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INTRODUCTION

XENON (“THE STRANGE ONE”) AS A NOBLE GAS

▸ Discovered by William Ramsay, 
student of Bunsen & professor at UCL 

▸ Nobel prize 1904 in Chemistry
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INTRODUCTION

A XENON TIME PROJECTION CHAMBER

▸ 3D position resolution 
via light (S1) and charge 
(S2) signals 

▸ S2/S1 depends on 
particle ID 

▸ Fiducialisation 

▸ Single versus multiple 
interactions
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Dark Matter Detection with LXe TPCs

Energy
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- S2 area

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

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

WIMP PHYSICS WITH XENON NUCLEI

▸ SI elastic scatters 124Xe, 126Xe, 128Xe, 129Xe, 130Xe, 131Xe, 132Xe 
(26.9%), 134Xe (10.4%), 136Xe (8.9%) 

▸ SD elastic scatters 129Xe (26.4%), 131Xe (21.2%) 

▸ Inelastic, SD scatters: �+129,131 Xe ! �+129,131 Xe⇤ ! �+129,131 Xe+ �
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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

�7

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



BACKGROUNDS AND SHIELDS

GO UNDERGROUND

▸ Bad news: you can’t 
shield neutrinos 

▸ Good news: 
eventually these will 
be one of your signals

GERDA XENON1T

OPERA

XENON100

LVD

Borexino

�8

LNGS, about 3600 m water equivalent

Figure by SuperKamiokande



BACKGROUNDS AND SHIELDS

SHIELD, SHIELD, SMARTER SHIELD

XENON10 XENON100 XENON1T
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BACKGROUNDS AND SCREENING

MATERIAL SCREENING AND SELECTION

▸ Ultra-low background, 
HPGe detectors 

▸ Mass spectroscopy 

▸ Rn emanation facilities

Background

15 XENON1T PMTs

XENON collaboration, EPJ-C 75 (2015) 11
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226Ra/228Th:  
~1 mBq/PMT

L. Baudis et all, JINST 6, 2011
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BACKGROUNDS FROM COSMOGENICS

AVOID EXPOSURE TO COSMIC RAYS

▸ Spallation reactions can produce 
long-lived isotopes 

▸ Activate and compare with 
predictions (Activia, Cosmo, etc)

Before

Copper - after 1 y at 
the “top of Europe”

Jungfraujoch, 3454 m

L. Baudis et al., Eur. Phys. J. C75 2015 
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THE XENON PROJECT

XENON10: 2005-2007

▸ Pathfinder TPC: 22 kg LXe 

▸ 20 cm diam, 15 cm drift 

▸ 89 1-inch PMTs

gammas

neutrons

�13XENON collaboration, Astroparticle Physics 34, 2011



THE XENON PROJECT

XENON10: 2005-2007

▸ Pathfinder TPC: 22 kg LXe 

▸ 20 cm diam, 15 cm drift 

▸ 89 1-inch PMTs

age events for each energy bin in the analysis of the WIMP-
search data is currently limited by available calibration
statistics. Based on the analysis of multiple-scatter events,
no neutron induced recoil events are expected in the single-
scatter WIMP-search data set. To set conservative limits on
the WIMP-nucleon spin-independent cross section, we
consider all ten observed events, with no background sub-
traction. Figure 4 shows the 90% C.L. upper limit on
WIMP-nucleon cross sections as a function of WIMP
mass, calculated for a constant 19% Leff , the standard
assumptions for the galactic halo [25], and using the
‘‘maximum gap’’ method in [26]. For a WIMP mass of
100 GeV=c2, the upper limit is 8:8! 10"44 cm2, a factor
of 2.3 lower than the previously best published limit [27].
For a WIMP mass of 30 GeV=c2, the limit is 4:5!

10"44 cm2. Energy resolution has been taken into account
in the calculation. The largest systematic uncertainty is
attributed to the limited knowledge of Leff at low
nuclear-recoil energies. Our own measurements of this
quantity [21] did not extend below 10.8 keVr, yielding a
value of #13:0 $ 2:4%% at this energy. More recent mea-
surements by Chepel et al. [22] have yielded a value of
34% at 5 keVr, with a large error.

