting in ~34 PMT hits

• Neutron tagging efficiency is estimated to be 86-90% with 4-8 
fold coincidence. 

• Even for pure water case, we can tag neutrons with 68-75% 
efficiency with 4-8 fold coincidence. However, in this case, we 
have to consider seriously the coincidence window between 
TPC and nVeto because it takes relatively larger time for 
neutrons to be captured (will be shown later)

λ=[250, 700nm]

Tagging efficiency > 85% 

<1event in 20 tonne×yr



arXiv:1707.07258



LZ expectation for 1000 days, 5.6 tonne FV, 
99.5% rejection, 50% NR acceptance



FOR WIMP search we 
considered the 

Region of interest 

S1 → 3-70 PE  

~[5-41 keVr] 

~[1.4-10.6 kevee] 

Efficiency @ low energy dominated by 

statistical fluctuations in the PE 

production and by signal 

reconstruction algorithms 

Artificial loss of efficiency @ high 

energy caused by end of ROI [70 PE]

DETECTION 
EFFICIENCY
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Name: der Referentin / des Referenten

10Principle and Design

Time

Target mass

Difference in vapor pressure:
relative volatility: 𝛼 = ൗ𝑃𝐾𝑟

𝑃𝑋𝑒 ≈ 10.5 at 178 K

Multi-stage DST
with partial reflux:

Krypton as the
more volatile 
gas is collected
at the top

Single Stage DST:

McCabe – Thiele diagram:Package column:

Michael Murra - Online krypton and radon removal for the XENON1T experiment – XeSAT 2017 Khon Kaen


