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Summary: The hunt for
dark matter with
XENON1T

We are missing 85% of the matter in our Universe. This simple
statement motivates thousands of physicists around the world to search for
and explain dark matter. The first observations suggesting the existence
of more non-luminous (e.g., dark matter and neutrinos) than luminous
matter (e.g., stars, planets and gas) are now about 100 years old. However,
only in the last decade has the field of experimental dark matter physics
really taken flight. The reason for this is that more and more ground,
sky and space telescopes have measured very precisely how much mass we
are really ‘missing’. Figure 1 depicts this best: only 1% of the mass of
the Universe can be explained by stars (and planets), and only 14% by
(diffuse) gas. Without the missing 85% of the mass we cannot explain
the beginning of our Universe, the structure formation we see today or
even the fact that we have planets and stars. No manuscript can be
comprehensive enough to explain all the theoretical and experimental work
going on in this field. This summary simply attempts to answer the five
main questions that led to the five chapters in this PhD thesis. After the
summary, the author gives a personal recommendation of work to further
improve the understanding of XENON1T and future upgrades.

Chapter 1: Why do we believe there is dark matter? The first
observations of missing matter (non-luminous) were made in the 1920’s.
Since then, almost all new observations have painted a more precise picture
of how much matter we need in order to explain our Universe. Astrophys-
ical measurements include: the Cosmic Microwave Background, colliding
galaxy clusters, gravitational lensing, large-scale structure formation and
rotational velocity curves of galaxies. The improved sensitivity of these
measurements over the last decade constrain the total matter and energy
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Figure 1: A beautiful iceberg illustrating the extent of our knowledge about
the matter content of the Universe. We currently have only observed about 15%
of all matter in the Universe (including stars, planets, gas, etc.,). The main part
of the iceberg, still being obscured from our vision, corresponds to the missing
85% dark matter. Original image from [1], credits: Ralph Clevenger.

density in our Universe with high precision (Ωm = 0.308 ± 0.0012, ΩΛ =
0.692 ± 0.0012). Of the approximately 30% of matter in our Universe,
about 85% is something we call dark matter, and what this consists of is
yet to be determined.

Several particle candidates have been proposed to answer this dark
matter mystery. These are for example: sterile neutrinos, axions and
WIMPs. For WIMPs the relic dark matter density we see today can be
explained under the assumption of an interaction cross section on the order
of the weak scale. This, together with the fact that WIMP particles fit
extensions of the Standard Model of particle physics, makes the WIMP
an excellent candidate to search for.

Chapter 2: How do we use the XENON1T detector to find dark
matter? The XENON1T experiment (see cover) is located at the un-
derground Laboratori Nazionali del Gran Sasso in Italy. It uses 3.2 t of
xenon as target material, which is purified and cooled continuously during
operation. 248 light detectors (PMTs) are used to measure every particle
interaction. To determine if dark matter interactions are found we com-

2
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pare the number of light flashes seen with the number we expect from
Monte Carlo simulations. The detector operates as a dual-phase liquid
xenon Time Projection Chamber (TPC), which is explained in figure 2.

Figure 2: Detection principle of XENON1T, which uses a dual-phase liquid
xenon Time Projection Chamber (TPC). Particles interact in liquid xenon (LXe)
and produce a direct light signal (S1), and gaseous xenon (GXe) to convert the
freed electrons into a delayed light signal (S2). The time and interaction position
(x,y,z) is reconstructedvent. From [2].

Figure 2 shows a particle interacting in the liquid xenon and producing
a light (left) and charge (right) signal. The primary scintillation light sig-
nal (S1) is observed by several of the 248 light detectors (PMTs), placed
at the top and bottom of the TPC. For the charge signal, the freed elec-
trons first drift upwards to the liquid-gas interface where they create a
secondary scintillation light signal (S2). The ratio of the S1 and S2 sig-
nals will determine if we measured a background-like (electronic recoils)
or signal-like (nuclear recoils) particle. The pattern of the S2 signal is
used for the (x,y) position reconstruction, while the time between the S1
and S2 is used to determine the depth (z).

If a WIMP collides with ordinary matter we expect low energy deposi-
tions of about O(10) keV. As the (spin independent) WIMP-nucleon cross
section scales with the atomic number squared (A2), xenon has a higher
detection potential than most other stable elements. At a temperature of
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about -100 ◦C and pressure of about 2 bar, xenon is a transparent liquid in
which emitted photons can travel freely. The XENON1T experiment mea-
sures both the light (photons) and charge (electrons) resulting from any
particle interacting in the detector (e.g., alpha, beta, gamma, neutrons
and hopefully WIMPs).

Chapter 3: How does XENON1T discriminate between signal
and background events? To reconstruct the deposited energy of par-
ticles that interact in the liquid xenon we need to correct the S1 and S2
signals for any time- and spatial-dependent signal losses. The S1 (light sig-
nal) is corrected for an (x,y,z)-dependent light collection efficiency in the
TPC. The S2 (charge signal) is corrected for a time- and depth-dependent
electron-lifetime. This is because electrons can be lost if they attach to
impurities in the liquid xenon while drifting. The S2 is also corrected for
(x,y)-dependent amplification variations due to dead PMTs and warping
of the meshes. Krypton calibration data, with its mono-energetic low-
energy decay, is used to build the relevant correction maps.

An electric field distortion due to the low electric field configuration,
was not expected, but a dedicated correction was found and applied. Af-
ter a total of 16 data quality and selection cuts, over 80% of events in
our low energy region remain. The energy calibration shows a very high
total photon detection efficiency of about 14%, which is in accordance
with the designed high reflectivity of the TPC walls, high transparency
of the meshes and high quantum efficiency of the photo multiplier tubes.
The shape and position of the final electronic recoil (background-like) and
nuclear recoil (signal like) bands are shown in figure 3.

Electronic recoils produce much larger S2 signals than nuclear recoils
(at the same S1 signal). Any event below the mean of the nuclear re-
coil band (red solid line) is most likely a signal event, and this is where
XENON1T is most sensitive to WIMP interactions (nuclear recoils). At
a 50% nuclear recoil acceptance XENON1T can detect WIMP-like events
in the detector, while at the same time rejecting (99.82 ± 0.05)% of all
electronic recoil background events.

Chapter 4: Where do the background signals in XENON1T
come from? To have a chance of measuring WIMPs scattering off xenon
nuclei, XENON1T was designed and built as an ultra-low background ex-
periment. Even with the discrimination power of about 99.8% between
nuclear and electronic recoils, the total electronic recoil background should
not exceed O(1000) events. From Monte Carlo simulations we know the
main background component in the low energy region (1-12 keV) is from

4
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Figure 3: Observed event distribution in cS2b vs. cS1 for (a) 220Rn electronic
recoil (ER) calibration and (b) 241AmBe nuclear recoil (NR) calibration data.
The mean (solid) and ±2σ quantiles (dashed) are shown for both the ER band
(blue) and NR band (red). The shift in median cS2 value for the same cS1 value
is used to distinguish between signal-like (NR) and background-like (ER) events.
From [3].

(naturally occurring) radon (222Rn), or more specifically, from the decay
of one of its daughter 214Pb.

To constrain estimates of the concentration of 214Pb, the concentration
of its mother isotope 218Po and daughter isotope 214Po are determined by
means of an S1-only alpha analysis. Seven alpha lines are identified in fig-
ure 4, all originating from the radon and thoron (220Rn, 216Po and 212Po)
decay chains. The found concentrations of 218Po (13.7± 1.1)μBq/kg and
214Po (4.4± 0.2)μBq/kg give an upper and lower limit on the concentra-
tion of 214Pb, respectively. Both isotopes show stable decay rates over
time and a homogeneous distribution throughout the TPC. From the al-
pha spectrum it is clear that the thoron decay chain will not contribute
more than O(1%) to the total ER background.

The one isotope found in the alpha spectrum that does not originate
from within the liquid xenon is 210Po. This isotope is found to origi-
nate mostly from the PTFE (Teflon) walls, where it was deposited during
construction.

To get a better estimate of the precise 214Pb concentration, its spec-
trum was determined and compared to the full ER background spectrum.
A 214Pb concentration of (8.4 ± 1.2) μBq/kg is found, about 16% lower
than the Monte Carlo expectations of 10μBq/kg. By fitting all the in-
dividual ER background components together, the total ER background
rate was found to be (1.90 ± 0.24)× 10−4 (kg · day · keV)−1, which is in
agreement with the expected (1.80 ± 0.15)× 10−4 (kg · day · keV)−1 from
simulation. This does not only show that XENON1T has achieved its
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Figure 4: Alpha spectrum of 210Po (blue), 222Rn (red), 218Po (green), 220Rn
(pink), 216Po (orange), 214Po (grey) and 212Po (light blue) in Science Run 1. The
top axis shows scaling cS1aft to energy, assuming a linear scaling relationship and
using the 222Rn peak as anchor. The dashed lines indicate the respective alpha
energies.

ultra-low background goals, but also that XENON1T has the lowest low-
energy ER background rate of all dark matter experiments.

Chapter 5: Did we find dark matter with XENON1T? No, un-
fortunately, we did not. But I can proudly say that we are world leading
in finding nothing.

For a WIMP search analysis, the fiducial volume needs to be deter-
mined. This is the liquid xenon volume within the TPC that maximizes
the sensitivity for detecting WIMPs. The sensitivity is influenced by both
the total exposure (ton × year) and the ratio of expected signal over back-
ground events. Under the assumption of a flat signal acceptance within
the whole TPC, the goal is thus to find the largest liquid xenon volume in
which the background is only dominated by the internal (i.e., radon) and
not the external (i.e. material) backgrounds.

For Science Run 0 a cylindrical fiducial volume of (1042 ± 12) kg was
designed to specifically exclude backgrounds from gas events and wall
leakage. The wall leakage was an unexpected background of events orig-
inating from the PTFE wall, which is mis-reconstructed with an inward
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radial bias. This is caused by a lower field configuration, together with the
charge build up over time on the PTFE wall, resulting in a φ-dependent
radial bias of the reconstructed positions. The expected rate of wall events
leaking into the Science Run 0 fiducial volume is 0.5± 0.3.

The total background expectation of Science Run 0 includes six back-
grounds: electronic recoils, nuclear recoils from radiogenic neutrons and
from coherent elastic neutrino-nucleus scattering (CEvNS), accidental co-
incidences from random pairing of uncorrelated lone S1 and S2 peaks, wall
leakage and an anomalous background observed in ER calibration data.
Both the spectral shape and the rates of each background were fixed be-
fore unblinding. The total background expectation in the cS1∈ [3, 70] PE,
cS2b∈ [50, 8000] PE search region was (63±8) events. From the about 16M
events digitized during SR0, only 63 survived the selection criteria after
unblinding. Only one of these events was found below the NR median.
The data of SR0 is consistent with a background-only hypothesis, which
lead to a comparable exclusion limit on the wimp-nucleon cross section to
other experiments when published.

For the analysis of Science run 0 and 1 together, resulting in a 1
tonne-year exposure, the spatial reconstruction was improved by including
a 3D field distortion correction. The fiducial volume was increased to
(1.30 ± 0.01) t and the spatial distribution of the background models
were included into the likelihood analysis. XENON1T reached an ER
background level of (2.2+0.1

−0.1(syst) ± 0.1(stat)) (kg · day · keV)−1. Again,
the data was consistent with the background-only hypothesis. This (final)
result of XENON1T, shown in figure 5, on the spin-independent WIMP-
nucleon cross section is the most stringent (as of the time of this writing).
It is now up to the next generation of detectors to discover a dark matter
particle, and to hopefully explain an observation that is now almost a
century old.
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Figure 5: Limit on the spin-independent WIMP-nucleon cross section versus
WIMP mass for SR0 + SR1 at 90% confidence (black line). The 1- and 2σ
sensitivity band are given by the green and yellow bands, respectively. For com-
parison, previous results are shown from XENON10 [4], XENON100 [5], LUX [6]
and PandaX-II [7]. The projected sensitivity of XENONnT [8], the upgrade of
XENON1T, shows the next step from the XENON collaboration in the search
for WIMPs. Not all current theoretical WIMP space [8] can be probed before
experiments start measuring more nuclear recoils from CEvNS (orange dotted)
[9] than from WIMPs.
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0.2 Recommendations

No scientific work can ever be completely finished, and this one is no
exception. Here I will give some recommendations, in my opinion, to
improve our understanding of the XENON1T detector and improve the
construction of future dual-phase liquid xenon TPCs.

To higher drift fields XENON1T did not reach its design goal of
−100 kV on the cathode, but reached only −12 kV and −8 kV for SR0
and SR1, respectively. As a consequence we experienced:

• drift field inhomogeneities (reflected in the systematic uncertainty on
g1 and g2 (section 3.5.1) and the need of applying a field distortion
correction (sections 3.2.2 and 5.5.1));

• decreased ability to reject multiple scatters (seen in the 214Pb spec-
tral shape difference between MC and measurement (section 4.5.1));
and

• an increased radial bias in the mis-reconstruction of events from the
TPC wall (a cause of the wall leakage background (section 5.2)).

Luckily, the ER discrimination in XENON1T is actually better than the
Monte Carlo expectation (section 3.6). Still, the following task remain
open:

• Investigate the underlying cause for the light- and charge-emission
problems on the cathode in XENON1T. It is planned to visually in-
spect the cathode wires after opening XENON1T. But this can also
be done by opening and inspecting the cathode of XENON100 as
it experienced similar problems. For future large-scale XENON de-
tectors there are two options: either do full-scale test measurements
of the cathode, or lower the expected design voltage on the cathode
and construct a low-field TPC accordingly.

