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INTRODUCTION

DIRECT DARK MATTER DETECTION
‣ Elastic scattering of dark matter particles off nuclei (Nuclear Recoil, NR)  
‣Momentum transfer ~ O(10) MeV 
‣ Recoil Energy ~ O(1-10) keV
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Signal:χN ➙χN (NR)

γ γ

Backgrounds: 

γe- ➙ γe- (ER) 

nN ➙ nN (NR) 

νN ➙ νN (NR)

v~230km/s



INTRODUCTION

‣ Recoil Energy ~ O(1-10) keV 
‣ Event rate
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∝ N × ρ/mχ × σχ-N ( <  O(1) events/ton/year)

Si

MWIMP = 100 GeV

σWn=1×10-47 cm2Xe

Ge

Ar

lighter  
nuclei

heavier 
nuclei

Putting it all together: interaction rates

R ⇠ 0.13
events

kg year


A

100
⇥ �WN

10�38 cm2
⇥ hvi

220 km s�1
⇥ ⇢0

0.3GeVcm�3

�
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✓large total mass 
✓high atomic number 
✓very low energy threshold 
✓ultra low background 
✓good Signal/BG discrimination

For discovery, we need

rate ∝ A2

DIRECT DARK MATTER DETECTION



INTRODUCTION

XENON AS A DARK MATTER DETECTION MEDIUM
‣ Efficient scintillator (λ=178 nm, ~7eV) 
‣ QE ~ 30% for recent PMTs 
‣ Two different types of signals (S1/S2)
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INTRODUCTION

A LIQUID XENON TIME PROJECTION CHAMBER
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‣ Primary scintillation light (S1) is produced promptly 
at the interaction site 

‣ Ionization electrons drift up through the LXe in the 
applied electric field 

‣ Some recombine with ions, releasing more 
scintillation light (S1) 

‣ Others are extracted above the liquid surface into 
gas phase region, where they form secondary 
proportional scintillation light (S2) 

‣ Event vertex reconstruction in 3D space 
- X,Y position: S2 hit-pattern in top PMT array 
- Z position: electron drift time (Δt (s1, s2 )) 

‣ Particle type discrimination: 

- (S2/S1)γ,e (ER)  >  (S2/S1)WIMP, neutron (NR) 

‣ LXe@-100℃

GXe

~8kV/cm

~0.1kV/cm

P M

TP M

T

v(drift) ~ 1.3 mm/us



INTRODUCTION 6

S1 S2

Drift time (z-position)

PMT Hit Pattern

Time (μs)

top

bottom

S1

S2
Δt (bottom, top) ~ 700us 
L(bottom, top) ~ 1m



INTRODUCTION

A XENON TIME PROJECTION CHAMBER
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Dark Matter Detection with LXe TPCs

Energy
- S1 area
- S2 area

Position
- x-y (S2 signal)
- z (drift time)

Interaction type
- S2/S1 ratio (ER/NR)
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Background-like (ER)

Signal-like (NR)

‣ S2/S1 is an important parameter for signal/BG discrimination: (S2/S1)ER  > (S2/S1)NR                                        

‣ ER events leaking into NR-band can be a significant BG. 

‣ Does ton-scale detector like XENON1T have a similar discrimination power as for smaller 
detectors like XENON10, 100, LUX and PandaX?

S2/S1 comparison between ER and NR



XENON1T DETECTOR AND PERFORMANCES
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THE XENON PROJECT

XENON1T/NT

Florence, January 2018

170 scientists  

25 institutions 

11 countries
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THE XENON PROJECT

THE XENON (&DARWIN) TIMELINE

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

2005-2007 2008-2016 2012-2018 2019-2023 2020+
15 kg 161 kg 3200 kg 8200 kg 50 tonnes

~10-43 cm2 ~10-45 cm2 ~10-47 cm2 ~10-48 cm2 ~10-49 cm2

XENON10 XENON100 XENON1T XENONnT DARWIN
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TARGET MASS AND BACKGROUNDS

DETECTOR MASS AND BACKGROUNDS
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Fiducial mass [kg]

Low-energy ER background 
[events/(t keV day)]

XENON10
XENON100

LUX

PandaX

XENON1T

5 34 118 306 1000-1300

1000 5.3 2.6 0.8 0.2



XENON1T@LNGS

GERDA XENON1T

OPERA

XENON100

LVD

Borexino
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LNGS, about 3600 m water equivalent



XENON1T AT THE GRAN SASSO LABORATORY
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•  1st ton-scale experiment 
for direct DM detection. 

•  3.2t of LXe, 2t in TPC. 
•  20x larger than Xe100. 
•  Constructed @LNGS. 
•  Commissioning since  

summer. 
•  Data taking has started. 
•  Expected sensitivity 

1.6E-47 cm2                       
at mWIMP = 50 GeV          
for 2 ton years exposure.  