A comparison between the XENON10 neutron calibra-
tion data and Monte Carlo simulated data, including the
effects of detector resolution and energy dependence of
Leff , provides an effective constraint on the variation of
Leff for all energies in the analysis range [28]. The constant
Leff assumption used to calculate the limits above shows
reasonable agreement at the 10% level between the
Monte Carlo predicted spectrum and the measured energy
dependence and intensity of the single-scatter nuclear-
recoil spectrum. The Leff assumption which gives the
best agreement implies a slightly more sensitive exclusion
limit and is not quoted. A conservative exclusion limit was
calculated by including estimates of possible systematic
uncertainty in the signal acceptance near threshold. Also
included was an estimate of the uncertainty in the energy
dependence of the neutron scattering cross sections used in
the Monte Carlo simulations. The Leff assumption which
gives poorest sensitivity, while remaining consistent at the
1% level with the neutron calibration data, corresponds to
exclusion limits as high as 10:4! 10"44 cm2 (5:2!
10"44 cm2) for a WIMP mass of 100 GeV=c2

(30 GeV=c2).
Although we treated all ten events as WIMP candidates

in calculating the limit, none of the events are likely WIMP
interactions. !log10#S2=S1% values for 5 events (compared

FIG. 3 (color online). Results from 58.6 live days of WIMP
search in the 5.4 kg LXe target. The WIMP-signal region was
defined between the two vertical lines (4.5 to 26.9 keV nuclear-
recoil equivalent energy) and the two zigzag lines (about 50%
nuclear-recoil acceptance).
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FIG. 4 (color online). Spin-independent WIMP-nucleon cross
section upper limits (90% C.L.) versus WIMP mass. Curves are
shown for the previous best published limit [upper (blue)] [27]
and the current work [lower (red)], assuming a constant 19%
Leff . The shaded area is for parameters in the constrained
minimal supersymmetric models [6,29].

FIG. 2 (color online). Position distribution of events in the 4.5
to 26.9 keV nuclear-recoil energy window, from the 58.6 live
days of WIMP-search data. (small dots) All events. (& ) Events
in the WIMP-signal region before the software cuts. (') Events
remaining in the WIMP-signal region after the software cuts.
The solid lines indicate the fiducial volume, corresponding to a
mass of 5.4 kg.
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The XENON10 experiment at the Gran Sasso National Laboratory uses a 15 kg xenon dual phase time
projection chamber to search for dark matter weakly interacting massive particles (WIMPs). The detector
measures simultaneously the scintillation and the ionization produced by radiation in pure liquid xenon to
discriminate signal from background down to 4.5 keV nuclear-recoil energy. A blind analysis of 58.6 live
days of data, acquired between October 6, 2006, and February 14, 2007, and using a fiducial mass of
5.4 kg, excludes previously unexplored parameter space, setting a new 90% C.L. upper limit for the
WIMP-nucleon spin-independent cross section of 8:8! 10"44 cm2 for a WIMP mass of 100 GeV=c2, and
4:5! 10"44 cm2 for a WIMP mass of 30 GeV=c2. This result further constrains predictions of super-
symmetric models.

DOI: 10.1103/PhysRevLett.100.021303 PACS numbers: 95.35.+d, 14.80.Ly, 29.40.Mc, 95.55.Vj

The well-established evidence for nonbaryonic dark
matter [1– 3] is a striking motivation for physics beyond
the standard model of particle physics. Weakly interacting
massive particles (WIMPs) [4] as dark matter candidates
arise naturally in various theories, such as supersymmetry,
extra dimensions, and little Higgs models [5– 8]. Since by
hypothesis the WIMPs interact through the weak interac-
tion and can efficiently transfer kinetic energy by elasti-
cally scattering from atomic nuclei, the WIMP model can
be tested by searching for nuclear recoils in a sensitive,
low-radioactivity detector [9,10]. Predicted event rates are
less than 0:1 events=kg=day, with energy depositions of
the order of 10 keV.

XENON10 is the first 3D position sensitive time projec-
tion chamber (TPC) developed within the XENON pro-
gram to search for dark matter WIMPs in liquid xenon
(LXe) [11]. Dual phase operation enables the simultaneous
measurement of direct scintillation in the liquid and of
ionization, via proportional scintillation in the gas [12].
The ratio of the two signals is different for nuclear (from

WIMPs and neutrons) and electron (from gamma and beta
background) recoil events [13], providing event-by-event
discrimination down to a few keV nuclear-recoil energy
[14,15]. In March 2006 the detector was deployed under-
ground at the Gran Sasso National Laboratory (LNGS)
[16], where it has been in continuous operation for a period
of about 10 months, with excellent stability and perform-
ance [17]. The TPC active volume is defined by a Teflon
cylinder of 20 cm inner diameter and 15 cm height. Teflon
is used as an effective UV light reflector [18] and electrical
insulator. Four stainless steel (SS) mesh electrodes, two in
the liquid and two in the gas, with appropriate bias volt-
ages, define the electric fields to drift ionization electrons
in the liquid, extract them from the liquid surface, and
accelerate them in the gas gap. For the dark matter search
reported here, the drift field in the liquid was 0:73 kV=cm.