Lowering the wall leakage The unexpected background in XENON1T
was the wall leakage (section 5.2). For SR0, this decreased the maximum
fiducial volume to 1 t (section 5.1.2). In SR1, the fiducial volume could be
increased to 1.3 t by incorporating this background into a spatial likelihood
(section 5.5.2). Still, we need to better understand and mitigate of this
background. For this, the following actions are proposed:

• Investigate the physics behind the accumulation of charge (over
time) on the PTFE walls. Krypton calibration data shows that

9
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the build-up of charge accumulation has a similar symmetry as that
of the construction of the PTFE wall panels. But it remains unclear
why some panels charge up more/faster than others.

• Reduce the accumulation of the radon progeny on the PTFE dur-
ing construction. Recent measurements have shown that the radon
daughter plate-out on PTFE can be orders of magnitude larger than
that for other materials [10]. The PTFE panels for the TPC walls
should be constructed (and transported) in a radon free environ-
ment.

Radon as a tool Radon, as a topic, is mostly discussed with the goal of
mitigating or determining its concentration as a background source. We
have shown that radon decays can be successfully used to get a better
understanding of the TPC. Alpha decays from radon are now used to
monitor the electron lifetime, monitor the charge and light yield stability,
and determine the reconstructed position of the PTFE wall. But there
are still more avenues to work on such as:

• Determine the spatial distributions of the isotopes from the thoron
chain (section 4.1.3). This could tell us how much of it comes from
the TPC materials, and how much comes from the purification inlet.

• Use alpha decays from surfaces, such as 210Po, to build a system
that daily monitors the afterpulse rates of the PMTs (section 4.4.5).

• Investigate how the cathode cleaning effect (section 4.2.4) is depen-
dent on applied cathode voltage, LXe flow, and cathode and TPC
design. This will improve the MC expectation of the 214Pb concen-
tration for future experiments.

• Check if the observed depth-dependence of the 210Po concentration
(section 4.4.4) is perhaps caused by a depth-dependent efficiency
loss. If the actual 210Po concentration is flat, we are underestimat-
ing the concentration of this isotope by as much as a factor of 5.
Following the work of [11] and [12] this could give an extra (unac-
counted) neutron background of about 0.5 events/year, caused by
(alpha,n) reactions from 210Po on the carbon and fluorine in PTFE.

10
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Chapter 1

The Dark Matter hypothesis

For the moment we might very well call them DUNNOS (Dark
Unknown Nonreflective Nondetectable Objects Somewhere)

— Bill Bryson, A Short History of Nearly Everything

Introduction Why has the scientific community embraced the idea that
we are missing the bulk of matter in our Universe? Answering that ques-
tion is the main goal of this chapter. Over the past century dark mat-
ter research went from first astrophysical observations of possible missing
matter to a fast-paced experimental field with large-scale ground and sky-
based experiments searching for dark matter signals or candidates. This
chapter will give a brief history of the problem of missing non-luminous
matter. In the first section we will start with the mathematical model of
our Universe and how it describes its time evolution. After that, several
different astrophysical observations will be discussed to explain how they
determine the densities of matter and energy in the Universe, with a focus
on the Cosmic Microwave Background (CMB) measurements. Once the
problem of the missing matter is clear, a number of dark matter candidates
will be described together with their motivation and characteristics. Spe-
cial attention is given to the Weakly Interactive Massive Particle (WIMP),
as this is the candidate that XENON1T searches for. The next two chap-
ters will explain how to look for WIMPs with the XENON1T experiment
and how XENON1T actually performs, while this chapter focusses first
on the theoretical foundation of dark matter.
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Chapter 1. The Dark Matter hypothesis

1.1 Evidence for the existence of dark matter

Contrary to popular belief it was not F. Zwicky, but H. Poincaré who in
1906 first coined the name Dark Matter [13]. Then in 1922, it was the
Dutch astronomer J.C. Kapteyn who was among the first to work on a
quantitative model for the shape and size of the Galaxy with his paper
First attempt at a general theory of the distribution of masses, forces and
velocities in the stellar system [14]. His abstract reads: “It is incidentally
suggested that when the theory is perfected it may be possible to determine
the amount of dark matter from its gravitational effect.” Even though his
thought process was correct, it was only in 1933 that dark matter be-
came the problem we know today, owing to the work of Swiss physicist F.
Zwicky [15]. He was the first to state that the amount of non-luminous
matter in the Universe must be greater than that of luminous matter [16].
Zwicky took the virial theorem from thermodynamics and applied it to
astrophysics. He thus could relate the gravitational potential energy of
an astrophysical system to its kinetic energy. This made it possible to
estimate the total mass of a cluster of galaxies, namely the Coma Cluster.
Subsequently, he calculated its average kinetic energy and velocity dis-
tribution, which differed from the observed velocity distribution by more
than an order of magnitude. He thus concluded: “If this would be con-
firmed, we would get the surprising result that dark matter is present in
much greater amount than luminous matter.” Over the last century more
and more astrophysical observations confirming the existence of dark mat-
ter have emerged and several will be described in this work. To interpret
them, we first need to understand our model of the Universe.

1.1.1 Our model of the Universe - ΛCDM

The Λ Cold Dark Matter(ΛCDM) model [17] [18] is a (physics) model to
describe the development of the Universe since its beginning about 13.7
billion years ago. It is the simplest (least number of free parameters)
parametrization of Big Bang Cosmology and is called the standard model
of cosmology. ΛCDM can account for observational evidence such as the
accelerating expansion of the Universe, the anisotropies in the Cosmic Mi-
crowave Background and the age of the Universe. The derived parameters,
which are constrained by observational evidence (as will be described in
the next sections), describe among other things the rate of expansion of
space itself (H0) and the densities of baryonic matter (Ωb), dark matter
(Ωc) and dark energy (ΩΛ). These densities will tell us what the Universe
is composed of and thus which parts we have yet to detect.
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Mathematical groundwork To build the model, one starts with Ein-
stein’s gravitational field equations in the presence of matter, published
in 1916 [19]. These equations describe how the geometry of the Universe
is determined by its energy content [20]:

Rμν − 1

2
gμνR =

8πGN

c4
Tμν − Λgμν , (1.1)

where Rμν and R are the Ricci tensor and scalar, respectively. gμν is
the metric tensor, GN is Newton’s constant, Tμν is the energy-momentum
tensor and Λ the cosmological constant. The Ricci tensor and scalar on
the left-hand side together describe the curvature of space-time. On the
right-hand side the energy-momentum tensor describes the density and
flux of momentum and energy in the Universe. Finally, the Λ term, which
characterizes the innate energy of empty space, was added in 1917 by
Einstein to counteract the net force of gravity on cosmological scales to
obtain a static Universe [21]. At that time, Λ was believed to be zero and
thus the Universe to be flat. The Einstein’s gravitational field equations
tell us -read from left to right- that momentum (of moving mass) causes
curvature and a change in how distance is measured.

In 1922, Friedman [22] started with the simplifying assumption that
the Universe is spatially homogeneous and isotropic, which can be ob-
served on scales of about 100Mpc, leading to a new specific form of the
metric. Using this metric for Einstein’s field equation gave him one com-
ponent of the solution called the Friedman equation:

(
ȧ

a

)2

+
kc2

a2
=

8πGN

3
ρtot, (1.2)

where a is a dimensionless scale factor at certain time that relates to the
redshift (the shift in wavelength of the light due to the expansion of the
Universe), k is a constant describing the spatial curvature and can take
the values k = −1, 0,+1 and ρtot is the total average energy density of the
Universe. Using the Hubble parameterH2(t) =

(
ȧ
a

)2
and the circumstance

that for a critical density ρc the Universe is flat (k = 0) one now writes:

ρc =
3H2

8πGN
. (1.3)

To find the abundance of a component in the Universe in units of ρc,
one defines the quantity Ωi for the species i and density ρi as follows:

Ωi ≡ ρi
ρc

, (1.4)
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which in terms of the Friedmann equation (1.2) can be written as:

Ω− 1 =
kc2

H2a2
, (1.5)

where Ω =
∑

iΩi, the ratio of total energy density to Pc, is used. Ω
takes values greater, equal or less than 1, corresponding by definition to
a closed, flat or open universe. The densities are constructed such that

Ωm +ΩΛ = Ω (1.6)

where Ωm = Ωb + Ωc is the total matter energy density1. The focus now
will be on the constraints on the value of Ωc as that answers the following
question: How much non-luminous matter are we actually missing?

The six parameters The ΛCDM model can be described by a mini-
mum of six parameters: the physical baryon density (Ωbh

2), the physical
dark matter density (Ωch

2), the scalar spectral power-law index (ns), the
primordial curvature perturbation amplitude (As), the measure of the
sound horizon at last scattering (ΘMC) and the reionization optical depth
(τ). One uses here h = H0/(100kms−1Mpc−1), the reduced Hubble con-
stant. The scalar spectral power-law index describes the smoothness of
the mass-energy density over all distance scales in the early universe. The
curvature fluctuations are caused by the amplification of quantum fluctu-
ations during inflation, it leads both to cosmological structure formation
and anisotropies in the Cosmic Microwave Background (CMB). The mea-
sure of the sound horizon at last scattering is the angular size of the sound
horizon. It is determined by the division of the distance that sound waves
could have travelled before recombination over the distance to the surface
of last scattering. The reionization optical depth refers to how far photons
could travel before Thompson scattering due to free electrons during and
after the reionization of the Universe by the light of the first stars.

A lot of cosmological-scale measurements such as those of the anisotropies
of the CMB, supernovae surveys and cosmological large scale structures
are used to validate this model. These will be described here to show how
they constrain the densities described in equation 1.6.

Inflation and recombination To understand the link between the pa-
rameters of the ΛCDM model and the observable Universe today a short
introduction to the history of the Universe is needed (see figure 1.1).

1We leave the radiation part ΩR out due to its low value of about 10−4 at present
time.
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Figure 1.1: Artist impression of the time line of the Universe with inflation
and recombination. Before recombination, photons kept being absorbed and
re-emitted by free charged particles, this ended when the temperature dropped
low enough (recombination) to form stable neutral atoms and the Universe thus
became transparent. When the first stars formed, their light re-ionized the gas
and thus influenced the free travelling photon’s energy distribution. The photons
from the recombination are still seen today as the CMB and give clues about how
the early Universe must have formed. Adapted from [23].

After the Big Bang and before t of about 10−32 s the Universe un-
derwent an accelerated expansion which we call the period of inflation
(yellow in figure 1.1). During this period quantum fluctuations, magnified
by rapid expansion, formed fluctuation in energy densities. These initial
disturbances on all scales, influenced the energy and direction of photons
travelling in and out of denser regions. When the Universe cooled down
to temperatures2 of 1−0.1MeV, protons and neutrons formed the lightest
elements (D, 3He, 4He, Li), which is described by Big Bang Nucleosyn-
thesis (BBN) [24]. Recombination finally started when the temperature
dropped below about 0.4 eV and nuclei and electrons formed neutral par-
ticles. From that moment on, photons could travel freely in our now trans-

2For an ideal gass the temperature T and kinetic energy Ek are related by EK ∝
kb × T , with kb the Boltzmann constant.
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parent Universe as they were no longer absorbed and re-emitted all the
time. ΛCDM parameters describing the smoothness of the mass-energy
density and the size of the curvature fluctuation are used to explain how
the Universe formed the structures we observe today.

1.1.2 The Cosmic Microwave Background

The Cosmic Microwave Background (CMB) is the oldest light that we
can see in our Universe today and it is measured by ground, sky and
space telescopes alike. The CMB photons were only decoupled from the
photon-baryon-electron plasma once the Universe cooled down enough
to suppress the photo-dissociation of the lightest elements. In the hot
plasma, hydrogen formed by the process p+ + e− → H + γ, but broke up
immediately by H+γ → p++e− due to the excess of high energy photons.
When due to adiabatic expansion the Universe’s temperature became low
enough for hydrogen to finally stabilize, the mean free path of the photons
became roughly the size of the Universe. The moment this happens we
call the ‘time of last scattering’, it happened at around 380 thousand
years (redshift z of about 1100) after the Big Bang [25]. These photons
still carry with them the information about the density distributions they
were formed in and thus give a picture of the early Universe.

Figure 1.2: Maps of the temperature anisotropies of the Cosmic Microwave
Background for three different space telescope measurements. Fluctatuons are
shown compared to the average CMB temperature of about 2.7K. Temperature
scales range from ± 100μK, ± 200μK and ± 300μK for the Cobe, WMAP and
Planck results, respectively. Great improvement in the granularity has been
made in the last two decades, going from about 7 degrees by COBE to 1/12th of
a degree by Planck. Data from [26], [27] and [28].

The results from the Planck satellite [28] show the finest granularity
to date in the temperature anisotropies of the CMB as seen in figure 1.2.
Even though the entire Universe is filled with (2.722 ± 0.027) K black-
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body radiation in all directions, tiny temperature fluctuations of about
± 250μK [25] are observed, which we call the CMB anisotropy. Their
original wavelength was reduced to the low energy microwave radiation
one measures today due to the expansion of the Universe. The large (30◦)
and small scale ( 1

10

◦
) fluctuations are caused by different processes and

thus give us different clues about how the density of the early Universe
was distributed during the time of inflation. The increased map resolu-
tion from COBE (1992) [26], to WMAP (2003) [27] and then to Planck
(2013) [28] also shows the improved accuracy with which we constrain the
parameters of the ΛCDM model.