XENON1T	

H. Simgen - MPIK: "XENON1T", TPC 2016 / Paris 

Water tank and  
Cherenkov muon 
veto

Cryostat and support 
structure for TPC

Cryogenics and  
purification

Data acquisition and  
slow control

Xenon storage,  
handling and 
Kr removal via 
cryogenic  
distillation

Time projection 
chamber

Cryogenics pipe 
(cables, xenon)

XENON collaboration, EPJ-C 77 (2017) 12 13XENON1T



XENON1T

THE TIME PROJECTION CHAMBER
▸ 3.2 t LXe in total, 2 t in the TPC 

▸ 97 cm drift, 96 cm diameter 

▸ 248 3-inch PMTs (R11410-21, QE~35%) 

▸ 74 Cu field shaping rings, 5 electrodes, 4 level meters 

▸ Fully covered with high reflectivity PTFE to maximize light 
collection. 

▸ E-drift = 0.122 kV/cm for SR0, 0.08kV/cm for SR1 (design 
value is ~ 1kV/cm ) 

▸ E-extraction ~ 8kV/cm ( d(anode, gate) = 5mm )

74 massive field shaping electrodes, made from low-activity
OFHC copper, are installed around the TPC to ensure the drift
field homogeneity. They are connected by two redundant chains
of 5 G⌦ resistors; twice the resistance is used to connect the
chain to the cathode. The resistor settings as well as the trans-
parency of the TPC electrodes (gate, anode and screening elec-
trode on top, and cathode and screening electrode on bottom)
were optimized by means of electrostatical simulations, using
finite element and boundary element methods, see Figure 3.
The design of the TPC electrodes ensures a maximal S1 light
collection e�ciency by maximizing the optical transparency of
the gate, the cathode and the bottom screening electrode. The
details are summarized in Table 1. All electrodes are supported
by massive stainless steel frames, whose surface has been op-
timized for high voltage operation. The etched meshes were
spot-welded to the frames, while the single wires were pre-
stretched on an external structure and fixed by squeezing them
between the upper and lower parts of the frames.

The cathode is biased with a negative voltage using a
Heinzinger PNC 150000-1 neg high voltage supply via a
custom-made high voltage feedthrough. It consists of a con-
ducting stainless steel rod inside an ultra-high molecular weight
polyethylene insulator, cryofitted into a 25.4 mm diameter
stainless steel tube to make it vacuum tight. Before installation
on XENON1T, the feedthrough has been successfully tested to
voltages beyond �100 kV. The total length of the feedthrough is
about 1500 mm, out of which 1200 mm are inside the cryostat.
This ensures that the connection point to the PTFE insulated

Figure 2: 3D CAD drawing of the XENON1T TPC. It is mainly built from
low-radioactivity materials, such as OFHC copper, selected stainless steel
and PTFE. The top and bottom PMT arrays are instrumented with 127 and
121 Hamamatsu R11410-21 tubes, respectively.

Figure 3: Finite element simulation of the electric field configuration in and
outside of the TPC, after optimization of the TPC electrodes (opening), field
shaping rings and the resistors of the two redundant voltage divider chains. The
Figure shows the fieldlines as well as the equipotential lines if the cathode is
biased with �100 kV.

rod which is eventually screwed into the cathode is covered by
LXe. The anode is positively biased by a CAEN A1526P unit
via commercial Kapton-insulated cable (Accuglass 26 AWG,
TYP22-15). While the baseline foresees to have the gate and
the screening electrodes on ground potential, they are all elec-
trically insulated and can therefore be biased as well.

A diving bell made of stainless-steel, which is directly pres-
surized by a controlled gas flow, is used to maintain a stable
liquid-gas interface between the gate and anode electrodes. It
contains all top PMTs and allows having LXe layer on top of
it to enhance the self-shielding e↵ect. The height of the liq-
uid level inside the bell is controlled via a vertically-adjustable
bleeding tube. Possible tilts of the TPC are measured by means
of four custom-made parallel-plate capacitive levelmeters in-
stalled inside the diving bell. They cover a dynamic range of
10 mm and have a precision of ⇠30 µm. Two cylindrical level-
meters of 1360 mm length measure the LXe level during filling
and recuperation, from below the cathode to above the bell with
a 2 mm precision.

Before assembly, all components have been cleaned accord-
ing to the following procedures: after degreasing all copper
pieces have been pickled in a solution of 1% H2SO4 and
3% H2O2 and passivated in a 1% citric acid (C6H8O7) solu-
tion. Afterwards the pieces were rinsed with de-ionized wa-
ter and ethanol. The large stainless steel pieces (diving bell,
TPC eletrode frames) were electropolished and only cleaned
with acetone, de-ionized water and ethanol. All small stainless
steel components (screws, rods, etc.) were degreased, pickled
in a solution of 20% HNO3 and 2% HF, and finally passivated
in a 15% HNO3 solution before rinsing with de-ionized water
and ethanol. The degreased PTFE components were immersed
in 5% HNO3 solution and rinsed with de-ionized water and

3

14XENON collaboration, EPJ-C 77 (2017) 12

127 PMTs top array 121 PMTs bottom array

L ~1m 
Δt ~ 700 us



XENON1T

THE KRYPTON DISTILLATION COLUMN
▸ Commercial Xe: 1 ppm - 10 ppb 

nat
Kr,  

▸
85
Kr is unstable (T1/2 = 10.8 y, Q-value = 687 keV) 

▸ Solution: 5.5 m cryogenic distillation column 

▸ Utilizes different vapor pressure: 