Two arrays of 2.5 cm square, compact metal-channel
photomultiplier tubes (PMTs) (Hamamatsu R8520-06-Al)
detect both the direct (S1) and the proportional (S2) scin-
tillation light. The bottom array of 41 PMTs is in the liquid,

PRL 100, 021303 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
18 JANUARY 2008

0031-9007=08=100(2)=021303(5) 021303-1 © 2008 The American Physical Society
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THE XENON PROJECT

XENON100: 2008-2016

▸ Factor  ~10 more LXe 

▸ 30 cm drift, 30 cm diam 

▸ 98+80 1-inch PMTs, LXe veto 

▸ Selected low-radioactivity materials 

▸ Factor 100 lower backgrounds

S1 signal: ~ 100 photons

S2 signal: ~ 23 electrons

XENON collaboration, Astroparticle Physics 35, 2012 �15
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THE XENON PROJECT

XENON100: 2008-2016

S1 signal: ~ 100 photons
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IN PICTURES

XENON10
LNGS, May 2006
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IN PICTURES

XENON100

LNGS, April 2011
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IN PICTURES

XENON1T/NT

Florence, January 2018

170 scientists  

25 institutions 

11 countries
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THE XENON PROJECT

XENON1T AT THE GRAN SASSO LABORATORY

5 

•  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 �20



THE XENON PROJECT

XENON1T AT THE GRAN SASSO LABORATORY

Distillation
ReStoX

Cryogenics

Purification
Purification

Cryogenics

ReStoX Distillation

Data acquisition

TPC and muon veto

�21XENON collaboration, EPJ-C 77 (2017) 12



SOME PICTURES

CRYOSTAT AND WATER CHERENKOV SHIELD

�22XENON collaboration, JINST 9, 2014



SOME PICTURES

TPC AND PMT ARRAYS FIRST ASSEMBLY & TESTS
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SOME PICTURES

THE XENON1T TPC IN THE CLEANROOM AT LNGS
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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 

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

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

�25XENON collaboration, EPJ-C 77 (2017) 12

127 PMTs top array 121 PMTs bottom array



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 

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

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

�26XENON collaboration, EPJ-C 77 (2017) 12
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XENON1T

THE LIGHT DETECTION SYSTEM

▸ 248 low-radioactivity, Hamamatsu R11410-21 3-inch PMTs  

▸ Average QE@175 nm: 36%, average gain: 2e6 @ 1500 V 

▸ Tests in cold N2 gas and in GXe & LXe (P. Barrow et al., JINST12, 2017)

XENON collaboration, EPJ-C 75 (2015) 11

 Relative contribution [%]
0 10 20 30 40 50 60 70 80 90 100

 

U238

Ra226

Ra228

Th228

K40

Co60

Cs137 1) Quartz: faceplate (PMT window)
2) Aluminum: sealing
3) Kovar: Co-free body

4) Stainless steel: electrode disk
5) Stainless steel: dynodes

6) Stainless steel: shield
7) Quartz: L-shaped insulation
8) Kovar: flange of faceplate

9) Ceramic: stem
10) Kovar: flange of ceramic stem

11) Getter

Low-Radioactivity R11410-21 for XENON1T

33
Tuesday, April 16, 13

First: screening of all PMT materials Second: screening of final products
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WAVEFORM

EXAMPLE OF A LOW-ENERGY EVENT IN THE TPC
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XENON1T

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

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

▸ XENON1T sensitivity demands 0.2 ppt natKr 

▸ Solution: 5.5 m distillation column, 6.5 kg/h output > 6.4e5 
separation, to < 48 ppq

XENON collaboration, EPJ-C 77 (2017) 5

For Rn removal - see XENON collaboration, EPJ-C 77 (2017) 6
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SCIENCE AND CALIBRATION DATA

DATA OVERVIEW
▸ First science run: Oct 2016 - Jan 2017 

▸ Second science run: Feb 2017 - Feb 2018

Earthquake 
mag 5.7

SR0: 31.2 live days SR1: 246.7 live days

PRL 118, 2017
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UNDERSTANDING THE DETECTOR

CALIBRATION 
▸ Energy scale: 83mKr (T1/2 = 1.85 h) 