Figure 1.3: Artist impression of how during inflation (left) and recombination
(right) dark matter density distributions can amplify temperature anisotropies.
During inflation baryons (blue dots) and photons (black wiggles) start uniformly
distributed, but the baryons get pulled together due to gravitational attraction. If
dark matter density concentrations were of the same scale as the first fundamental
wave during inflation, they could enhance each other to get the scale of the
anisotropies we see today after recombination [29]. Red and blue illustrate the
respectively red- and blueshift from the electromagnetic radiation moving out of
the gravitational fields. From [23].

Figure 1.3 shows an artist impression of the process of how such an
anisotropy can form for the fundamental wave. The fundamental sound
wave (further described in the next paragraph) is the one that fitted pre-
cisely within the distance of the time frame between the moment that
inflation started and that recombination ended. Apart from the funda-
mental wave the full CMB anisotropies have several overtones with shorter
wavelengths. During inflation baryons (blue dots) are gravitationally at-
tracted to higher densities of dark matter. The fundamental wave, which
is here represented by the grooves in this potential energy diagram, is in-
fluenced by dark matter density concentrations of the same scale as the
wavelength. Depending on how the dark matter density was distributed
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throughout space during inflation, these large scale fluctuations will thus
modulate the final amplitude of such an anisotropy. After recombination,
about 380 ky later, the energy of the photons that leave the time of last
scattering, still hold the information about the region where they were
emitted. From the amplitude and scale of the CMB anisotropies it is thus
possible to deduce what the density of the cold dark matter component
must have been.

Figure 1.4: Power spectrum (top panel) of the CMB temperature anisotropies
with residuals (bottom panel) of the best ΛCDM fit to data, obtained using
multipolar analysis of the Planck CMB map from figure 1.2. Around l is 250 the
first acoustic peak is seen, the peaks of the overtones are seen at higher l. The
measurements of the position, height and width of the distinct peaks constrain
the ΛCDM model matter and energy densities, and other parameters with high
precision. From [30].

The Planck 2015 angular power spectrum [30] of the temperature
anisotropy (figure 1.4) combines the data from all multipole moments l
to the best fit of the ΛCDM model. The features of this power spectrum
arise from the acoustic oscillations of the matter densities in the plasma
during inflation and before the time of last scattering. One separates the
angular scales by means of a multipole analysis using a spherical harmonic
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expansion such as:

T (θ, φ) =
∞∑
l=0

l∑
m=−l

almYlm(θ, φ), (1.7)

where T (θ, φ) is the CMB temperature, l is the multipole number and
m is the multipole projection number. The first monopole (l = 0) is the
mean CMB temperature, while the next multipoles represent the finer
scaled anisotropies. This decomposition in spherical harmonics shows a
spatial dependence in the form of peaks in the power spectrum. The first
peak, the fundamental wave, corresponds to the interaction between grav-
itational contraction and radiation pressure, as described by figure 1.3.
From its shape the size of the gravitational wells, where radiation accu-
mulated before it finally decoupled from baryonic matter, is determined.
The position of the first peak is also strongly correlated with the age of
the Universe. The second and third peak, caused by how radiation waves
in the plasma travelled into and out of it, describe the matter and energy
densities of our universe. The best fit size, position and width of the peak
determine the ΛCDM parameters with high precision.

Parameter Value 68% limits

Ωbh
2 0.02226± 0.00023

Ωch
2 0.1186± 0.0020

100ΘMC 1.04103± 0.00046

ln(1010As) 3.062± 0.029

ns 0.9677± 0.0060

τ 0.066± 0.016

t0 13.799± 0.038 Gy

Ωm 0.308± 0.012

ΩΛ 0.692± 0.012

H0 67.81± 0.92 km s−1 Mpc−1

Neff 3.13± 0.62∑
mν < 0.23 eV

Table 1.1: Selection of Planck 2015 Cosmology results [31]. Parameters for the
base ΛCDM model computed from the Planck CMB power spectra in combina-
tion with lensing reconstruction and external data. The values above the line
are the base parameters used for fitting, while those below the line are derived
values. Values from [25].

Table 1.1 lists several of the cosmology results for the 6-paramater
ΛCDM model from the analysis of the Planck CMB power spectra. These
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determine not only the Hubble constant and age of the Universe, but also
the total energy and matter densities (Ωm, ΩΛ). Ωm + ΩΛ = 1 shows
that the Universe is fully composed of matter (∼ 30%) and dark energy
(∼ 70%). Of the total matter density in the Universe only about 15%
of it consists of luminous baryonic matter (i.e.; gas, stars and planets),
while about 85% consists of cold dark matter. From this model other
parameters such as the Hubble constant (H0), the effective number of rel-
ativistic degrees of freedom (Neff ) and an upper limit on the sum of the
neutrino mass (

∑
mν) can be derived. The effective number of relativistic

degrees of freedom prescribe the number of neutrino species during infla-
tion, which, e.g., influenced the rate of temperature decrease in the early
Universe [32].

Figure 1.5: CMB power spectrum changed due to test variations of the baryon
and matter density components. Deviation of these densities changes the ampli-
tude, width and position of the first and subsequent peaks in the CMB. From
[33].

The high precision of these measurements can be better understood by
seeing how a small deviation in a single ΛCDM model parameter changes
the resulting power spectrum as shown in figures 1.5. The baryon density
(Ωbh

2) is increased from its reported value of about 0.02 to 0.06 (left
panel) and the matter density (Ωmh2) varies from its reported value (∼
0.3) to between 0.05 and 0.5 (right panel). One can now visually compare
these spectrum deviations to the discovered agreement between data and
the best fit of ΛCDM in figure 1.4 to understand the incredible precision
that is obtained from the CMB measurements.
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1.1.3 More evidence from astrophysical observations

From the CMB measurements we now know that we live in a flat (|Ωk| <
0.005) universe3, filled with mostly energy and some matter, (Ωm,ΩΛ ∼
0.3, 0.7). Of all matter only about 15% of it consists of luminous baryonic
matter while the other 85% consists of cold dark matter. Over the past
century a lot more astrophysical observations have been brought forth
which all point towards the same direction: if we assume our laws of
gravity to hold over cosmological distances, the amount of matter we
detect (including stars, gas, planets, etc.) is not enough to explain our
observations. Here, a short overview of this evidence is given, for a more
complete overview see [1], [34] and [35].

Rotational velocity curves of galaxies In the 1970’s, Vera Rubin
[36] studied the rotational movement of objects in spiral galaxies versus
their radius to the center. The velocity of any stellar object at a distance
r from the center is described by:

v(r) =

√
GM(r)

r
, (1.8)

where v(r) is the velocity of a stellar object at radius r, G is Newton’s
constant and M(r) the mass within a radius r. Outside of the visible
disk, where M(r) stays constant, r increases, so one would expect v(r) to
also decrease. The expectation is that for objects outside of the central
mass region (up to about 5 kpc) of a spiral galaxy the velocity should thus
decrease with the distance from the center.

The measurements of Rubin showed, however, that those rotational
velocities remain constant over distances up to about 80 kpc as illustrated
by figure 1.6. This shows the galactic rotational curve for such a spiral
galaxy (here NGC 6503) with its expected velocity distribution contri-
bution from the stellar objects and gas parts. Those two contributions
together should lead to a decreasing velocity distribution outside of the
radius of the visible disk itself. The data does not agree with the expecta-
tion, but shows a nearly constant velocity versus radius relation. This can
be explained by the hypothesis of a dark matter halo with a mass distri-
bution of M(r > R) ∝ r. This in turn leads to a dark matter density that
should be distributed as ρ(r) ∝ 1/r2. With these measurements Rubin
strengthened for the first time on a larger scale the dark matter hypothesis
that Zwicky proposed in 1933. Even though these measurements do not
constrain Ωc for the whole Universe, they do illuminate how dark matter

3Ωk is the spatial curvature density, with k from equation 1.2.
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Figure 1.6: Galactic Rotational curve. Left: Image of the NGC6503 spiral
galaxy seen in visible light (Image courtesy of NASA). Right: Measurements
of the rotational velocity distribution of NGC6503. The constant velocity for
r > 5 kpc cannot be understood from the combination of luminous matter and
gas together but needs a dark matter component with a density distribution of
ρ(r) ∝ 1/r2. From [37].

is distributed throughout a galaxy, which will be used later on when we
focus on our own Milky Way.

The accelerating Universe from supernovae Figure 1.7 shows a
combination of supernovae, galaxy clusters and CMB measurements that
constrain Ωm and ΩΛ, made by the Supernovae Cosmology Project.

These older CMBmeasurements (prior to 2011) are already superseded
by the 2015 Planck CMB results, but still illustrate how the constraints on
these densities influence the fate of the Universe. Depending on the values
of Ωm and ΩΛ the Universe expands forever or recollapses eventually. The
curvature of space-time (Ωk) tells us if the Universe is closed, flat or open.
The latest CMB measurements (Ωm,ΩΛ ≈ 0.3, 0.7) [25], which are in
agreements with the supernovae observations (Ωm,ΩΛ = 0.28+0.09

−0.08, 0.76±
0.05) [39], point towards our Universe expanding forever and being flat.
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Figure 1.7: Energy matter density constraints with 68.3%, 95.4%, and 99.7%
confidence regions from Supernovae (SNe), Baryonic Acoustic Oscillations (BAO)
and WMAP CMB measurements. The new 2015 CMB measurements point
towards our Universe expanding forever (Ωm,ΩΛ ∼ 0.3, 0.7) and being flat
(|ΩK | < 0.005). From [38].
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1.1.4 Mass distributions in colliding galaxy clusters

Another piece of evidence comes from the merger of colliding galaxy clus-
ters. Figure 1.8 shows measurements of the Bullet Cluster, which is a
merger of two galaxy clusters. Galaxy clusters are groups of up to a thou-
sand of individual galaxies that are gravitationally bound together. They
spread typically out from 2 to 10 Mpc and consist of a total mass be-
tween 1014 to 1015 solar masses. Most of this mass is highly ionized gas
distributed between the galaxies (5 - 15%) compared to the visible stellar
component (1 - 2%, i.e., stars, planets)[40] [41]. Sometimes whole galaxy
clusters collide with each other and their signature gives us clues about
how their mass distributions interact.

Figure 1.8: left : Image of two merging galaxy clusters (1E0657-558, Bullet
Cluster), the grey bar indicates a distance scale of 200kpc. Green contours give
the mass density inferred from the mass reconstruction from gravitational lensing.
The blue ‘+’ markers indicate the locations of the centres used to measure the
masses of the plasma distribution. right : The 5 · 105 s Chandra exposure X-
ray image of the same colliding galaxy clusters, with the false color indicating
the plasma distribution and again the green mass contours. The discrepancy
between the position of the hot ionized gas and that of the main mass contribution
indicates the presence of a large frictionless dark matter component. From [42].

The stellar part is expected to behave as collision-less particles during
merger, while this cannot be said for the plasma component. When the
gas of one galaxy cluster moves through the gas of the other it experi-
ences a ram pressure of: Pr ≈ ρev

2, where ρe is the gas density and v
is the relative speed of the gas. As the colliding gas will experience col-
lisional forces it heats up and emits X-rays which can be observed. The
drag that the gas experiences decouples the stellar component of colliding
galaxy clusters from the gas component. Using measurements of the hot
plasma distribution, by means of X-rays, and the total mass distribution,
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by means of gravitational lensing4, one can distinguish the different mass
components.

Both images show in green the mass reconstruction from gravitational
lensing. In the right image the plasma distribution is shown. The differ-
ence between the positions of these distributions show that the main mat-
ter component is not the gas, in contradiction to what was expected, but
behaves like a collision-less and non-luminous component. When galaxy
clusters collide, the dark matter component moves through each other at
a higher velocity than the plasma, which is slowed down due to the drag
of ram pressure. Further studies using the Chandra and Hubble space
telescopes on 72 such colliding galaxy clusters all show similar behaviour
from which they confirm the existence of a dark matter component at a
7.6σ significance [43].

1.1.5 Conclusion on Dark Matter evidence

The 2015 Planck CMB measurements give the following interpretation of
the energy matter density in the ΛCDM model:

1. our Universe consists of about 70% dark energy and about 30%
matter;

2. only about 15% of the total matter density consists of luminous
baryonic matter (i.e., gas, stars, planets);

3. the other 85% consists of non-luminous (dark) matter.

1.2 Dark matter candidates

Now that we have established that most of the matter in the Universe
is non-luminous, the next question arises: what kind of matter is dark
matter? From cosmological observations a dark matter particle candidate
is favoured if its characteristics are compatible with the following qualities:

1. Electrically and color neutral5;

2. Cold (non relativistic particles)6;

4Gravitational lensing is a technique which uses the curvature of light around massive
object to estimate the mass of the object.

5Strong Self-Interacting Dark Matter (SIDM) were postulated in 2000 [44] to explain
the smoothness of the dark matter halo, but their possible parameter space seems to
be excluded by CMB and indirect dark matter measurements [45].

6DM particles should be relatively slow-moving as dark matter shows structure for-
mation. If they are relativistic particles, like neutrinos, these structures would wash
out.
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3. Very low self interaction cross section (collisionless);

4. Created in the early Universe (long lived);

5. Massive (gravitational attraction).

Figure 1.9: Schematic representation of possible dark matter candidates. The
shown bands are the regions in mass and cross section for which these theoretical
particles could exist. Blue and red represent cold and hot dark matter, respec-
tively. The WIMP region itself contains several different possible candidates (1
pb = 10−36 cm2). From [46].