- Kr: 20900 mbar@178K, Xe: 2010 mbar@178K 

- boiling point@2bar Xe:178K, Kr:140-150K  

▸ 6.5 kg/h output > 6.4×105 separation, to < 48 ppq

XENON collaboration, EPJ-C 77 (2017) 5
For Rn removal - see XENON collaboration, EPJ-C 77 (2017) 6 15

~ 0.5ppt

~1000 ppt
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2.2.2 Detector Construction Materials

In order to reduce ER and NR background events, that arise
from radioactive decays in the detector materials, all mate-
rials of the TPC, the cryostat and the support structure were
selected for a low content of radioactive isotopes. Monte
Carlo simulations were used to define the acceptable lev-
els. The radioactivity measurements were performed us-
ing low-background high-purity germanium spectrometers
of the XENON collaboration [46–48]. The most sensitive
spectrometers, located at the LNGS underground laboratory,
can reach sensitivities down to the µBq/kg level. In addi-
tion, standard analytical mass spectroscopy methods (ICP-
MS, GD-MS) were employed at LNGS and at external com-
panies. The measured radioactivity levels of the PMTs are
summarized in [33]; that of all other materials and compo-
nents in [37].

Most materials in contact with the liquid or gaseous
xenon during standard operation were additionally selected
for a low 222Rn emanation rate. This includes most compo-
nents of the TPC, the inner cryostat and its connection pipes,
the cryogenic system with its heat exchangers and the pu-
rification system. The LXe storage vessel and the cryogenic
distillation column are irrelevant sources of Rn-emanation
as they are not continuously connected to the TPC. Thus all
222Rn originating from these systems will rapidly decay to a
negligible level. Even though the emanation rate is usually
related to the 226Ra content of a material, which is obtained
by g spectrometry, it must be measured independently since
in most cases emanation is dominated by surface impurities.
The measurements were performed according to the proce-
dure described in [49] using the 222Rn emanation facility at
MPIK Heidelberg [50] and a similar one at LNGS. The re-
sults are summarized in [51].

To remove radioactive isotopes from surfaces, all TPC
components were cleaned after production according to the
following procedures: after degreasing, all copper pieces
were pickled in a solution of 1% H2SO4 and 3% H2O2
and passivated in a 1% citric acid (C6H8O7) solution. Af-
terwards the pieces were rinsed with de-ionized water and
ethanol. The large stainless-steel pieces (diving bell, TPC
electrode frames) were electropolished and cleaned with
acetone, de-ionized water and ethanol. All small stainless-
steel components (screws, rods, etc.) were degreased, pick-
led in a solution of both 20% HNO3 and 2% HF, and finally
passivated in a 15% HNO3 solution before rinsing with de-
ionized water and ethanol. The degreased PTFE components
were immersed in a 5% HNO3 solution and rinsed with de-
ionized water and ethanol. Care was taken to not touch the
reflecting TPC surfaces during cleaning, and all PTFE parts
were stored under vacuum after the cleaning procedure. In
cases of size limitations, the HNO3-step was omitted and the
sample was instead immersed in ethanol for a few hours.

The TPC was assembled above ground at LNGS, inside
a custom-designed ISO 5 class cleanroom with a measured
particle concentration just above the ISO 4 specification, us-
ing a movable installation and transport frame. The double-
bagged TPC (aluminized mylar), fixed to the transportation
frame, was moved to the underground laboratory by truck
and attached to the top flange of the inner cryostat. A mobile
class ISO 6 softwall cleanroom (4.5⇥ 4.5 m2) was erected
around the cryostat for this purpose.

2.2.3 Krypton Removal by Cryogenic Distillation

Natural krypton, which contains the b -decaying isotope
85Kr (T1/2 = 10.76 y) at the 2⇥ 10�11 level, is removed by
cryogenic distillation, exploiting the 10.8 times larger vapor
pressure of Kr compared to Xe at �96�C. In a cryogenic
distillation column, the more volatile Kr will hence be col-
lected at the top while Kr-depleted Xe will be collected at
the bottom. Given a natKr/Xe concentration of <0.02 ppm in
commercial high-purity Xe gas, a Kr reduction factor around
105 is required to reach the design goal of natKr/Xe<0.2 ppt.
To achieve this goal, a distillation column using 2.8 m of
structured stainless-steel package material (Sulzer, type EX)
was built following ultra-high vacuum standards. The total
height of the XENON1T distillation system is 5.5 m (see
figure 11). The system is described in [52] and can be op-
erated stably at Xe gas flows up to 18 slpm, corresponding
to 6.5 kg/h.

The Kr particle flux inside the column and the separa-
tion efficiency can be monitored using the short-lived iso-
tope 83mKr as a tracer [53, 54]. After installation at LNGS,
a separation factor of (6.4+1.9

�1.4)⇥ 105 was measured [52,
55], reaching a concentration natKr/Xe< 0.026 ppt and

Package tube

Input condenser

Reboiler

Top condenser

Heat exchanger

Gas inlet

Gas outlet
(low Kr)

Off-gas
(high Kr)

5.5m

Fig. 11 The custom-designed XENON1T cryogenic distillation col-
umn. The outer vessels for vacuum insulation and most of the column
package material were omitted for clarity.

higher T

lower T

Liquid

Gas

purified Xe

higher Kr



XENON1T

XENON PURIFICATION 
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‣Electronegative impurities in the Xe gas and 
from materials outgassing reduce charge (and 
light) signals.  