▸ ER band: 220Rn (T1/2 = 56 s); NR 
band: AmBe, D-D fusion n-
generator 

▸ PMT gains: LED light via optical 
fibres

220Rn

55.6 s

216Po

0.145 s

212Pb 
10.6 h

212Bi

60.6 m

212Po

299 ns

208Pb

stable

208Tl

3.05 m

α 

6.405 MeV

α 

6.906 MeV

β-  
569.8 keV

β- 

4.999 MeV

α 

8.954 MeV

β- (64%)

2.252 MeV

α  (36%)

6.207 MeV

220Rn source for ER band

~ 10 n/s

Neutron generator for NR band

d + d -> 3He + n (2.45 MeV)
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PMT gains stable within 1-2%



UNDERSTANDING THE DETECTOR

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

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

S2(t) = S2(t0)e
(�t/⌧e)

Electron lifetime (τe) 

mean time until an electron 
is absorbed by an impurity 
in the liquid xenon
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XENON1T CALIBRATION

ENERGY RESPONSE

▸ Excellent linearity with electronic 
recoils up to 2.2 MeV 

▸ Photon gain 

▸ g1 = (0.144±0.007) pe/photon 

▸ Electron gain 

▸ g2 = (11.5±0.8) pe/electron

20

right above the cathode. The minimum is below the outer-
most ring of top PMTs. A small dependence on the azimuth-
angle f is taken into account in the correction function used
by the peak processor.

Charge Signal The measurement of the charge signal is
also affected by solid-angle and other detector-related ef-
fects. The proportional scintillation signal S2 is generated
in a well-defined plane between the liquid-gas interface and
the anode electrode, about 7.5 cm below the PMTs of the
top array. About half of the light is thus observed by a few
top PMTs just above the S2 production region, while the
other half is rather uniformly distributed over the bottom
PMT array. In order to reconstruct the number of electrons
producing the signal, S2 correction maps are required, see
figure 22. These were derived from the combined S2 sig-
nal (41.5 keV) from 83mKr since the short time separation
between the two S2 peaks (half-life T1/2 = 154 ns of the in-
termediate state [60]) makes it challenging to separate the
two contributions and reduces the size of the data sample.
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Fig. 22 Relative S2-correction maps compensating the non-uniform
charge response of the top and bottom PMT arrays. The response of
the top array is more affected by local non-uniformities such as non-
operational PMTs. The response of the bottom array is significantly
more uniform.

The response of the top array shows local variations at the
(10-15) % level, which are mainly caused by non-functional
PMTs. A slight increase of S2 signal is visible towards the
center, which is due to the sagging of the anode electrode.
At the location of lowest S2 response (X = �20, Y = 40),
two neighbouring PMTs are non-functioning.

The S2 response of the bottom PMT array is much more
homogeneous. It can be mainly explained by solid-angle
coverage and does not show significant local variations. The
size of the S2 correction is thus less affected by the uncer-
tainty in the reconstructed event position and leads, for ex-
ample, to a slightly better energy resolution. For this reason,
only the S2 signal from the bottom array, S2b, was used as
an energy estimator for the analysis of science run 0 [20].

Light and Charge Yield The parameters describing the de-
tector’s efficiency to detect light and charge signals are
the primary scintillation gain g1 = cS1/ng and the secondary
scintillation gain g2b = cS2b/ne, where the observables cS1
and cS2b are corrected for position-dependent effects. Al-
most all electronic recoil energy E is used for the production
of photons (g) and electrons (e),

E = (ng +ne)⇥W =

✓
cS1
g1

+
cS2b

g2b

◆
⇥W , (2)

where W = 13.7 eV is the average energy required to pro-
duce one electron-ion pair or to excite one Xe atom [79]. The
two observables are anti-correlated, which can be exploited
to improve the energy resolution for ER signals. Figure 23
shows the determination of g1 and g2b using several mono-
energetic peaks, which fall on a straight line once the ob-
servables are normalized to the peak energy. Re-arranging

cS1/E [PE/keV]
4.5 5 5.5 6 6.5 7 7.5 8 8.5

/E
 [P

E/
ke

V
]

b
cS

2

200

250

300

350

400

450

500

Kr (41.5 keV)83m

Xe (163.9 keV)131m
Xe (236.2 keV)129m

Co (1332 keV)60

Co60

(1173 keV)

H (2225 keV)2

Fig. 23 The scintillation (cS1) and ionization signals (cS2) for vari-
ous mono-energetic peaks, corrected for position dependent effects and
normalized to the line energy, show the expected anti-correlated behav-
ior. The fit to the data allows the extraction of the primary (in PE/g) and
secondary scintillation gain (in PE/e�). The signal at 2.2 MeV is due
to de-excitation g rays from neutron capture on hydrogen (1H(n,g)2H).
It is not used for the fit, but demonstrates that the detector response is
well known over a large energy range.