The unsolved question of the nature of dark matter has led to no
shortage of candidates. Figure 1.9 shows for several candidates the possi-
ble interaction cross section with baryonic matter (σint) versus the mass
of the dark matter candidate (mX). One problem for the field of dark
matter search experiments is that these candidates span around 40 orders
of magnitude in cross section and around 30 orders of magnitude in mass.
As different experimental set-ups can only probe specific cross sections
and masses, a very wide field of detection strategies is needed, which is
represented by the wide range of experiments searching for dark matter
candidates. In the following section a selection of candidates will be dis-
cussed: Sterile neutrinos, axions and WIMPs. We will focus mostly on
the WIMP, which the XENON1T experiment searches for. For a thorough
review of more possible dark matter candidates see, e.g.: [20], [1], [47] and
[48].
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1.2.1 Neutrinos and axions

Standard Model and sterile neutrinos The Standard Model (SM)
neutrino was an obvious candidate for dark matter as it certainly exists
and is non-luminous. The total neutrino matter density can be derived
from cosmological observations (in a model-dependent way). The total

SM neutrino density is restricted to Ων � 0.001 (assuming Ωνh
2 =

∑
mν

93eV
and

∑
mν < 0.234 eV from table 1.1) [49]. At less than about 1% of

the total mass density of the Universe, SM neutrinos cannot account for
the full missing dark matter density. This still leaves the possibility of
the existence of a sterile neutrino which is heavily sought after [49]. In
1993 these where proposed by Dodelson and Widrow [50]. Sterile neutri-
nos have no ordinary charged or neutral current weak interactions, but
can only interact through neutrino mixing. If in the early Universe their
production rate was lower than the expansion rate they never reached
thermal equilibrium, but can still make up a considerable amount of the
missing mass.

Axions The axion was originally not hypothesised as a solution for the
dark matter problem, but as a solution to the problem of quantum chromo-
dynamics (QCD) not breaking CP-symmetry in 1977 [51] [52]. In principle
QCD permits violation of the combined charge conjugation (C) and par-
ity (P) symmetries. Large CP-violating interactions would introduce an
observable large electric dipole moment of the neutron which has not been
observed. A solution to why the CP-violation would be so small can be
found by introducing a new field and adding a new global symmetry that
becomes spontaneously broken. Thus axions arise as pseudo-Goldstone
bosons by the introduction of a new spontaneously broken global symme-
try. The allowable mass of the axion as a cold dark matter candidate is
approximately restricted to be between μeV and meV [53] [54].

1.2.2 Weakly Interactive Massive Particles

The Weakly Interactive Massive Particle (WIMP) is a well motivated dark
matter candidate. If produced in the early Universe, its mass and anni-
hilation cross section can be estimated from its relic density. WIMPs
can arise from theoretical extensions to the SM and have a chance to be
detected in the near future by current experiments.

Relic abundance After being formed in the Big Bang, WIMPs would
be in thermal equilibrium in the early Universe. SM particles would pro-
duce WIMPs at the same rate that WIMPs would annihilate into SM
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particles. Once the temperature has dropped below the WIMP mass (due
to expansion), the WIMP density would decrease faster than the SM parti-
cle density as the production rate of WIMPs would decrease. The lowered
WIMP density would eventually lead to these particles not being able to
self annihilate any more and the WIMP density would freeze-out. From
that point on the WIMP density only decreases due to the expansion of
the Universe itself. This relic density, that can be measured today, thus
depends on the WIMP mass and its annihilation cross section.

Figure 1.10: WIMP freeze-out of the comoving number density Y as a function
of the temperature of the early Universe for a 100 GeV WIMP. On the right axis
the resulting thermal relic density ΩX is shown. The density follows the drop off
curve until the expansion rate of the Universe equals the annihilation rate at a
temperature T ∼ MX . This freeze out to the relic density is shown as the solid
contour. The coloured bands represent the range of resulting densities for cross
sections of 10 (yellow), 100 (green) and 1000 (blue) times higher (and lower) than
the present relic density. From [46].

Figure 1.10 shows this evolution of the WIMP’s density number. Here
a WIMP with a mass (mX) of 100 GeV is chosen as an example7. On
the left vertical axis the comoving density number (Y) is shown, this is a
measure of the number of WIMP particles, per solid angle and per redshift
interval, which corrects for the fact that the Universe is expanding. At
temperatures (T) higher than about 30 GeV, these WIMPs are in thermal
equilibrium and Y remains constant. The number density (nX) of a gas

7We will omit any ‘/c2’ in this work for convienence.
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of WIMPs in thermal equilibrium follow Boltzman statistics [55]:

nX =

(
mXT

2π

)3/2

e−mX/T . (1.9)

When the temperature drops below about 30 GeV WIMPs become
Boltzmann suppressed and are expected to drop exponentially to zero
through collisional annihilation (as indicated by the solid to dashed black
line). This behaviour changes when the Universe further expands to the
point where the time to travel across the Universe surpasses the time
for a WIMP to annihilate with a partner. The resulting relic density
ΩX (right vertical axis) depends on the thermal average of the WIMP
annihilation cross section 〈σannv〉 and can be calculated. An order of
magnitude estimation of the relic density is:

ΩXh2 ∼ 3× 10−27 cm3 s−1

〈σannv〉 , (1.10)

which leads for thermally-averaged annihilation cross sections 〈σannv〉 of
order 10−25 cm3 s−1 (the scale of the weak interaction) to a relic abundance
of ΩX ∼ 0.1. The fact that the WIMP relic density combined with weak
scale cross sections leads to a relic dark matter abundance similar to one
found by the previously discussed CMBmeasurements is called the ‘WIMP
miracle’.

WIMPs from supersymmetry Supersymmetry (SUSY) [56] is a the-
oretical extension of the Standard Model in which all known particles
have a supersymmetric partner. SM fermions would have supersymmet-
ric boson partners while SM bosons would have supersymmetric fermion
partners. These have not (yet) been observed in nature, but the stable
Lightest Supersymmetric Particle (LSP) serves as a WIMP candidate [57].
The Minimal Supersymmetric Standard Model (MSSM) [58], a minimal
SUSY extension of the SM, does not conserve baryon or lepton numbers.
This would lead to very fast proton decay which disagrees with observa-
tions. A solution for this is found by introducing a new symmetry [59] in
the form of:

PR = (−1)3(B−L)+2S , (1.11)

with B, L and S the baryon number, lepton number and spin respectively.
The MSSM introduces this R-parity to explain the stability of the proton.
It grants all supersymmetric particles R = −1, while giving all standard
model particles R = +1. The MSSM gives rise to not one, but 4 higgsinos.
The gauge bosons flavour eigenstates, W±, W0 and B also get their super-
symmetric gaugino spartners called winos and bino. These higgsinos and
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gauginos mix with each other giving a set of eight new particles with four
of them being charged (χ̃±

i , i = 1, 2) and four neutral (χ̃0
i , i = 1, 2, 3, 4).

The lightest neutralino (χ̃0
1), would be stable thanks to R-parity, as it

cannot decay into SM particles. This ensures that its abundance after
freeze-out would have remained constant and makes it a prime WIMP
candidate. For a good review on the state of SUSY parameter space and
the current and projected sensitivities for direct and indirect detection
experiments see [60].

1.3 Summary and outlook

Starting from the first observations of missing non-luminous matter in
the 1920’s, all observations have led us to believe that about 85% of the
matter in the Universe has not been detected so far. Astrophysical obser-
vations such as the Cosmic Microwave Background constrain the matter
and energy density (Ωm = 0.308 ± 0.0012, ΩΛ = 0.692 ± 0.0012) in our
flat Universe (|Ωk| < 0.005). The base (and derived) parameters of the
ΛCDM model build a consistent understanding of the evolution of our
Universe. Understandably, this dark matter problem has sparked a wide
field of hypothetical particles which are sought after such as: sterile neu-
trinos, axions and WIMPs. For WIMPs, the combination of the WIMP’s
relic density together with the fact that WIMP particles fit extensions
of the Standard Model, makes this an excellent candidate to search for
(‘WIMP miracle’).

The next chapter will present how to detect WIMPs using a dual-phase
xenon time projection chamber. In the third chapter we will see how the
XENON1T detector performs and follow the path from light and charge
deposition to being able to discriminate between background and signal
events. The fourth chapter will present the electronic recoil background,
with a heavy focus on measuring the dominating background from radon.
Finally, in the last chapter we will present the latest XENON1T results.
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Chapter 2

Using XENON1T to detect
dark matter

It is a mistake to think you can solve any major problems just
with potatoes.

— Douglas Adams, The Hitchhiker’s Guide to the Galaxy

In the previous chapter, evidence for the existence of dark matter was
presented together with several of the possible dark matter candidates.
This chapter explains how we search for WIMP particles by using xenon
in our direct detection experiment, XENON1T. We start, in the first sec-
tion, with calculating the expected rate and energy deposition for WIMP
particles scattering off different detection materials. The second section
then focusses on how we measure the energy deposition of WIMPs in liq-
uid xenon. That leads to the concept of the dual-phase liquid xenon Time
Projection Chamber, used in XENON1T. The third section gives a brief
overview of the major components of the XENON1T experiment. In the
last section we focus on the work that was done to reduce backgrounds in
XENON1T. After discussing the design principles of XENON1T in this
chapter, we will compare this with its performance in the next chapter.

2.1 Expected WIMP recoil spectrum

2.1.1 WIMP scattering rate and velocity distribution

A direct detection dark matter experiment, like XENON1T, measures
the differential rate dR

dER
, as a function of deposited recoil energy ER. The

differential recoil rate from WIMP interactions with matter can be written
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as [61]:
dR

dER
=

ρ0
mχ

1

mA

∫
d3v F (v) |v| dσ

dE
(v), (2.1)

with ρ0 the local WIMP density, mχ the mass of the WIMP particle,
mA the mass of the target nucleus, F (v) the WIMP velocity distribution
in the detector’s frame, and dσ

dE (v) the differential WIMP-nucleus cross
section. The WIMP velocity profile is assumed to be an isotropic Maxwell-
Boltzmann distribution [62]:

Fg(vg) = k

(
1√
πv0

)3

exp

(
−v2g
v20

)
, (2.2)

where v0 is the modal WIMP velocity in the galactic frame, vg is the
WIMP velocity in the galactic frame and k a normalization constant. The
WIMP’s velocity distribution is truncated (Fg(vg) = 0) at the escape
velocity vg ≥ vesc [63]. WIMPs with a higher velocity are not gravita-
tionally bound by the gravitational potential of our galaxy. The modal
WIMP velocity is given by v0 =

√
2kBT/mχ, with kB the Boltzmann

constant. The normalization constant k is defined as

k = erf

(
vesc
v0

)
− 2√

π

vesc
v0

exp

(
−v2g
v20

)
, (2.3)

with erf the error function. The rotation of the Earth around the Sun gives
a slight (few %) change in the expected WIMP rate, but as XENON1T is
not a directional sensitive detector, we will ignore this annual modulation
here. The Earth moves with an average velocity (vE) of about 232 km/s
with respect to the galactic frame. The modal WIMP velocity is thus√
v20 + v2E in the local detector frame, with a maximum observable WIMP

velocity of vesc+vE . Figure 2.1 shows the galactic and local WIMP speed
distributions.

2.1.2 The Standard Halo Model

XENON1T aims to measures a differential WIMP rate within a certain
exposure (mass × measurement time). If no WIMP collisions are mea-
sured this sets for every detectable WIMP mass a limit on the WIMP-
nucleon cross section. This is always done for a specific set of astrophysi-
cal parameters, for which we use the Standard Halo Model (SHM). This
model assumes an isotropic and isothermal dark matter sphere with a
density profile of ρ ∝ 1/r2. The SHM parameters are ρ0 = 0.3GeV/cm3,
v0 = 220 km/s and vesc = 533 km/s [65] [66] [63]. Though these values are
model dependent [67], the SHM is commonly used to compare the results
between different direct detection dark matter experiments.
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Figure 2.1: Expected WIMP speed distribution in the galactic (green) and
solar (red) frame according to the Standard Halo Model. The galactic WIMP
velocity distribution is described by an Maxwell-Boltzmann distribution with a
modal velocity of v0, cut off at the escape velocity vesc. In our local frame the
modal WIMP velocity is

√
v20 + v2E (dashed red line), with a maximum observable

WIMP velocity of vesc + vE (grey dashed line). Code from [64].

2.1.3 Cross section and form factor

The differential cross section, for zero momentum transfer, can be written
as:

dσ

dE
(E, v) =

mA

2μ2v2
(σSI

0 F 2
SI(q) + σSD

0 F 2
SD(q)), (2.4)

where μ = mχmA/(mχ +mA) is the reduced WIMP-nucleus mass, FSI(q)
and FSD(q) are the spin-independent (SI) and spin-dependent (SD) form
factors, respectively [68]. For spin-independent interactions the Helm form
factor is convenient, as it is an analytic function:

F (q) =
3j1(qrn)

qrn
e−(qs)2/2, (2.5)

where q =
√
2mAEr is the momentum transfer, j1(qrn) is the spherical

Bessel function of the first kind, s (∼ 0.9 fm) is a measure of the skin
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thickness and rn (≈ 1.14A1/3 fm) is the radius of the nucleus1. The Helm
form factor contains all the dependencies on the transferred momentum,
while the cross section contains all the dependencies of the interaction.
The Helm form factor assumes a uniform charge density of the core of
the nucleus with a Gaussian surface smearing density. Figure 2.2 shows
the Helm form factor for two commonly used detector materials; xenon
and argon. Once the transferred momentum (q) increases beyond the
point where the de Broglie wavelength (λ = h/q) is no longer large in
comparison to the nuclear radius, the effective cross section begins to
decrease. For xenon, F (E) drops to zero around 90 keV nuclear recoil
energy and is too small to be detectable after about 100 keV [69].