‣To drift electrons over 1 meter requires < 1ppb 
(O

2 
equivalent)  

‣Solution: continuous gas circulation at high 
flow through heated getter material  

‣Total flow rate of 54slpm (design: 100 slpm) 
driven by up to 4 pumps. 

‣electron lifetime is monitored regularly with 
ERs calibration sources.

Ne(rec) = Ne(gen)×exp(-Δt/τ) 
Δt (top, bottom) ~ 700 us



SCIENCE AND CALIBRATION DATA

DATA OVERVIEW
▸ First science run (SR0): Oct 2016 - Jan 2017 (31.2 live days) 

▸ Second science run (SR1): Feb 2017 - Feb 2018 (246.7 live days) 

▸ 1 tonne x year exposure given 1.3 tonne fiducial volume: the largest reported to-date with this type 
of detector

SR0: 31.2 live days SR1: 246.7 live days

17

E-drift  
= 0.122 kV/cm

E-drift  
= 0.08 kV/cm

Earthquake mag 5.7

( E-drift (design) ~ 1 kV/cm )



CALIBRATION - DETECTOR RESPONSE CORRECTION -

18XENON1T CALIBRATION

Kr-83m Calibrations

Krypton calibrations done weekly 
throughout operation of LUX. 83mKr 
generated with a Rubidium source. 
!
Low energy→ no PMT saturation 
Mixes homogeneously with LXe → 
can use to check electric field models  
 
Used for accurate measurements of: 
!

• Electron livetime 
• Detector leveling  
• S1 xyz light collection 
• S2 xy light collection

WIMP search resumes after ~8 hours (~4 half 
lives). Total energy ~41.6 keV is outside of 
WIMP search region of interest, events clearly 
identifiable by two S1s 

83Kr

83mKr

83Rb

T1/2 = 1.83 h 
E = 32.2 keV

T1/2 = 154.4 ns 
E = 9.4 keV

T1/2 = 86.2 d 

J = 5/2- 
!

J = 1/2- 
!

J = 7/2+ 
!

J = 9/2+ 
!

32.2 keV
9.4 keV

5

•  83mKr&is&an&internal&source.&It&is&injected&in&
the&gas&system&and&decays&uniformly&
inside&the&detector&

•  83mKr&undergoes&two&subsequent&decays&
via&electron&conversion.&It&emits&electrons&
with&energies&of&32&and&9&KeV&&

•  The&halflife&of&the&second&decay&is&154ns.&&
&
•  S1&and&S2&posiGon&correcGons:&both&S1&

and&S2&pulses&depend&on&the&locaGon&of&
the&event&due&to&geometrical&light&
collecGon&and&electronegaGve&impuriGes.&&

�

Preliminary�

Spatial signal corrections with 83mKr source  
‣ Internal source (injected directly into LXe) 
‣ 32.2 keV and 9.4 keV emissions  separated by T

1/2
 =154 ns 

‣ Used for several corrections 
- Position dependent light collection efficiency 
- Position dependent S2 amplification 
- Electron lifetime correction

S1 light collection efficiency S2 gain S2 electron lifetime

Very preliminary

Ne(rec) =  
Ne(gen)×exp(-Δt/τ)



LIGHT AND CHARGE YIELD VERSUS TIME
▸ Light yield: stable within 0.16% (83mKr) and 0.18% (222Rn alphas) 

▸ Charge yield: slightly increasing for all sources, 1.4% (83mKr) and 1.2% (222Rn alphas)

19XENON1T CALIBRATION



XENON1T CALIBRATION

ENERGY RESOLUTION
▸ One of the best among Xe-TPCs 

▸ Covers large energy range 

▸ Relevant for 0νββ-analysis (136Xe) & for 
background understanding

‣ Background spectrum: data versus MC 

‣ Good agreement between predicted and 
measured background spectrum 

‣ Kr: 0.66 ppt; Pb214: ~ 10 uBq/kg 

‣ Gammas based on screening 
measurements 

‣ Blinded regions: 0νββ-search

1.5% energy resolution at 2.5 MeV
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ROI for WIMP search up to 11 keV

EXO 

5.2keV from 
L-shell EC for 
127Xe (only 
from LUX)

ADC saturation



ER/NR CALIBRATION 21

‣ Energies of commonly used γ-ray sources are not 
sufficient to reach fiducial volume 

‣ Inject 220Rn (decay product of 228Th) into xenon 

‣ 212Pb buildup        β- decay to 212Bi (low energy ER 
events) 

‣ Decay of activity dominated by 212Pb half-life (10.6h) 
‣ No long-lived isotopes 
‣ No purification requirement on LXe

‣ External source mounted on a belt ( (α, n) reaction) 

‣ D-D fusion neutron generator (D + D → n + 3He) is also 
commissioned 

‣ En : peak at 2.45 MeV 

‣ Calibration time reduced by an order of magnitude                     
(weeks        days)

241
Am       

237
Np + α + γ  (59.5 keV) 

9
Be + α       

12
C + n ( O(1)MeV ) + γ (4.4 MeV)

ER

NR

241
Am-Be

Neutron generator



ER/NR BAND DISTRIBUTIONS
22

Blue: ER, Red: NR;       : median,       :±2𝝈

220Rn calibration (ER) Neutron generator calibration (NR)

▸ ER and NR are well separated with each other, but 
separation is not perfect 

▸ The region below NR-mean and above NR -2σ 
region was used as signal region in the past. 