E = (nph + ne) ·W =

✓
S1

g1
+

S2

g2

◆
·W W-value = 13.7 eV

Ly = (8.02±0.06) pe/keV at 41.5 keV  

Qy = (198.3±2.3) pe/keV at 41.5 keV
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XENON1T CALIBRATION

ENERGY RESOLUTION
▸ One of the best among Xe-TPCs 

▸ Covers large energy range 

▸ Relevant for DEC (124Xe) and 0νββ-
analysis (136Xe) & for background 
understanding

Background spectrum: data versus MC 

Blinded regions: DEC and 0νββ-search

1.5% energy resolution at 2.5 MeV
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BACKGROUNDS

BACKGROUND PREDICTIONS

▸ Based on material screening & selection 

▸ Electronic and nuclear recoils in 1 t fiducial, 1-12 keVee and  4-50 keVnr

12

620!
Counts/(ROI�ton�yr)!

 yr)• ton •Counts/(ROI 
0 0.05 0.1 0.15 0.2

PMT Bases

PMTs

PTFE
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Stainless Steel

Muon-induced neutrons

CNNS

Fig. 4: Electronic recoil (top) and nuclear re-

coil (bottom) background contributions from

materials (red) and from intrinsic and external

sources (blue). The number of events per year

in a 1�ton fiducial target is shown in the elec-

tron equivalent (1, 12) keVee region of interest

for electronic recoil events, corresponding to a

nuclear recoil energy interval of (4, 50) keVnr.

40%, the total expected NR background in862

XENON1T for a 1 ton ⇥ 2 year exposure is863

expected to be <1 event in the (4,50) keVnr864

energy range. This corresponds to a best sen-865

sitivity to the spin-independent WIMP-nucleon866

cross section of �SI <1.6·10�47 cm2 at a WIMP867

mass of m�= 50 GeV/c 2 [11].868

In the planned upgrade of XENON1T to869

XENONnT, the LXe target mass will increase870

to a total of 6 tons. This will require a871

⇠40% increase in the linear dimensions of the872

TPC and nearly double the number of PMTs.873

The larger detector will improve the sensitiv-874

ity by another order of magnitude, reaching875

�SI <1.6·10�48 cm2 at m�= 50 GeV/c 2 [11],876

assuming a negligible contribution from mate-877

rials and a total exposure of 20 ton·years.878

Most of the existing sub-systems for 879

XENON1T were designed to be reused for 880

XENONnT, however the upgrade requires the 881

construction of a new TPC and inner cryostat. 882

As material-induced ER backgrounds are ex- 883

pected to be even lower than in XENON1T, 884

the screening e↵ort and material selection is 885

focused on reducing the nuclear recoil back- 886

ground. This is being addressed particularly 887

through continued e↵orts to identify low- 888

activity stainless steel and by pursuing viable 889

alternatives to PTFE, where possible. 890
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BACKGROUNDS

BACKGROUND PREDICTIONS AND DATA

▸ ER rate: (1.7± 0.1) events/(keV t d) in 1.3 t and below 25 keVee 

▸ Or: (63±2) events/(keV t y), lowest background in a dark matter detector

�36

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: 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 �37

 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  



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 [0.7,1.1] Hz — S2 (2.6±0.1) mHz from 
data, randomly pair to form events; apply analysis selection criteria  

▸ Performance verified using 220Rn data and sidebands background data

�38

Lone S1 and S2 rates versus time



BACKGROUNDS

SURFACE BACKGROUND
▸ Radioactivity on PTFE surface & 

charge loss: event can be 
reconstructed in the NR region 

▸ 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
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ELECTRONIC AND NUCLEAR RECOILS

SIGNAL AND BACKGROUND MODELLING
Particle 

propagation
Energy 
deposit

Charge &  
scintillation 

(S1) emission

Charge 
drift

Extraction/ 
proportional 

scintillation (S2)
Optical 
photon 

propagation

PMT/ 
electronics 
response

Trigger & 
Reconstruction

Event 
Selection

Samples for 
statistical  
inference 

and models

NR from NG 
and MC data

ER from 220Rn 
and MC data

 29

Particle propagation with detailed detector geometry and LXe 
physics modeled. 
Parameters tuned and constrained by calibration data

Nuclear Recoils
Electronic Recoils

Calibrating ERs and NRs

ER NR

ER rejection: ~99.7% with NR acceptance 
within [-2σ, median] for both runs.