0 20 40 60 80 100
ER (keV )
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10−1

101

F
2
(q
)

131Xe
40Ar

Figure 2.2: Helm form factor for xenon (orange) and argon (blue) from equation
2.5. When the energy transfer increases, the corresponding wavelength becomes
≤ the size of the nucleus and the case of coherent scattering is lost. The location
of the first minimum is set by the nuclear radius. Code from [64].

The spin-independent WIMP-nucleus cross section, which we focus on,
can be expressed at zero momentum transfer as

σSI
0 = σp

μ2
A

μ2
p

fp[Z + fn(A− Z)]2, (2.6)

where μp is the reduced WIMP-nucleon mass, μA is the reduced WIMP-
nucleus mass, fp and fn are the WIMP couplings to protons and neutrons

1This allows for a convenient separation of variables.
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respectively, Z is the atomic number and A the total nucleon number. Un-
der the assumption that the contribution of protons and neutrons to the
total coupling strength is equal (fp ≈ fn), this reduces to σSI

0 ∝ A2. For
the simplest case of SI interactions with sufficiently low momentum trans-
fer (qrn � 1, with rn the radius of the nucleus) the scattering amplitude
of a single nucleon thus adds in phase to give a cross section ∝ A2. This
shows how important the atomic mass of the chosen target material is for
the discovery potential. The SD part [70] [71] will not be discussed here,
but it is important to mention that SD searches can only be done with
nuclei with a non-vanishing total nuclear spin. When limits are presented
for direct search experiments they will be separated for SI and SD, but al-
ways in the cross section versus WIMP mass space and normalized to the
WIMP-nucleon cross section. Also, we assume that for SI or SD WIMP-
nucleus scattering all of the nuclear recoil energy is either attributed to
the one or the other.

2.1.4 The WIMP recoil spectrum

We can now calculate the expected SI scattering rates as a function of
recoil energy for a given cross section, WIMP mass and target material.
This is shown in figure 2.3 (left). Materials with a higher A have a higher
WIMP discovery potential per unit mass at low recoil energies. Depending
on the size of the nucleus, the Helm form factor has a local minimum in
the rate for a specific recoil energy. The WIMP search region energy range
is chosen to maximise the possible observed rate. The left edge (∼ 5 keV)
is given by the detector threshold, while the right edge is set where the
expected rate has dropped by about an order of magnitude.

Figure 2.3 (right) shows how the sensitivity of a direct detection dark
matter experiment changes depending on detector parameters. The black
oval is a signal contour of a WIMP with specific mass and cross section.
If no signal is found a reference limit is reported. For a smaller target
nucleus the experiment becomes more sensitive to lower WIMP masses.
For increased exposure (mass × time) the whole limit shifts downwards,
while a detector with a lower threshold is more sensitive to all WIMP
masses. The XENON1T limit will be presented in section 5.5.3.

2.2 Scintillation and ionization principle

Over the last couple of decades the scintillation and ionization processes
of liquid noble gasses, such as argon and xenon, have been extensively
studied [73] [74] [75]. Still, a complete picture of the working principle of
the energy transfer mechanism and how the energy is divided between the

35



2

Chapter 2. Using XENON1T to detect dark matter

0 25 50 75 100
Nuclear recoil energy (keV)

10−3

10−2

10−1

100

101

102

103

104

105

dR
/d
E
R
(a
rb
it
ra
ry

un
it
s)

W
IM

P
S
ea
rc
h
R
eg
io
n

Ar A=40

Xe A=131

Figure 2.3: Left : Differential event rate (in arbritary units) for a 100GeV
WIMP in xenon (orange) and argon (blue). The wimp search energy region of
XENON1T is about 5-40 keV nuclear recoil energy (grey band). Code from
[64]. Right. Change in sensitivity for a direct dark matter detection experiment
(black) for a smaller target nucleus (red), a lower energy treshold (blue) and an
increased exposure (green). From [72].

different channels for all energies is missing. Here a short introduction is
given to the scintillation and ionization principles in xenon.

2.2.1 Energy deposition in liquid xenon

The transfer of deposited energy (Edep) into ionization, excitation and
sub-excitation electrons can be expressed via Platzman’s equation [76],
as:

Edep = NiEi +NexEex +NiEe, (2.7)

where Ni is the number of electron-ion pairs, Nex is the number of excited
atoms, Ei and Eex are the average energies needed to create an electron-
ion pair or excited atom, respectively, and Ee is the average kinetic energy
of sub-excitation electrons. The sub-excitation electrons do not generate
any further excitations and their energy is lost as heat, therefore we will
not discuss them further. Figure 2.4 shows the transfer of deposited energy
into the different channels schematically.

The initial number of quanta produced is dependent on the type of
the interacting particle. Equation 2.7 is true for incoming electrons and
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Figure 2.4: Schematic representation of the transfer of deposited energy in
liquid xenon into ionization, excitation and heat. In XENON1T the ionization
(S2) and scintillation (S1) signals are measured. Recombination of electrons with
ions decreases the number of free electrons that escape (and form the ionization
signal) and increases the number excited states that lead to the scintillation
signal. Biexcitonic and Penning quenching (grey dashed lines) are most relevant
in high density tracks. The S2/S1 and singlet/triplet ratios are different for
electronic recoils, nuclear recoils and alphas. From [77].

γ-rays, which induce electronic recoils, but for neutrons (and WIMPs),
which induce nuclear recoils, a quenching factor L is introduced to account
for the energy loss due to atomic motion and heat. This quenching factor
L, from Lindhard’s theory [78], describes the fraction of nuclear recoil
energy transferred to electrons:

L =
k g(ε)

1 + k g(ε)
, (2.8)

with k a proportionality constant related to the electronic stopping power
and the velocity of the recoiling nucleus. The quantity g(ε) is propor-
tional to the ratio of electronic to nuclear stopping power and is energy
dependent [75] (ε is a dimensionless measure of energy).

By introducing the W-value, defined as the average energy needed to
produce one electron-ion pair, and assuming Eex ≈ Ei +Ee with Ee very
small, equation 2.7 can be rewritten to account for nuclear recoils as:

Edep =
(Nex +Ni)W

L
. (2.9)
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For electronic recoils, nuclear quenching does not play a role and equa-
tion 2.9 is reduced to Edep = (Nex + Ni)W . The W-value of (13.7 ±
0.2) eV/quanta is from a fit of a semi-empirical physical model of the gen-
eration of photons and electrons in liquid xenon to experimental data [75].
Without taking the nuclear quenching into account this means that for
any energy deposition we expect Nquanta = Edep/13.7 eV of ion-electron
pairs or excited atoms deposited in the detector.

Apart from Lindhard quenching, Penning quenching (also called biex-
citonic quenching) reduces the measurable amount of quanta in liquid
xenon. In Penning quenching two excitons interact to form one electron-
ion pair and one ground state [79]. When the electron-ion pair recombines,
it will just release one photon instead of the expected two photons if both
excitons would have formed excimers2. For tracks with a higher ioniza-
tion density, such as nuclear recoils, the probability of ionization density
dependent quenching increases.

2.2.2 Scintillation mechanism and decay times

Primary scintillation light is generated through the creation of diatomic
excited-xenon molecules. These can be produced either by direct excita-
tion or by recombination after ionization (as shown in figure 2.4). The
excitation process of xenon atoms by β-radiation can be described by the
following four steps:

e− +Xe → Xe∗ + e− impact excitation

Xe∗ +Xe → Xe∗,v2 excimer formation

Xe∗,v2 +Xe → Xe∗2 +Xe relaxation

Xe∗2 → Xe+Xe+ hν VUV emission

Here ∗ and v are used to distinguish between purely excited states (∗) and
states with vibrational excitation (v). The excited diatomic molecules
(excimers) in the last step can be in one of two electronic excited states:
a singlet state (1

∑+
u ) or a triplet state (3

∑+
u ). Due to the triplet state

having a forbidden transition to the ground state (1
∑+

g ), in liquid xenon
the decay times of the singlet and triplet state are (4.3 ± 0.6) ns and (22.0
± 1.5) ns, respectively [80] [81]. For α-, β- and neutron-interactions, due
to a different track profile, the ratio between singlet and triplet states are
different, which result in different scintillation pulse shapes [77].

2See the next section for exciton and excimer production.
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The recombination process, after ionization, can be described by the
following six step process:

e− +Xe → Xe+ + 2e− ionization

Xe+ +Xe+Xe → Xe+2 +Xe

e− +Xe+2 → Xe∗∗ +Xe recombination

Xe∗∗ +Xe → Xe∗ +Xe+ heat

Xe∗ +Xe+Xe → Xe∗2 +Xe+ heat

Xe∗2 → Xe+Xe+ hν VUV emission

Depending on the electric field strength and the ionization density,
a certain part of the electrons escape, while the rest recombine into ex-
cimers. Even though the final stage of this process is similar to the direct
scintillation process, the singlet to triplet ratio differs in liquid xenon. A
third component to the time profile thus comes from recombination, where
time constants of 34 to 45 ns have been reported [80] [82].

Electrons, neutrons and alpha particles all have a different energy den-
sity deposition profile [75], as this influences the singlet to triplet ratio, the
pulse width of the light can be used to distinguish between these particles.
The heavier the recoiling particle, the denser the track profile. In section
3.6.2 a comparison will be presented between XENON1T data and sim-
ulation for the light and charge yield of electronic recoils (from electrons
and γ-rays).

Light and charge signals The ionization signal, in number of electrons
measured in the detector, is the number of deposited electrons that reach
the amplification region at the gas-liquid interface. For a single electron
reaching the amplification region, between 21 and 22 photoelectrons [PE]
are detected[83].

The number of excited atoms (Nex) is increased by recombination, but
decreased by Penning effects. As the recombination probability is track-
profile dependent, a denser track has a higher recombination probability
due to a lower average interaction distance between the electron and ion.
Penning quenching increases with increased energy for nuclear recoils, due
to a higher ionization density along the track of the recoiling Xe atom. The
resulting number of excited states (Nex) eventually de-excite and produce
vacuum ultraviolet (VUV) photons at 178 nm, for which liquid xenon is
transparent3.

3‘Vacuum’ refers to the fact that at 178 nm the light is normally absorbed by atmo-
spheric oxygen.
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2.2.3 Dual-phase TPC working principle

The XENON1T experiment is a dual-phase liquid xenon TPC. The work-
ing principle is shown in figure 2.5.

Figure 2.5: Working principle of the dual phase liquid xenon (LXe) Time Pro-
jection Chamber (TPC). An incoming particle will produce primary scintillation
light (S1) and secondary scintillation light (S2). The light is measured by light
detectors at the top and bottom (colour scale represents signal size measured in
PE) of the TPC. To collect the electrons at the gas-liquid interface, an electric
field is set over the drift region (Edrift). The drift region is defined between the
cathode wires at the bottom (red wires) and the gate mesh at the top (black
mesh) of the liquid. To convert the electrons into a light signal a much stronger
extraction field (Eextraction) is set over the gass-liquid interface. The extraction
region is defined by the gate and the anode mesh (red mesh). The distance
between gate and anode is 5 mm, with the liquid-gas interface 2.5 mm above
the gate. The time difference, as shown in the waveform (bottom), between the
S1 (left peak) and S2 (right peak) signal gives a measure of the depth of the
interaction. From [2].

Particles passing through liquid xenon have a high probability of losing
energy by scattering. Due to the high density, most low energy particles
are fully stopped in the large LXe TPC of XENON1T. The amount of
deposited energy and the type of interaction depends on the energy and
type of the incoming particle. Neutrons (and WIMPs) produce nuclear
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recoils (NR) where the xenon nucleus leaves a dense track of ionization
and excitation in the liquid. NR have a reduced deposited energy due
to quenching. β- and γ-radiation create electronic recoils with less dense
tracks.

To be able to discriminate between particle type, the produced photons
and electrons are measured independently, as their ratio will provide the
needed information. The photons, travelling in all directions, are directly
measured by photo multiplier tubes (PMT) at the top and bottom of the
TPC. This signal is thus called the primary scintillation signal or the S1
signal. The freed electrons are not measured directly, but need to be
converted into photons. By applying a drift field (∼ 100V/cm) over the
drift region, the electrons drift upwards until they reach the amplification
region. Here a strong amplification field (∼ kV/cm) is set over the liquid-
gas interface. The electrons accelerate and excite molecules in the gaseous
xenon (GXe) to produce a secondary light signal. This signal is called the
secondary (or proportional) scintillation signal or S2 signal. As the drift
velocity of electrons is known for a given drift field and xenon density,
the time difference between the S1 and S2 signals gives a measure of the
depth of the interaction. The PMT hit-pattern, as shown in the top of
figure 2.5, provides the (x,y) position of the interaction.
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2.3 The XENON1T experiment

The XENON1T experiment, which utilizes this dual-phase liquid xenon
TPC technique, is located at the Laboratori Nazionali del Gran Sasso
(LNGS), Italy, which is the largest underground laboratory in the world.
The experiment itself sits in one of the three main halls of the labora-
tory. Thanks to the entrance of LNGS being situated next to a public
car tunnel, it is easily accessible day and night for both regular mainte-
nance and for emergencies. The mountain range, with Gran Sasso as its
highest mountain, gives the laboratory an average depth of 3600 m water
equivalent to shields against cosmic rays.

Figure 2.6: Photo of the XENON1T experiment located underground at LNGS.
The 10 by 10 m muon veto water tank is shown on the left with a schematic
drawing of the TPC and support structure on it. The maintenance building is
shown on the right with the cryogenics and purification systems on the top floor,
the electronics and data acquisition on the middle floor, and the storage and
further distillation systems on the bottom floor. Credits: R. Corrieri and P. de
Perio.