▸ Current analysis uses full S1 & S2 shapes in the 
profile likelihood, but still can be used as a reference 

▸ ER-leakage fraction below NR mean is ~ (1-3)×10-3, 
which is similar discrimination power as for XENON100, LUX 
and Panda-X experiments.

Dark Matter Detection with LXe TPCs

Energy
- S1 area
- S2 area

Position
- x-y (S2 signal)
- z (drift time)

Interaction type
- S2/S1 ratio (ER/NR)

7

XENON1T CALIBRATION



BACKGROUNDS FOR XENON1T ANALYSIS
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24BACKGROUND SOURCES

pp+7Be neutrinos -> ER

high-E neutrinos 
 -> CNNS (NR)

muon-induced  
neutrons

neutrons from 
(α,n) / fission

natural γ BG

muon

target intrinsic BG 
85Kr, 222Rn (ER)

ER(γ,β) NR(n, ν, WIMP)



BACKGROUNDS

ER BACKGROUND PREDICTIONS AND DATA
▸ ER rate: (82±3) events/(keV t y), in 1.3 t and below 25 keVee 

- In the reference region, ~0.2 events/(keV t y) 

▸ Lowest background ever achieved in a dark matter detector

25

natKr: ~0.45 ppt ; 222Rn: ~ 10 µBq/kg

222Rn: 85.4%, 85Kr: 4.3%, solar ν: 4.9%, materials: 4.1%, 136Xe: 1.4%



BACKGROUNDS

NUCLEAR RECOIL BACKGROUND

▸ Muon-induced neutrons: reduced by overburden and veto 

▸ CEνNS from 8B neutrinos: irreducible background < 1 keV 

▸ Radiogenic neutrons from (α,n) and fission from 238U and 232Th: 
reduced via material selection, multiplicity and fiducialisation

Source Rate [t-1 y-1] Fraction [%]

Radiogenic 0.6±0.1 96.5

CEνNS 0.012 2.0

Cosmogenic <0.01 <2.0

Expectation in 1tonne FV, 4-50 keVnr window

XENON collaboration: JCAP 1604 (2016) 04 26

 Cosmogenic µ-induced neutrons 
 significantly reduced by rock  
 overburden  and muon veto 

Coherent elastic ν-nucleus 
scattering, constrained  by 8B 
neutrino flux and 
measurements, is an an 
irreducible background at very 
low energy (1 keV) 

Radiogenic neutrons from (α, n) 
reactions and fission from 238U 
and 232Th: reduced via careful 
materials selection, event 
multiplicity and fiducialization 

Source Rate [t-1 y-1] Fraction 
[%]

Radiogenic n 0.6 ± 0.1 96.5
CEνNS 0.012 2.0
Cosmogenic n < 0.01 < 2.0

 24

(Expectations in 4-50 keV search window, 1t FV, single scatters)

MC- radiogenic neutrons

Nuclear Recoil Backgrounds

XENON Preliminary

JCAP04 (2016) 027  

0.9T
1.3T



BACKGROUNDS

ACCIDENTAL COINCIDENCE BACKGROUND

▸ “Lone” S1- S2 coincidences: S1 from e.g. events below the cathode, S2 e.g. 
near field grids - can fake events that populate signal region 

▸ Empirical model: select unpaired S1 and S2 from data, randomly pair to form 
events; apply analysis selection criteria  

▸ Performance verified using 220Rn data and sidebands background data

27

Lone S1 and S2 rates versus time



BACKGROUNDS

SURFACE BACKGROUND
▸ During construction, 222Rn progeny plate out on the inner PTFE walls,  

▸ All short-lived isotopes decay away, leaving 210Pb, 210Bi and 210Po on 
PTFE surface 

▸ S2 for these isotopes becomes smaller due to charge loss on the PTFE 
walls: event can be reconstructed in the NR region 

▸ can be suppressed by fiducialization of volume 

▸ Data driven model derived from surface-event samples

222Rn       3.8 d

218Po   3.05 min

214Pb   26.8 min

214Bi     19.9 min

214Po     164 µs

210Pb      22.3 y

210Bi        5.0 d

210Po       138 d

206Pb       stable

α 5.5 MeV

α 6.0 MeV

α

α

β

β

β

β

5.3 MeV

7.7 MeV

28



EVENT SELECTION AND RESULTS

29



SCIENCE DATA

DARK MATTER SEARCH DATA
▸ Blinded: to avoid bias in event selection and signal & BG modelling. 

▸ NR ROI reference region was blinded from the start of SR1 analysis. 