�40

Accidental 
coincidences



ELECTRONIC AND NUCLEAR RECOILS

SIGNAL AND BACKGROUND MODELLING
Particle 

propagation
Energy 
deposit

Charge &  
scintillation 

(S1) emission

Charge 
drift

Extraction/ 
proportional 

scintillation (S2)
Optical 
photon 

propagation

PMT/ 
electronics 
response

Trigger & 
Reconstruction

Event 
Selection

Samples for 
statistical  
inference 

and models

NR

ER

Slice in S1 & project onto S2
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Each component (S, B) is 
modelled as a probability 
density function in (S1, S2b, r, z)



SCIENCE DATA

DARK MATTER SEARCH DATA

▸ Blinded: avoid bias in event selection and S/B modelling 

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

�42

Blinded region: 

- S2 > 200 PE 

- below the ER -2σ 
quantile in S2b 
versus S1 space

Surface 
component



SCIENCE DATA

FIDUCIAL VOLUME SELECTION

▸ Optimised prior to unblinding to reduce materials and surface 
background: 1.0 t  → (1.3±0.01) t 

▸ Included radius r in statistical inference due to surface background 
model; analysis in (S1, S2b, r, z)-space

 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

�43

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



SCIENCE DATA

EVENT SELECTION AND DETECTION EFFICIENCY

▸ Detection efficiency: due to 3-fold PMT coincidence requirement 

▸ Selection efficiencies: from MC and data control samples 

▸ Dark matter search region: [3-70] PE in S1

200 GeV
50 GeV

�44

Bands: 68% credible regions 

ROI: [3 - 70] PE corresponds to 

ER: [1.4 - 10.6] keVee 

NR: [4.9 - 40.9] keVnr



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: most significant 
background, uniformly 
distributed 

▸ Surface background: most 
significant in reference region

Source 1.3 tonnes 1.3 tonnes

(S2, S1) Full ROI Reference NR

ER 627±26 2.17±0.09

Radiogenic 1.44±0.61 0.75±0.30

CEνNS 0.05±0.02 0.02±0.01

Accidental 0.47+0.29-0.02 0.10+0.06-0.00

Surface 106±11 5.36±0.54

Total 736±28 8.40±0.63

Data 739 11

WIMPbest-fit  
200 GeV, 
4.2e-47 cm2

3.36 1.55

�45

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 4.2x10-47 cm2

�46

ER component

Surface 
component

1-σ and 2-σ 
percentile of 
200 GeV WIMP 
component



RESULTS AFTER UNBLINDING

SPATIAL DISTRIBUTION OF EVENTS

�47

Events passing all selection 
criteria:  

pie charts  → relative 
probabilities of 
background and signal 
components for each event 
under the best fit model 
(assuming 200 GeV WIMP 
and σSI = 4.2e-47 cm2)

▸ 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



RESULTS AFTER UNBLINDING

STATISTICAL INTERPRETATION
▸ ER & surface background shape parameters included in the likelihood 

▸ Safeguard to protect against background mis-modelling (N. Priel et al., JCAP 5, 2017)  

▸ No 3-σ excess at any WIMP mass, background-only hypothesis accepted (p-value is 
0.41 at 50 GeV, and 0.22 at 200 GeV)

�48

Probability that the no-signal hypothesis could have 
produced a dataset at least as “extreme” (in terms of log 
likelihood ratio)

Background and 200 GeV WIMP signal best-fit 
predictions compared to data in 1.3 t and 0.9 t



RESULTS

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

�49

�SI < 4.1⇥ 10�47cm2 at 30GeV/c2



NEXT STEP

XENONNT

▸ Rapid upgrade to 8.2 t total mass, 6 t in 
the TPC 

▸ Most sub-systems in place from 
XENON1T 

▸ New inner cryostat, new TPC, 476 PMTs 
(most of these tested & screened) 

▸ Neutron veto, Rn removal tower, 
additional storage system 

▸ Installation at LNGS scheduled to start in 
late 2018, commissioning in 2019
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LAST SLIDE

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 (DEC, 0νββ-decay, annual modulation, low-
mass WIMPs, bosonic SuperWIMPs, etc) 

▸ XENONnT is designed for a factor 10 increase in sensitivity
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BACKUP SLIDES
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LIGHT AND CHARGE SIGNAL

CORRECTION MAPS
▸ Multiplicative corrections 

applied to S1s (light) and S2s 
(charge), depending on their 
position in the TPC

Light collection efficiency correction

Charge correction, bottom array

Charge correction, top array
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UNDERSTANDING THE DETECTOR