Figure 2.6 shows a side view of the experiments with on the left side
the water tank and on the right side the XENON1T maintenance build-
ing. The front of the water tank depicts a schematic representation of
the actual detector, the support structure and the light detectors of the
muon veto. These all reside within the water tank. On the right, the
maintenance building (with glass walls) holds from top to bottom: the
purification and distillation systems, the electronics and data acquisition,
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and the storage and further distillation systems. Their functions will be
discussed in the following sections.

2.3.1 Time Projection Chamber

The center of the experiment is a cryogenic vessel filled with liquid xenon,
acting as a TPC. Here background (and possibly dark matter) particles
interact with the liquid xenon producing light and charge signals that are
recorded. For every particle interaction, a total of 248 PMTs, divided into
a top and bottom array, record the photons from the primary (S1) and
secondary (S2) scintillation signals. From the the S1 and S2 signals we
infer both the interaction position (x,y,z) and the deposited energy. The
following paragraphs describe the working of the XENON1T TPC in more
detail.

TPC design The cylindrical TPC encloses 2 t of liquid xenon and has
a height of 97 cm and a diameter of 96 cm. Figure 2.7 shows a schematic
of the TPC and the TPC parameters are shown in table 2.1. The walls
are made from highly reflective PTFE (polytetrafluoroethylene, Teflon)
panels, which are interlocked to create a light tight container. Behind the
PTFE, 74 copper field-shaping electrodes reside, connected by two parallel
redundant resistor chains consisting of 74 individual 5GΩ resistors each,
to ensure a homogeneous drift field. The drift field is confined between
the cathode, set at negative high voltage, and the gate, set at ground.
The design voltage for the cathode is −100 kV, leading to a design drift
field of about 1 kV/cm.

The amplification field is defined by the gate and the anode (set at
positive high voltage), which are 5 mm apart from each other. These are
labelled as Top TPC electrodes in figure 2.7, but are better shown in figure
2.5. The top part of the TPC is built as a diving bell, so that the xenon
gas pressure sets the liquid level with sub mm precision in the middle
in between the gate and the anode. This result in an amplification field
of > 10 kV/cm in the gas phase, which is needed to produce secondary
scintillation. The liquid level is read out continuously by long and short
(capacitance) level meters. To achieve maximal light collection efficiency,
the cathode, gate and anode have transparencies between about 90% and
97%.

Outside of the sensitive volume, another 1.2 t of LXe sits acting as self
shielding. Several PMTs are placed within this region for diagnostic pur-
poses. The whole LXe volume is confined by an inner stainless steel vessel,
which is within an outer stainless steel vessel with vacuum insulation in
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Figure 2.7: Illustration of the XENON1T TPC. The materials were selected for
low radioactivity, while the insides of the TPC has been constructed to maximize
reflectivity for VUV light. The active volume of the TPC is defined between the
cathode and gate (Top TPC electrodes) and encloses 2 t of liquid xenon. For a
closer look at the amplification region (gate and anode) see figure 2.5. From [84].

between. All PMT signal and voltage cables follow the cable trays to exit
the TPC at the top towards the maintenance building.

Photomultiplier tube arrays

A total of 248 3” photomultiplier tubes (PMTs), Hamamatsu model R11410-
21, are used to detect the photon signals in the TPC. The top array (figure
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Parameter Value Units

LXe temperature −96.07 ± 0.04 ◦C
LXe pressure 1.93 ± 0.001 bar

LXe density 2.862 ± 0.004 g/cm3

LXe within TPC 2003.8 ± 5.2 kg

TPC radius 478 ± 0.5 mm

Maximum drift length 969 ± 2 mm

Xe recirculation flow 51.85 ± 0.62 slpm

Table 2.1: Overview of TPC parameters for SR0. (slpm stands for standard litres
per minute)

2.8, left panel) consist of 127 PMTs arranged in a radial structure to max-
imize the position reconstruction accuracy. The secondary scintillation
signal is created at the liquid-gass interface and is thus mostly observed
by the top array. The bottom array (figure 2.8, right panel) consists of 121
PMT’s tightly packed to maximize the light collection efficiency. The light
from the direct scintillation signals (S1) is mostly observed by the bottom
array as the light is reflected at the liquid-gas interface. The PMTs are
designed and tested to operate at a cryogenic temperature of −96◦C, with
an average gain of 5.3×106 [85]. They have an average quantum efficiency
(QE) of 34.5% at 178 nm (measured at room temperature) and a photo-
electric collection efficiency (CE) of 90%. To improve the total average
light collection efficiency for S1 signals, PMTs with the highest quantum
efficiency and collection efficiency are placed at the center of the bottom
array.

Figure 2.8: The top (left) and bottom (right) PMT arrays equipped with 127
and 121 PMTs respectively. The 3” PMTs are from Hamamatsu, model R11410-
21, with an average quantum efficiency of 34.5% at 178 nm, gain of 5.3×106 and
photoelectric collection efficiency of 90%. From [84].
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As our detector aims to measure energy depositions from keV (dark
matter) to MeV (calibration), each PMT should idealy have a linear re-
sponse from a single photon to tens of thousands of photons. The PMT is
linear if the output current of the PMT is equal to the number of created
photoelectrons by a constant factor. Each PMT has a base that divides
the high voltage (HV) over the different dynode stages and connects the
signal and ground to the readout electronics. Specific for XENON1T,
the PMT bases were designed to enable high linearity by adding several
capacitors to the last few dynode stages. Dedicated measurements show
that the PMT with base has a linear output up to 14,000 photoelectrons
(PE) at a max rate of 100 Hz [86].

2.3.2 Liquid xenon plant

The xenon is purified continuously to increase the signal yields, and cooled
to keep the temperature stable. The LXe system is shown in figure 2.9.
LXe is siphoned from the bottom of the TPC and evaporated in a heat
exchanger. The gas then flows trough the purification system consist-
ing of gas transfer pumps (CHART QDrive), mass flow controllers (MKS
1579A) and high-temperature high-rate gas purifiers (getter, SEAS PS4-
MT50-R). The getter removes electronegative impurities, such as water
and oxygen, by forming very stable chemical bonds with the getter ma-
terial, namely zirconium. Without purification, these impurities (which
are constantly out-gassing into the liquid xenon by all the detector com-
ponents) would lower the signal yields by absorbing scintillation light and
capturing drifting electrons.

To keep the liquid xenon at a temperature of -96◦C in the TPC, two
redundant pulse-tube refrigerators (PTRs) are used in the cryogenic sys-
tem to liquefy the xenon gas back into the TPC. To keep the liquid level
stable, the xenon pressure inside the TPC is kept constant by controlling
the temperature of the PTR using resistive heaters. This is done 24/7 at
a constant flow of around 50 slpm. The other two systems in figure 2.9
are the cryogenic distillation column and the storage and recovery ves-
sel (ReStoX). The working principle of the distillation column, used to
remove 85Kr from the xenon, will be explained in more detail in section
2.4.2. The ReStoX storage vessel facility was built to recover the xenon
in case of an emergency. It can hold up to 7.6 t of liquid or gaseous xenon
and withstands pressures upto 73 bar.

2.3.3 Calibration system and sources

By exposing the TPC to particles of a known origin (type and energy) we
measure the performance of the detector and calibrate the expected signals
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Figure 2.9: The main parts of the xenon circulation system consisting of cryo-
genics (for cooling), purification (removal of electro-negative impurities), distilla-
tion (85Kr removal) and ReStoX (storage and recovery). The cryostat and TPC
are located within the water tank, while the other systems are located in the
maintenance building. The cryogenic pipe contains all the GXe, LXe and electri-
cal connections between the TPC and the rest of the systems. A continuous flow
of 50 slpm is kept between the TPC, purification and cryogenic to reduce impu-
rities in the LXe. The LXe within the TPC is kept at a constant temperature of
−96◦C at a pressure of 1.9 bar. From [84].

from background and WIMP particles. For such calibrations, radioactive
sources are used that emit α-, β-, γ- or neutron radiation. To deploy a
radioactive source in XENON1T we either place the source next to the
cryostat in the water tank (by either a belt system or a rope) or dissolve it
directly into the LXe. To calibrate the gain of the PMTs, dedicated fibres
transfer low-level light pulses from a blue LED into the TPC at various
heights and angles. Table 2.2 shows the different calibration sources used
in XENON1T.

Figure 2.10 shows the XENON1T calibration system outside the cryo-
stat in the water tank. It consists of three belt systems, designed to hold
gamma sources. Due to the size of the TPC and the effective self shielding
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Source Goal Source location
231AmBe Nuclear Recoil response U-Belt

Neutron generator Nuclear Recoil response Next to Cryostat
220Rn Electronic Recoil response Dissolved in LXe
83mKr S1 and S2 signal corrections Dissolved in LXe

LED PMT gain determination Fibres in TPC

Table 2.2: Overview of calibration sources used in XENON1T. The neutron
generator is an improvement over the 231AmBe due to it’s higher neutron rate.
The source locations next to the TPC are shown in figure 2.10.

external gammas do not reach the center of the TPC to yield sufficient
statistics. The electronic recoil calibration is thus done by dissolving 220Rn
into the LXe flowing into the TPC. The two I-belts can move vertically,
while the U-belt can also move horizontally below the cryostat. By plac-
ing a lead slug into the U-belt the 231AmBe could be used in the U-belt
for neutron calibration4. The deuterium-deuterium plasma fusion neutron
generator is placed next to the cryostat.

Here, we give a short description of the 231AmBe, 220Rn and 83mKr
calibration sources. The NR and ER calibration are described in more
detail in section 3.6, while the krypton calibration is presented in section
3.3.

• NR calibration with 231AmBe. The combination of an alpha
source (americium oxide) with a low-atomic-weight isotope (beryl-
lium metal) leads to an effective neutron source with energies up
to 10 MeV [88]. The 231AmBe source has an activity of 3.7 MBq
(T1/2 of 241Am = 432 y), which leads to a total emission of about
220 n/s produced at the source. This source is placed within a lead
box (to shield gamma-rays) on the U-belt system for nuclear recoil
(WIMP-like) calibration data.

• ER calibration with 220Rn. This isotope of radon is gaseous and
has a relatively short half life (T1/2 = 3.8 d). 228Th is deposited
on a stainless steel disk, which is placed in the gas system to em-
anate 220Rn [89] into the LXe. The decay daughters produce α-, β-
and γ-radiation, which makes this source useful for a wide range of
studies. For the low energy electronic recoil calibration, βs of the
radon daughter 212Pb (T1/2 = 10.66 hours, Q-value of 569.8 keV)
are selected [90]. Because the radon mixes homogeneously with the

4The lead reduces the amount of emitted high-energy gammas entering the TPC.
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Figure 2.10: Schematic representation of the calibration system of XENON1T
placed next to the cryostat in the water tank. Sources can be placed in the
two I-belts (blue) that move vertically, or in the U-belt (red) that can also move
horizontally below the cryostat. The neutron generator (green) can also be placed
in two other locations. From [87].

LXe, this low energy (background-like) calibration can be done in
all regions of the TPC at the same time.

• β calibration with 83mKr. The metastable 83mKr, which is gen-
erated from 83Rb (T1/2 = 86.2 d), is also solvable in LXe [91]. It
has a short half life of 1.83 h and most importantly emits two low
energy conversion electrons (9.4 and 32.1 keV) shortly after each
other (T1/2 = 154.4 ns). This makes this event topology easily dis-
tinguishable against any background signals. Because there are no
other decay products in the chain, this calibration source is used to
map out the whole TPC with very high statistics.

Neutron calibrations take up to a week or two of data taking and are nor-
mally taken at the beginning and end of a science run. After a neutron
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calibration many gamma lines are observed due to neutron activated iso-
topes, these are used for calibrating the energy response. Radon calibra-
tions are taken monthly, and take up several days. Krypton calibrations
are taken bi-weekly to monitor for any time dependent effects in the TPC
and only take a day or two. LED calibrations are done weekly to moni-
tor any gain changes. In the next chapter the data from the calibration
sources will be presented to determine the performance of the XENON1T
experiment.
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2.3.4 Data Acquisition and electronics

Figure 2.11 shows the Data Acquisition (DAQ) system of XENON1T.
The signals from the 248 PMTs are first individually amplified (×10 ).
Then they are digitized (V1724 ADC ) and saved by reader PCs in a
buffer database (MongoDB). A software trigger determines which periods
of time are stored as events by looking at the coincidence of light pulses
from the PMTs. During search data taking this results in a rate of 5Hz,
with event windows being in the order of milliseconds. During calibration
the data rate rises to max 50 or 140Hz for krypton and radon calibration,
respectively. After the trigger decides what events to save the event builder
writes them to disk.

Figure 2.11: Overview of the XENON1T DAQ system with 248 PMTs from
the TPC (top part) and 84 PMTs of the muon veto (bottom part). Events from
both systems are synchronised and saved in the same data format. From [84].

During calibration data taking, a High Energy Veto (HEV) (DDC-10
Veto) is used to decide if an event should be excluded by looking at the
sum of all bottom PMTs. This is to reduce data storage for calibrations
that aim to only map the low-energy response of the detector. If any
of the digitizers experiences a too high data rate, a busy signal is sent
to temporary stop the flow of incoming data. Both the HEV and the
busy will be used in section 3.4 to correct the life-time. The data from

4The maximum drift time between a correlated S1 and S2 signal is about 700μs for
a drift field of about 120V/cm.
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the 84 PMTs of the Muon Veto (MV) is digitized and saved by a similar
system. All ADCs share a common clock to synchronise both systems.
An acquisition monitor digitizes the busy, veto, raw sum waveform and
MV trigger for diagnostic purposes.