▸ Salted: to protect against post-unblinding tuning of cuts and background models

30

Surface 
component

1.3 ton



SCIENCE DATA

FIDUCIAL VOLUME SELECTION
▸ Optimised prior to unblinding by taking into account materials and surface 

background: 1.0 t  → (1.3±0.01) t 

▸ PDFs for Profile Likelihood  
- (S1, S2b, r) space + [inner(0.9t) or outer(1.3t)]

 31

Optimize FV prior to unblinding to reduce materials and surface background 

• FV volume increased from 1 tonne (in SR0 First Result) to 1.3 tonne thanks to 
improvements in position reconstruction, including PTFE charge-up and field corrections 

• new surface background model allowed inclusion of radius, R, in statistical inference to 
maximize useful volume. Analysis space became cS1, cS2b, R  and Z 

Fiducial Volume Optimization

31

TPC boundary

1.3 t LXe

0.9 t LXe

Fiducial volume (1.3 t): 8 
cm below liquid level, 2.9 
cm above cathode; rmax = 
42.8 cm

1.3 t LXe

0.9 t LXe

1σ (2σ) probability density percentiles 
of radiogenic neutrons

Grey: events outside FV



SCIENCE DATA

EVENT SELECTION AND DETECTION EFFICIENCY
▸ Detection efficiency: due to 3-fold PMT coincidence requirement 

- Estimated via waveform simulation including systematic uncertainties 

▸ Selection efficiencies: from MC and data control samples 

▸ Dark matter search region: [3-70] PE in S1
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Bands: 68% credible regions 

ROI: [3 - 70] PE corresponds to 

ER: [1.4 - 10.6] keVee 

NR: [4.9 - 40.9] keVnr200 GeV50 GeV

10 GeV



PREDICTIONS AND DATA

BACKGROUND PREDICTION AND UNBLINDING

▸ Reference region: space between NR 
median and NR-2σ 

▸ Numbers in reference region for 
illustration only, statistical inferences 
based on PL analysis in (S1, S2b, r, z) space 

▸ ER(222Rn): most significant background, 
uniformly distributed 

▸ Surface background: significantly reduced 
with fiducial volume cut 

▸ Neutron background is less than one 
event, and impact is further suppressed by 
position information 

▸ Other background components are  
completely sub-dominant

Source 1.3 tonnes 0.9 tonnes

(S2, S1) Full ROI Reference NR

ER 627±18 1.12±0.21

Radiogenic 1.44±0.66 0.41±0.19

CEνNS 0.05±0.01 0.02±0.00

Accidental 0.47+0.27-0.00 0.06+0.03-0.00

Surface 106±8 0.02±0.00

Total 735±20 1.62±0.28

Data 739 2

WIMPbest-fit  
200 GeV, 
4.2e-47 cm2

3.56 1.16
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Best fit event rates with 278.8 days live-time



RESULTS AFTER UNBLINDING

DARK MATTER SEARCH RESULTS
▸ Results interpreted with unbinned profile likelihood analysis (all model 
uncertainties included in the likelihood as nuisance parameters) 

▸ Piecharts: relative PDF from the best fit of 200 GeV WIMPs with 4.7x10-47 cm2
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ER component

Surface component1-σ and 2-σ 
percentile of 
200 GeV WIMP 
component



RESULTS AFTER UNBLINDING

SPATIAL DISTRIBUTION OF EVENTS
35

▸ Results interpreted with unbinned profile likelihood analysis (all model 
uncertainties included in the likelihood as nuisance parameters) 

▸ Core volume: to distinguish WIMPs over neutron background

1σ (2σ) probability density percentiles of radiogenic neutrons



NEW CONSTRAINTS ON WIMPS
▸ Strongest upper limit (at 90% 

CL) on SI WIMP-nucleon 
cross sections > 6 GeV 

▸ Median sensitivity: factor 7 
higher than for previous 
experiments (LUX, PandaX-II) 

▸ 1-σ fluctuation at higher 
WIMP masses could be due 
to background or signal
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�SI < 4.1⇥ 10�47cm2 at 30GeV/c2

RESULTS AFTER UNBLINDING



FAST UPGRADE TO XENONNT !
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NEXT STEP 38

Minimal Upgrade
The XENON1T 

infrastructure and 
sub-systems were 

originally designed to 
accommodate a 
larger LXe TPC.

Fiducial Xe Target
XENONnT TPC 

features: 

total Xe mass = 8 t  

target mass = 5.9 t  

fiducial mass  = ~4 t 

Background
Record low-back levels in 
XENON1T dominated by 

222Rn-daughters. 

Identified strategies to 
effectively reduce  222Rn  
by ~ a factor 10.