POSITION RECONSTRUCTION & CORRECTION
▸ Here shown using 83mKr data 

▸ Reconstructed positions at gate and interaction 
positions, as determined via artificial NN 
algorithms (x-y resolution: 1-2 cm) 

▸ Shown are positions before & after corrections
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PERFORMANCE

DETECTOR STABILITY

▸ The TPC pressure (1.94 bar), 
temperature (-96ºC) and liquid 
xenon level (2.5 mm above gate) 
were stable during normal operation

Liquid xenon level in mm above gate

Pressure in the TPC Temperature in the TPC
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NEUTRON BACKGROUND

MULTIPLE SCATTERS
▸ Expected rate of MS: about 5 x higher than single scatters 

▸ Data: 9 candidates; MC prediction: (6.4±3.2) events 

▸ Used to constrain the number of expected single scatter in the data
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PHOTON AND ELECTRONS YIELD

MODELLING THE LIGHT AND CHARGE YIELD
▸ Electronic recoil photon and charge yields [0.1, 25] keVee 

▸ XENON1T best-fit (SR1) together with other experiments (LUX, XENON100) 
and NEST predictions
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Photon yield Charge yield



PHOTON AND ELECTRONS YIELD

MODELLING THE LIGHT AND CHARGE YIELD

▸ Nuclear recoil photon and charge yields [0.5, 100] keVnr 

▸ XENON1T best-fit (SR1) together with LUX and NEST predictions
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Photon yield Charge yield
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DETECTOR STABILITY

BACKGROUND RATES IN TIME

▸ The 222Rn induced rates are stable in time 

▸ Shown are the α-rates from 222Rn, 218Po and the 214BiPo β-α coincidence rate 

▸ These give upper & lower limits on the 214Pb (naked β-decay, largest contribution to 
the ER rate uniformly distributed in the TPC)
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The Data Acquisition System

• PMT signals: amplified x 10, and 
digitised by 100 MHz flash ADCs 
with 14 bit resolution


• Every TPC pulse > 0.33 PE is 
recorded


• 6 computers read out the 32 ADCs 
in parallel, at max rate of 300 MB/s 
(1 kHz in calibration mode)


• Time-stamped digitised pulses are 
stored in MongoDB


• A multi-core machine groups the 
data into causally connected 
events and stores to file


• Various software trigger 
configurations are available

Figure 11: Illustration of the XENON1T DAQ system for the TPC and the muon veto. The two detectors are time-synchronized. The acquisition monitor consists
of one high-data bandwidth ADC which is records the sum waveform and selected digital information, also when the other ADCs are busy or vetoed. Some details
were omitted for clarity.

into causally connected events and stores these to file. While
it allows for using a large variety of trigger algorithms, which
can be adapted to the specific use case, the standard dark mat-
ter and calibration S2 trigger is based on the time-clustering of
pulses on individual PMT channels. A 95% trigger e�ciency is
achieved at XX PE (⇡YY e�). Meta-data on the trigger decision
is stored with the raw data and available for online monitoring
of the eventbuilder performance.

The muon veto employs a classical coincidence trigger, real-
ized by a custom-programmed CAEN V1495 VME unit, which
requires a four-fold PMT coincidence within a 300 ns time win-
dow. The logic trigger signal is fanned to all 11 digitizers and
results in a (99.78 ± 0.05)% e�ciency for single muon events
and (71.4 ± 0.4)% for hadronic showers [41]. For every PMT,
the digitized waveform has a length of XX µs around the trig-
ger signal. It is written to the central database and stored to file
in the same way as the TPC data, however, the trigger step is
skipped as the data is already hardware-triggered. The overall
DAQ scheme is illustrated in Figure 11.

The XENON collaboration has opted for a distributed com-
puting approach, involving several computing sites as well as
grid resources. While all “dark matter” data sets are stored and
processed locally at LNGS, the much larger calibration data is
handeled by the grid, which is accessed via two analysis clus-
ters in the US (Chicago) and Europe (Stockholm). All pro-
cessed files, which contain high-level quantities derived from
the digitized waveforms (see Section 3.2), are available for
analysis on these clusters, together with the required analysis
infrastructure. The data quality is constantly monitored by the

DAQ system (noise, baselines, trigger, etc.) and by a dedicated
o✏ine monitor at LNGS. The latter automatically calculates
quantities such as electron lifetime or light yield.