The amplification of the PMT signals is done with Phillips 776 X10
amplifiers. These low noise, direct-coupled amplifiers were tested for lin-
earity. For rates between 50 and 2000 Hz, pulse widths of 1 μs and up to
total signals of 14,000 PE, no non-linear variations above the 1% level were
observed [86]. Signals from the amplifiers are connected to the Analog-to-
Digital Converters (ADC). XENON1T uses the CAEN V1724 100 MHz
ADC, which has an input range of 2.25V, 14 bit resolution and 10 nanosec-
onds sampling. Every signal PMT signal is converted from measured ADC
counts (per 10 ns bin) to number of photoelectrons (PE) measured by the
PMT. The current for one ADC count per bin is

I =
U

R
=

2.25 [V ] / 214 [ADC counts]

50 [Ω]
=

0.137 [mV ]

50 [Ω]
= 2.7× 10−6A.

(2.10)
One photoelectron is thus equal to:

1 [PE] =
e−[C] ·GPMT ·GAmp

I[A] · tbin[s] =
1.6× 10−19 [C] · 2.4× 106 · 10
2.7× 10−6 [A] · 10× 10−9[s]

, (2.11)

with e− the charge of one electron, GPMT the average gain of the PMTs
in XNEON1T, GAmp the amplification of the amplifier, I the current per
bin from equation 2.10 and tbin the time of one sample. This simplifies to:

1 [PE] = 142 [ADC counts]. (2.12)

Any signal above the digitizer self-trigger threshold of 15 ADC counts per
bin is digitized. As the height of an signal is about 40% of its integral,
every signal above 0.5PE will be recorded. Very high signals with an
amplified pulse height over 2.25V will be capped by the ADCs. This is
reached by a single PMT when it records a signal of about 14,000PE at
a width of 1μs (assuming a single PMT gain of 106). The width of 1μs is
chosen here to resemble a real S2-pulse width in XENON1T. We will see
in section 4.2 what the effects are of saturated signals.

2.4 Background suppression

The goal of XENON1T is achieving the world’s best sensitivity for the
direct detection of WIMPs. For this it is designed with:

• a huge fiducial mass (1 t LXe fiducial); and
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• an ultra low electronic background (∼ 0.2 events t−1 keV−1 d−1).

To decrease the total background rate the following measures were taken:

• The detector is shielded by a mountain (against cosmic rays) and a
water tank (against γ-rays and neutrons).

• All TPC materials were screened and only those with the lowest
radioactivity were selected [92].

• The LXe was distilled to remove trace amounts of krypton.

During the design phase of XENON1T, dedicated Monte Carlo (MC) stud-
ies were performed to determine the expected background [93]. Here we
will describe the shielding and distillation. The MC expectation values of
the background levels will be presented in section 4.1.1.

2.4.1 The water tank and muon veto

As described in the beginning of this section, the cryostat of the TPC is
enclosed by water in a 10m high by 10m diameter tank. This stops all
low energy and most of the high energy γ-rays originating from outside
of the water tank. In water a 3MeV γ-ray has a mean free path of less
than half a meter. The total event rate in the TPC before and after water
filling dropped from 1 kHz to below 10Hz. Figure 2.12 shows the energy
spectrum measured in the TPC before the water tank filling, revealing the
backgrounds that are present in Hall B of the Gran Sasso laboratory.

This data was taken at zero drift field, and thus only the scintillation
light (S1) signal is used as an energy estimator. Seven hours of data is
used without any cuts or selection criteria, after that a data-driven light
collection efficiency versus depth correction was applied5. The spectrum
is shown for an approximate depth of −70 cm < z < −20 cm. The depth is
estimated by using the fraction of the S1 area observed in the top array6.

The spectrum (black solid line) shows several peaks from known origin
such as 40K, 214Bi (from the uranium chain) and 208Tl (from the thorium
chain). These are primordial radioactive isotopes, which can be found in
any (natural) material on Earth. To convert from the deposited energy
to the number of deposited photons in LXe, the light yields from NEST
(< 50 keV), Yamashita and Ni (> 50keV) were used7 [94]. The Noble
Element Simulation Technique (NEST) package is used to simulate the

5This method will be presented in section 4.2.2.
6This method will be presented in section 4.2.2.
7NEST is optimized for low energy, Yamashita and Ni showed better agreement at

higher energies.
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Figure 2.12: The unshielded spectrum of γ-radiation, originating from outside
the cryostat. The spectrum (black line) is shown with the best fit photo-detection
efficiency, the green and purple lines show the effect of a small offset to the photon
detection efficiency.

excitation, ionization, and corresponding scintillation processes in liquid
noble elements such as xenon [94] [95] [96]. To convert from the number of
measured photons to the number of deposited photons one needs to know
the photon detection efficiency. We fixed the photon detection efficiency
by matching the peaks to their known energy. The best fit gives a detection
efficiency of 11.8% 8.

For comparison, the spectra for two other detection efficiencies (11.3%
and 12.3%) are shown. The drop in the spectrum below a few hundred
keV, is caused by the outer layer of LXe shielding the low energy radiation.
We also show the spectrum for only the top part (approximately z >
−20 cm) of the detector (as a sanity check). This shows, as expected,

8A more precise measurement of the photon detection efficiency will be presented in
section 3.5.1.
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Figure 2.13: Gamma-ray interaction mean free path in liquid xenon (ρLXe =
2.86 g/cm3). For an internal source such as 131mXe (orange) the mean free path
is less than one cm, while external sources such as 137Cs (blue), 60Co (green) and
208Tl (red) have a mean free path of less than 10 cm. This shows the excellent
self shielding properties of LXe. Data from [97].

more low-energy events appear due to less LXe for self shielding, but
still gives the same shape at higher energies. This can be understood by
looking at the mean free path of gamma-ray interactions. Figure 2.13
shows the mean free path for gamma-ray interactions in liquid xenon.
For several gamma-ray sources in XENON1T we show the specific energy
and mean free path. For an internal source such as 131mXe interactions
happen within O(1) cm, while for external sources such as 137Cs, 60Co
and 208Tl interact within O(10) cm (see section 4.5.2 for a description of
these background sources). For this reason XENON1T utilizes an inner
LXe volume for any dark matter search analysis to shield against external
backgrounds.

2.4.2 Distillation

Xenon bought from commercial partners will always contain a certain
concentration of krypton. This isotope 85Kr, (T1/2 = 10.76 y), is a β-
emitter with an endpoint energy of 687 keV. It therefore is a background

55



2

Chapter 2. Using XENON1T to detect dark matter

in our low energy search region and thus it has to be removed before data
taking. This is achieved using a novel cryogenic distillation technique with
the distillation column shown in figure 2.14.

Figure 2.14: Schematic representation (left) and photo (right) of the
XENON1T distillation column. Xenon gas from the TPC is fed into the col-
umn (F), which works thanks to the difference in vapour pressure of xenon and
krypton. Krypton is trapped in the gas flow going upwards, while xenon liquefies
and flows down. At the top, krypton-enriched gas is extracted (D) and stored,
while the rest of the gas is liquefied to enter the distillation stages again. The
clean xenon at the bottom is extracted (B) and fed back into the TPC. This
leads to a total reduction factor of about 105. From [98].

The column’s distillation process is based on the difference in vapour
pressure between krypton and xenon. The whole system consists of three
parts: the stripping section, the feeding section and rectifying section.
Gas from the TPC is fed into the column at the feeding section where it
enters one of the distillation stages. Due to the difference in vapour pres-
sure, at every stage, most of the xenon liquefies and flows downward (L)
while the krypton evaporates and flows upwards (V). The addition of ex-
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tra distillation stages increases the total reduction factor, for XENON1T
seven stages are used. At the top, krypton enriched gas is taken out (D),
while the rest of the gas is liquefied again9. At the bottom, purified liquid
xenon is extracted and siphoned back to the TPC (B). A novel function-
ality is that this system can run in parallel with normal data taking of
XENON1T. This has reduced the total commissioning time by at least
several weeks, as normally distillation is done before turning the detec-
tor on. Dedicated tests showed that the column has a krypton reduction
factor of 6.4×105 with thermodynamic stability at process speeds above
3 kg/h. This results in a natKr/Xe concentration below 26 ppq (parts per
quadrillion), far below the required value of below 200 ppq for XENON1T
[98].

9The enriched gas is siphened off and stored in bottles, for XENON1T about 35 kg
of enriched xenon was set aside in this way.

57



2

Chapter 2. Using XENON1T to detect dark matter

2.5 Summary and outlook

For WIMP interactions with ordinary matter, low energy depositions
of O(10) keV are expected. As the spin independent WIMP-nucleon
cross section scales with A2, xenon has a higher detection potential than
most other elements. By choosing xenon as the detection medium, the
XENON1T experiment measures two out of the three possible excitation
channels: light and charge. The scintillation and ionization mechanisms
in xenon leads to the understanding of how ‘S1’ and ‘S2’ signals are gen-
erated in XENON1T, and how to distinguish them based on their pulse
characteristics.

XENON1T is the first dual-phase liquid xenon direct detection ex-
periment at the tonne scale, and it requires an ultra-low background for
achieving its projected sensitivity. The experiment operates continuously
purifying and cooling a total of 3.2 t of liquid xenon. All TPC components,
such as the PMTs, high voltage grids and PTFE walls were chosen for high
light yield and low radioactivity. Apart from the material screening and
selection, the background is further suppressed by (active) shielding and
distillation. In the next two chapters we will discuss if these goals of high
light yield and low background levels have been achieved.
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Detector Performance

To measure is to know.

— Attributed to William Thomson, Lord Kelvin.

In the last chapter we discussed how light and charge signals are cre-
ated in XENON1T. The goal of this chapter is to show how in XENON1T
we start with the recorded light and charge signals, find the interaction
position, reconstruct the interaction energy and finally discriminate be-
tween signal and background interactions. Particles interacting in the
xenon target will deposit energy in the form of light (photons) and charge
(electrons). The primary scintillation signal (due to light) and the propor-
tional scintillation signal (due to charge) are called ‘S1’ and ‘S2’ signals,
respectively. The ratio between S1 and S2, for a single particle interac-
tion, will be used to discriminate between Nuclear Recoil (NR, signal-like)
and Electronic Recoil (ER, background-like) interactions. The S1 and S2
signals first have to be corrected for any time- and space-dependent recon-
struction efficiencies in the TPC. After those corrections are applied, we
use known gamma lines from calibration sources to determine the relation
between detected photoelectrons and deposited energy. Finally, the data
from a NR and ER calibration source are presented to show how we can
discriminate between WIMP and background events in XENON1T1.

1Just like building a detector is done with a huge group of people, so is building
all the corrections and cuts for a dark matter search analysis. Here we will try to give
a complete overview of all the analysis components. Therefore, we will describe the
efforts of a lot of colleagues and reference to their corresponding internal XENON1T
notes.
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3.1 Event reconstruction

Any particle interaction in the liquid xenon of sufficient energy will pro-
duce one S1 and at least one S2 signal as described in the previous chapter.
The goal of event reconstruction is to characterize and match these indi-
vidual signals to form events.

3.1.1 Event building

Every pulse from a single PMT is digitized and saved into a time-ordered
database. From this signals are made (‘S1’, ‘S2’ or ‘unknown’) by looking
at the time coincidence of PMT signals. To decide what one single event
is, a process called an event builder loops over the database and tries to
group signals into distinct events. This process is schematically shown in
figure 3.1.

Figure 3.1: Process of how the event builder starts from individual PMT pulses
(top) and ends up with grouping signals into events (bottom). For speed per-
formance reasons, only the timing of pulses is taken into account when deciding
if pulses should be grouped into signal. A coincidence of two PMT pulses is
required for signals. These are tagged ‘S1’ (blue), ‘S2’ (green) or ‘other’. Be-
cause XENON1T utilizes a software trigger, the trigger thresholds can be set and
changed per run. A time period of 1ms is added before and after a trigger to
form events. From [99].

The times of pulses are grouped by the event builder into signals. The
spread of the individual signals is used to distinguish between narrow S1
(about 100 ns) and broader S2 signals (about 1μs). To distinguish between
a particle interaction and electronic noise or PMT dark rate, a minimum
of three coincidental signals is required to call it a trigger. From these
triggers, the event is then built by adding a 1ms period before and after
any trigger. If two of these overlap, they are stitched together into one
event. As the maximum drift time of electrons in the TPC is about 700μs,
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this ensures that all single interactions within the active xenon target are
stitched together into one event. If, due to e.g. pileup, two interactions
are stitched together, they will be cut out in the dark matter analysis.
These cuts will be presented in section 3.4.

3.1.2 Signal matching

Once an event is formed, the correct signals need to be matched, ideally
one single S1 with one single S2. Figure 3.2 shows an example waveform
of a single event. The main panel displays the sum of the 248 PMT
channel waveforms in amplitude versus time. The event is composed of
one S1 (blue shaded region) signal of 77.4PE, with 43 PMTs coincidence,
and one S2 (green shaded region) of over 5000PE, with 208 PMTs in
coincidence. The two small black wiggles at around 5 and 7 μs after the
S1 signal only occur on one PMT channel and are thus rejected as noise.

S1 and S2 signals are expected to be different in both width and shape.
The S1 is characterized by a very short rise-time and an exponential tail,
while the S2 is an approximately Gaussian shape. The S1 signal time-
profile is determined by the decay of the excimers, while the S2 time
profile is determined by the electron amplification in the gas region. The
measured S1 and S2 shapes have been matched by dedicated simulation
both by XENON1T and others [96].

The four panels of figure 3.2 show the PMT hit-patterns in the top
and bottom PMT array for the S1 and S2 signals. The colors represent
the amount of charge in photoelectrons (PE) that is measured per PMT.
The individual PMT waveforms are shown in black for the time period of
the respective S1 or S2. PMTs that are not used for analysis due to PMT
problems are marked with a grey cross.