Fast Turnaround
Use  XENON1T sub-
systems, already tested 

Fast pace: 

Installation starts in 2018 
commissioning in 2019 

x4 101 x

XENONNT

LZ is expected to start at 2020



NEXT STEP 39

New TPC LXe Purification Radon Distillation Neutron Veto
5.9-ton Time Projection 

Chamber

To achieve fast cleaning of the 
large LXe volume (5L/min LXe, 

5000 SLPM GXe)

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

Kr

+

XENONNT

Japanese group contribution

GXe purification (120 SLPM)
1 candidate is already observed 
in XENON1T



NEXT STEP 40

XENONNT VS LZ
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WIMP mass [GeV/c2]
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XENON10 (2008)

XENON100 (2012)

LUX (2017) PandaX-II (2017)

XENON1T (1 t⇥yr, this work)

XENONnT (20 t⇥yr Projection)

n discovery limit
Bagnaschi 2017Billard 2013

‣ 10 times higher sensitivity with 20 ton-year (4 ton × 5 year) exposure until ~2024 

‣ LZ also has a similar expected sensitivity with 15 ton-year (5.6 ton × 1000 days) 

‣ can exclude Wino dark matter up to ~1TeV mass

talk by LZ group

Projected WIMP Sensitivity: Spin Independent

21
1.6 × 10-48 cm2 @ 40 GeV/c2

Nominal exposure: 1000 live-days, 5.6 tonne fiducialXENONnT LZ

Wino dark matter 
(JHEP06(2015)097)

https://indico.cern.ch/event/699961/contributions/3043312/attachments/1691990/2722427/IDM-2018-Monzani.pdf


NEXT STEP 41

DISCOVERY POTENTIAL?
3σ and 5σ discovery potential

22
3σ: 3.8 × 10-48 cm2 @ 40 GeV/c2

Nominal exposure: 1000 live-days, 5.6 tonne fiducial

5σ: 6.7 × 10-48 cm2 @ 40 GeV/c2

talk by LZ group

Wino dark matter 
(JHEP06(2015)097)

https://indico.cern.ch/event/699961/contributions/3043312/attachments/1691990/2722427/IDM-2018-Monzani.pdf
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DARWIN?

2020+
50 tonnes
~10-49 cm2

R&D and prototypes supported by 
two ERC grants: Ultimate (Freiburg) 
and Xenoscope (Zürich)

L ~1.5m 



NEXT STEP 43

CAN WE RECONSTRUCT DARK MATTER MASS?

The projected sensitivity critically depends on the ability to discriminate NR signals from
ER background, as the background from low-energetic solar neutrinos cannot be mitigated
by other methods. Our study assumes an ER rejection level of 99.98% at 30% nuclear recoil
acceptance, which is a factor 5 above the one of XENON100 [25] and has already been achieved
by ZEPLIN-III [50]. Crucial requirements for reaching this rejection level include a uniform
and high light yield for S1 and an S2 signal detection with uniform electron extraction and
gas amplification. The statistical fluctuations in the S1 signal close to threshold significantly
affect the width of the electronic and nuclear recoil distributions. Uniformity in S1 and
S2 signal detection minimises any instrument-related fluctuations affecting the width of the
S2/S1 distributions and hence the ER rejection power. While an increased light yield will also
reduce the energy threshold, the dominating CNNS background will render thresholds below
5 keV nuclear recoil energy (5 keVnr) less relevant for the WIMP search at spin-independent
cross sections below ⇠10�45cm2. A further consideration is that the steeply falling CNNS
spectrum requires the best possible energy resolution also at threshold. An energy scale
derived from the charge signal or from a combination of light and charge is therefore necessary
to optimise the sensitivity, as discussed in Section 5.7.

We have studied the reconstruction of WIMP properties, namely mass and scattering
cross section, from the measured recoil spectra. In a numerical model, we have incorporated
realistic detector parameters, backgrounds and astrophysical uncertainties [42]. Our primary
study was directed towards spin-independent WIMP-nucleon interactions; however, given
DARWIN’s excellent sensitivity to spin-dependent interactions, especially for 129Xe [51], it
can be extended to axial vector couplings as well. Figure 3 (left) shows the reconstructed
parameters for three hypothetical particle masses and a fixed cross section of 2⇥ 10�47 cm2,
assuming an exposures of 200 t⇥y [42]. The corresponding number of events are 154, 224
and 60, for WIMP masses of 20 GeV/c2, 100 GeV/c2 and 500 GeV/c2, respectively. Us-
ing the same exposure, Figure 3 (right) shows the reconstructed mass and cross section

Figure 3. The 1� and 2� credible regions of the marginal posterior probabilities for simulations of
WIMP signals assuming various masses and spin-independent (scalar) cross sections with DARWIN’s
LXe target. The width and length of these contours demonstrate how well the WIMP parameters
can be reconstructed in DARWIN after a 200 t⇥y exposure. The ‘⇥’ indicate the simulated bench-
mark models. (left) Reconstruction for three different WIMP masses of 20 GeV/c2, 100GeV/c2 and
500 GeV/c2 and a cross section of 2⇥ 10�47 cm2, close to the sensitivity limit of XENON1T. (right)
Reconstruction for cross sections of 2 ⇥ 10�46 cm2, 2 ⇥ 10�47 cm2 and 2 ⇥ 10�48 cm2 for a WIMP
mass of 100GeV/c2. The black curve indicates where the WIMP sensitivity will start to be limited
by neutrino-nucleus coherent scattering. Figure adapted from [42].

– 6 –

Capability to reconstruct WIMP parameters 

‣ mχ = 20, 100, 500 GeV, 10-47cm2 

‣ Because WIMP spectra are largely 
degenerated, no target can reconstruct 
masses > 500 GeV

LXe TPC: 200t×year

JCAP 11, 017 (2016)

!0 ¼ 0:4" 0:1 GeV=cm3 ð1"Þ: (16)

There are several other recent results that determine !0,
both consistent [60] and somewhat discrepant [61] with our
adopted value. Even in light of these uncertainties, we take
Eq. (16) to represent a conservative range for the purposes
of our study.