2.3. Slow Control System and Detector Stability

The various XENON1T subsystems and their instruments
are operated, controlled, monitored and recorded via a com-
plex slow control system. In case of exception conditions (e.g.,
parameter out of range, connection loss, etc.) it issues alarm
notifications which are broadcasted by email, SMS and pre-
recorded voice messages (Nexmo). The hierarchically orga-
nized slow control system is based on the General Electric
(GE) industry SCADA (supervisory control and data acquisi-
tion) standard Cimplicity. The values of more than 1300 pa-
rameters are stored in a Historian database to be available for
data analysis. Two examples are shown in Figure 12. The alarm
features and a slow control viewer, which allows accessing the
data via a webpage, were custom developed to complement the
GE functionality.

Most detector subsystems, e.g., cryogenics, LXe purication,
LXe storage, etc., and their sensors, actuators etc. are controlled
via individual PACs (programmable automation controllers, GE
RX3i family) which are connected to a private front-end net-
work. Exceptions at PAC level are communicated to the alarm
system using the GE Alarm & Event Express. Local operation
by means of touch screens is possible also in cases where the
SCADA is unavailable. Manual operation of individual com-
ponents is disabled for all safety relevant systems. Instead, pre-
defined use-cases can be selected to automatically put the entire

9

Data Acquisition in XENON1T
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Triggerless Readout
• Each channel has its own threshold, triggers 

itself when a pulse is found
• Defer event building to software

Software Trigger
• Data read into no-SQL database

• Let the DB do the bookkeeping!
• Flexible software algorithms using queries

• S1/S2 identification via hit density
• Radial conditions, prescaling, multiple 

streams, fancy logic all easy

Web control and monitoring
• Live scope/waveforms available worldwide
• Organizes data and operations

From
Detector Amplification

Digitization
Readout

MongoDB Software Event 
Builder

To Storage

Baseline

Threshold (~2mV)

D. Coderre, Lake Louise Winter InstituteFebruary 21, 2017
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“Ultimate” WIMP detector


50 tonnes liquid xenon


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

darwin-observatory.org

4 Linearity

The dynamic range for simultaneously incident photons is determined by the number of pixels and photon
detection efficiency of the SiPM. As the number of incident photons increases, two or more photons begin
to enter one pixel. Even when two or more photons enter one pixel, each pixel can only detect whether or
not the photons entered the SiPM. This means that the output linearity degrades as the number of incident
photons increases. Suppose that an SiPM with N pixels is diffusely illuminated by an instantaneous pulse of
light containing Nin photons. The linearity of the SiPM is given can be modelled by the following equation:

Nfired = Npix · (1� e
�PDE· Nin

Npix ) (1)

The setup necessary to measure the linearity is shown in figure 5 (left). A LED is placed below the SiPM
and powered with pulse generator. A part of the generated LED light is taken by a optical fibre and guided
to a 1Inch PMT. The SiPM signal and the PMT signal are amplified and acquired at the same time the a
CAEN v1730 flash ADC.

Figure 5: (left) The experimental setup for the linearity measurement. (middle) The used 6x6mm SiPM for
the linearity measurement. (right) The used 1Inch PMT with the attached optical fibres.

4.1 Linearity Analysis and Result
The response of the 1Inch PMT is linear over the whole ADC range, which has been verified in a different
experiment. As long the SiPM is linear, the output signal is growing linear with the PMT signal. The
acquired signal distribution for different LED light intensities has been fitted with a Gaussian function for
the SiPM and PMT, respectively. The mean of the Gaussian determines the number of measured p.e., as
shown in figure 6 (left). The number of measured p.e. of the PMT and SiPM are plotted over each other
and fitted with a linear function in order to determine the linearity. The result of this measurement with the
6x6mm SiPM is shown in figure 6 (right). The 6x6 SiPM with a pixle pitch of 50 µm is linear until ⇠3-4k
p.e. and starts to deviate for higher LED light intensities from the linear behaviour.

Figure 6: (left) The signal distribution of 6x6mm SiPM of a certain LED light intensity. The distribution
is fitted with a Gaussian function (black) in order to determine the mean number of p.e.. (right) The mean
number of measured p.e. of the SiPM over the mean number of measured p.e of the 1Inch PMT. As long
the the SiPM is linear the signal is growing linear with the PMT signal (black line).

5
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WIMP Physics: Direct, indirect detection, and LHC

LHC

Indirect detection
Direct detection

DARWIN

After Nature physics, March 2017

Neutrino “floor”

LZ/XENON
nT
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Direct detection versus time

• Sensitivity: about a factor of 10 increase every ~ 2 years

LB, Update from Physics of the Dark Universe 4,  2014

XENON100

LUX/PandaX

XENONnT/LZ

DARWIN

XENON1T DEAP-3600

ARGO

DarkSide-20k