For completeness Table II summarizes the information
on the parameters used in our analysis.

VI. RESULTS

A. Complementarity of targets

We start by assuming the three dark matter benchmark
models described in Sec. II (m# ¼ 25; 50; 250 GeV with
"p

SI ¼ 10%9 pb) and fix the Galactic model parameters to
their fiducial values, !0 ¼ 0:4 GeV=cm3, v0 ¼ 230 km=s,
vesc ¼ 544 km=s, k ¼ 1. With the experimental capabil-
ities outlined in Sec. III, we generate mock data that, in
turn, are used to reconstruct the posterior for the DM
parameters m# and "p

SI. The left frame of Fig. 1 presents
the results for the three benchmarks and for Xe, Ge, and Ar

separately. Contours in the figure delimit regions of joint
68% and 95% posterior probability. Several comments are
in order here. First, it is evident that the Ar configuration is
less constraining than Xe or Ge ones, which can be traced
back to its smaller A and larger Ethr. Moreover, it is also
apparent that, while Ge is the most effective target for the
benchmarks with m# ¼ 25; 250 GeV, Xe appears the best
for a WIMP with m# ¼ 50 GeV (see below for a detailed
discussion). Let us stress as well that the 250 GeV WIMP
proves very difficult to constrain in terms of mass and cross
section due to the high-mass degeneracy explained in
Sec. II. Taking into account the differences in adopted
values and procedures, our results are in qualitative agree-
ment with Ref. [27], where a study on the supersymmet-
rical framework was performed. However, it is worth
noticing that the contours in Ref. [27] do not extend to
high masses as ours for the 250 GeV benchmark—this is
likely because the volume at high masses in a supersym-
metrical parameter space is small.
In the right frame of Fig. 1 we show the reconstruction

capabilities attained if one combines Xe and Ge data, or
Xe, Ge, and Ar together, again for when the Galactic
model parameters are kept fixed. In this case, for m# ¼
25; 50 GeV, the configuration Xeþ Arþ Ge allows the
extraction of the correct mass to better than Oð10Þ GeV
accuracy. For reference, the (marginalized) mass accuracy
for different mock data sets is listed in Table III. For m# ¼
250 GeV, it is only possible to obtain a lower limit on m#.
Figure 2 shows the results of a more realistic analysis,

that keeps into account the large uncertainties associated
with Galactic model parameters, as discussed in Sec. V.
The left frame of Fig. 2 shows the effect of varying only !0

(dashed lines, blue surfaces), only v0 (solid lines, red
surfaces), and all Galactic model parameters (dotted lines,
yellow surfaces) for Xe and m# ¼ 50 GeV. The Galactic

TABLE II. The parameters used in our analysis, with their
prior range (middle column) and the prior constraint adopted
(rightmost column) are shown. See Secs. IV and V for further
details.

Parameter Prior range Prior constraint

log10ðm#=GeVÞ (0.1, 3.0) Uniform prior
log10ð"p

SI=pbÞ ð%10;%6Þ Uniform prior
!0=ðGeV=cm3Þ (0.001, 0.9) Gaussian: 0:4" 0:1
v0=ðkm=sÞ (80, 380) Gaussian: 230" 30
vesc=ðkm=sÞ (379, 709) Gaussian: 544" 33
k (0.5, 3.5) Uniform prior
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FIG. 1 (color online). The joint 68% and 95% posterior probability contours in the m# % "p
SI plane for the three DM benchmarks

(m# ¼ 25; 50; 250 GeV) with fixed Galactic model, i.e., fixed astrophysical parameters, are shown. In the left frame we show the

reconstruction capabilities of Xe, Ge, and Ar configurations separately, whereas in the right frame the combined data sets Xeþ Ge and
Xeþ Geþ Ar are shown.

MIGUEL PATO et al. PHYSICAL REVIEW D 83, 083505 (2011)

083505-6

PRD 83, 083505 (2011)

‣ mχ = 25, 50, 250 GeV, 10-45cm2 

‣ small improvement by combining       
Xe+Ge+Ar

1σ/2σ
Xe: 5t×year 
Ge: 3t×year 
Ar: 10t×year



SUMMARY AND OUTLOOK
▸ The first multi-ton scale LXe-TPC was operated > 1 y 

▸ Achieved the lowest background in a dark matter detector  

▸ Result from an analysis of 1 tonne year exposure: the strongest upper limit on SI 
WIMP-nucleon cross sections for masses > 6 GeV, with 4.1×10-47 cm2 at 30 GeV 

▸ XENON1T acquires more data until its upgrade, XENONnT, is ready for 
installation at LNGS 

▸ Many analyses in the pipeline (0νββ-decay, annual modulation, low-mass 
WIMPs, Migdal effect, bosonic SuperWIMPs, etc) 

▸ XENONnT is designed for a factor 10 increase in sensitivity with 20 ton×year 
exposure. will start data-taking next year!
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