Because of the total light reflection at the liquid-gas layer, most of the
S1 light is measured by the bottom array2. For a small number of emitted
photons the S1 hit-pattern does not show any (x,y) correlation. For the S2
signal, which is created in the amplification region close to the top array,
an (x,y) correlation is visible (here top right corner). The S2 hit-pattern
in the top array is thus used for the (x,y) position reconstruction. The
other variable needed to determine the point of interaction is the depth.
This can be reconstructed from the time difference between the S1 and
S2 signals, called drift time. As the drift speed of electrons is known,
the drift time is used to establish the distance the electrons drifted from
their interaction point to the gate mesh. The S1 and S2 values given in
this figure will still need to be corrected for position and time-dependent

2Over the full depth range about 65-90% of the S1 light is measured by the top
array, see figure 4.6b.
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Figure 3.2: Example waveform of a low energy background event in XENON1T.
The main panel shows the amplitude of the sum of the 248 PMT channel wave-
forms over time. The 77.4 PE S1 signal (blue shaded area) is matched with the
5255.3PE S2 signal (green shaded). For both the S1 and S2 signals, the PMT
hit-patterns in the top and bottom array are shown. In every PMT, the individ-
ual waveform part is shown together with the area per channel in color. The (x,y)
position is taken from the S2 top hit-pattern, while the depth of the interaction
can be calculated from the time between the S1 and S2 (z ≈ 1 cm for this event).

efficiencies and will be discussed in section 3.3. First we will reconstruct
the actual point of interaction in the TPC.

3.2 Interaction reconstruction

From the hit-pattern in the top PMT array, we reconstruct the (x,y) posi-
tion of the S2 peak, which corresponds to the position where the electron
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cloud passes through the liquid-gas interface. Under the assumption of a
uniform E-field, this relates to the (x,y) position of the interaction within
the TPC. The drift time between the main S1 and S2 is a measure of
the depth (z). For every event we reconstruct the interaction position in
(x,y,z).

3.2.1 Position reconstruction

Light Collection Efficiency Two different position reconstruction al-
gorithms are used in XENON1T: Top Pattern Fit (TPF) and NeuralNet
(NN). Both algorithms rely on Monte Carlo simulation of the light collec-
tion efficiency (LCE) for the PMTs. This simulated LCE map is shown
in figure 3.3a for a single PMT. Such a map shows the probability distri-
bution of the fraction of the total number of photons a PMT will receive
from a position (x,y). The probability is highest right below the PMT
location and falls off quickly within 10 cm of the lateral position from
the PMT. The LCE maps are simulated on a grid with a grid spacing
of 2.4mm. This, combined with the interpolation method, results in a
maximum achievable position reconstruction resolution depending on the
algorithm.

Top Pattern Fit reconstruction (x,y) The Top Pattern Fit algo-
rithm compares the measured hit-pattern to the expected pattern from the
LCE maps. By minimizing a test statistic (a modified χ2 for low counts),
a reconstructed position in (x,y) is found together with a goodness-of-fit
parameter. It works by comparing the number of PE measured in a PMT
from a position (x,y) to the expected number of PE according to the LCE
map, and doing this for all PMTs in the top array. An advantage of this
method is that it not only gives the position, but also a measure of the
uncertainty on the position.

Neural Network reconstruction (x,y) The Neural Net (NN) deter-
mines the position of the S2 using a neural network trained on GEANT4
[100] MC events. The NN works with a layer of 127 input nodes (number
of PMTs in the top array), which take the measured hit-pattern as input.
It has two hidden layers of nodes and a final output layer that returns the
(x,y) position. Using known positions from the GEANT MC simulation
the NN is trained. A benefit of the NN is that, once trained, it performs
similarly to TPF in less time. Its drawback is that it is fully dependent
on the correct implementation in the MC.
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Figure 3.3: (a) Simulated light collection efficiency map of PMT 119 in the top
array. The white marker (‘+’) shows the center of the PMT. The color scale shows
the fraction of photons that would be detected by this PMT for an interaction
in the gas-gap at a specific (x,y) position. From [101]. (b) Simulated position
reconstruction resolution for Top Pattern Fit (purple) and NeuralNet (green)
algorithms. For comparison a test algorithm Max PMT (brown) is shown. At
the S2 trigger treshold (red dashed) the position resolution is below 2 cm for
TPF and NN. At very high S2 area, non-linearity effects (i.e. ADC saturation)
decrease the resolution. From [101].

Position resolution (x,y) Both algorithms were tested on MC data to
determine their resolution as a function of S2 signal. In general, a higher
energy deposition means more photons are measured by the top array
and the algorithm’s uncertainty on the reconstructed position decreases.
In figure 3.3b, the resolution for both algorithms is shown versus the S2
area.

To contrast against TPF and NN, a test algorithm called Max PMT is
shown. This algorithm just returns the position of the PMT that saw the
most light. The vertical dashed red line represent the minimum S2 area
used for dark matter searches. At this threshold of 200PE, the recon-
struction uncertainties are about 2 cm and 3 cm for positions determined
by TPF and NN, respectively. For higher energies, the resolution improves
until it reaches its maximum position reconstruction resolution. For even
higher S2 areas (above 105 PE), the resolution worsens because of satura-
tion effects, this is where the energy response is not linear any more. For
every S1 and S2 peak, the reconstructed (x,y) of all different algorithms
are saved.
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Reconstruction of depth (z) The depth (z) of the interaction is cal-
culated by the time difference between the main S1 and S2 signal3. The
time of a signal is defined as the time where the area has its center of
gravity. The depth is thus found by z = tdrift/velectron. For a voltage
of -12 kV on the cathode, a maximum drift time was measured of about
673μs. This maximum drift time corresponds to events originating at the
cathode, which is 96.9 cm away from the cathode. The corresponding
drift velocity is found to be velectron = (1.440 ± 0.003)mm/μs. For every
matched S1-S2 pair the (z) value is stored.

3.2.2 Field distortion correction

The XENON1T TPC was designed to operate at a 100 kV potential dif-
ference between the cathode and the gate, to ensure among others that
multiple and single scatters can be distinguished and good ER discrimina-
tion from NR interactions. The field shaping rings, as shown in figure 2.7,
ensure a homogeneousness drift field, so that electrons drift straight up-
wards. Unfortunately, due to problems with unexpected light and charge
emission from the cathode, a decreased cathode voltage of −12 kV was
chosen. With this configuration in XENON1T, a deviation in the electric
field lines is found. The MC electric-field simulation shown in figure 3.4a
demonstrates this effect. In the middle of the detector the field lines are
straight, but at the outer edges the field lines show an inward deviation.
Electrons that follow these field lines, are now reconstructed by the posi-
tion reconstruction at a radius that is smaller than the true radius of their
interaction point. A radial Field distortion Correction (FDC) rectifies the
(x,y) position for all events.

The FDC is constructed by matching simulations of the electric field
to calibration data from 83mKr. This process has led to the 2D FDC map
shown in figure 3.4b. For every position in z vs r, a radial correction is
applied to the S2 signal. This ranges from zero correction at the center
of the TPC to about +30 mm at the edges. Here we assume the field is
rotationally symmetric, so no φ-dependent correction is applied.

3And a small correction is applied to account for the different electron drift speed
in the liquid layer between gate and liquid-gas interface.
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Figure 3.4: (a) Simulation of the electric field in XENON1T. On the cathode,
gate and anode, -12 kV, 0 and +4 kV is applied, respectively. The colors show
the equipotentials, while the streamlines show the electric field. In the top right
corner of the TPC the field lines are bended inwards due to the lower field config-
uration. From [102]. (b) Field Distortion Correction map. In color the applied
radial correction is shown for the real interaction position of the event. This ra-
dial correction is applied to rectify the effect on the (x,y) position reconstruction
due to the inward bending field lines. From [102].
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3.3 S1 and S2 signal corrections

The next step is to correct S1 and S2 signals for position- and time-
dependent signal losses. For S1 signals, a correction needs to be applied
to account for the change in total Light Collection Efficiency (LCE) for
different (x,y,z) interaction positions in the TPC. For the S2 signals, two
different corrections are needed. Firstly, an (x,y)-dependent correction
is applied to account for LCE changes in the top array, due to a non-
uniform amplification field and dead PMTs4. Secondly, a time-dependent
correction is applied to correct for an evolving purity of the liquid xenon
over time. Electrons that generate an S2 can be lost during drift and
this effect is corrected for. To determine these three corrections, 83mKr, a
calibration source with mono-energetic lines, is used.

3.3.1 83mKr calibration

Metastable 83mKr is soluble in liquid xenon, and is a very useful internal
calibration source in a variety of liquid noble-gas detectors [91]. The decay
scheme is shown in figure 3.5.

XENON1T utilizes a solution of 83Rb (half-life of 86.2d) evaporated
onto zeolite beads to generate 83mKr. From there, 83mKr, with a half-life of
1.83 h, generates a 32.1 keV conversion electron or gamma with an internal
conversion coefficient of α = 2035 (α ≡ Ne−emission/Nγ−ray emission). This
is followed by a 9.4 keV conversion electron or gamma (α = 17.09). These
decays occur with a delay of (154.4 ± 1.1) ns (half-life) [103]. This char-
acteristic delay makes selecting this event topology almost background
free. Liquid xenon is flushed through the 83Rb source to mix with the
gaseous 83mKr, that then flows into the TPC. Due to the half-life of 1.83 h
the krypton mixes almost homogeneous within the TPC after about 1 hr.
These interactions can then be used for testing the position reconstruction
algorithms, non-uniformities in drift field, relative Quantum Efficiencies
(QE) of PMTs, light Collection Efficiency (LCE), and absolute light yield.
83mKr calibrations are taken biweekly to monitor any time-dependent ef-
fects. In the next sections the results of these calibrations are presented.

3.3.2 S1 Light Collection Efficiency map (x,y,z)

For the S1 LCE correction, the mono energetic peak of 32 keV from 83mKr
is selected. The TPC is binned into r, φ and z. The total number of
bins (about 1250) is chosen to maximize granularity, while still keeping

4To give an idea of the size of these corrections: the maximum relative S1 LCE
(x,y,z) correction is about three times larger than that of the S2 LCE (x,y) correction.
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Figure 3.5: Decay scheme of 83Rb by 83mKr to stable 83Kr. The profile of
this decay, a 41.5 keV conversion electron or gamma together with a 9.4 keV
conversion electron or gamma within several hundreds of ns, means it is easily
distinguishable from any background signal. As it decays quickly to stable 83Kr,
this calibration can be done within a day, after which dark matter search data
taking is resumed. From [104].

sufficient data in each bin so that the statistical uncertainties of the fits
are small. The relative number of bins in each dimension where optimized
from the relative light yield (LY) changes in each dimension. A few exam-
ple bins of the S1 LCE map are shown in figure 3.6. The map starts at bin
−3.5 cm> z > 0 cm and ends at bin −96.9cm> z > −93.4 cm. In color
the relative light yield is shown ranging from 4.8 to 10.4. The biggest light
yield change is observed in the z-direction. At the gas-liquid interface a
lot of light is reflected due to the small critical angle of reflection (about
36◦). Thus the further away from the bottom array the interaction oc-
curs, the more light is reflected at least once before reaching a PMT. The
longer the path of the photon, the higher the probability is that it will be
absorbed on a surfaces of the TPC or by internal impurities in the LXe.

For every S1 peak, the S1 LCE correction is applied after which it
is named corrected S1 (cS1). As the map itself is binned, the S1 LCE
correction uses linear interpolation of the 6 nearest bins to achieve a higher
precision.
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Figure 3.6: Three example z-slices of the S1 LCE map. The full S1 LCE map is
divided into about 1250 bins in r, φ and z. It has 28 3.5 cm-thick slices in z, six 8
cm slices in r and a number of r-dependent slices in φ. In color the relative light
yield (LY) is shown ranging from 4.8 to 10.4 PE/keV. This correction is made to
account for the position-dependent light loss due to absorption on surfaces and
internal impurities. Adapted from [105].

3.3.3 S2 Light Collection Efficiency map (x,y)

An S2 LCE (x,y) correction is needed due to a non-uniform amplification
region and dead PMTs. 83mKr calibration data is also used to determine
the S2 LCE correction. Figure 3.7a shows the S2 LCE correction map for
the bottom (a) and top (b) PMT array. The amplification region has a
large-scale charge yield variation, which can be observed in the bottom
array. This is due to a combination of anode mesh warping and a residual
tilt of the TPC. A more irregular variation is observed in the S2 (x,y)
map of the top array. Here, because of the small distance between the
PMTs and the gas-liquid interface, the effect of dead PMTs on the total
collected light is clearly observable. The position of the dead PMTs, 15
in total, correspond to areas with lowest charge yield.

The (x,y)-dependent LCE correction is applied to every S2 signal.
Depending on the specific analysis, either the total corrected S2 area (cS2)
is used or only the corrected S2 area measured in the bottom array (cS2b).
The reason to select cS2b is that big S2 signals can saturate PMTs in the
top array, which lead to non-linearities in the energy reconstruction.
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Figure 3.7: (a) S2 Light Collection Efficiency map of the bottom PMT array
from krypton calibration data. The smooth variation of the charge yield is caused
by a combination of anode mesh warping and the residual tilt of the TPC. From
[106]. (b) S2 Light Collection Efficiency map of the top PMT array from krypton
calibration data. The irregular variation of the light collection efficiency is caused
by a total of 15 dead PMTs, with positions corresponding to the dark areas. From
[106].

3.3.4 S2 electron lifetime correction

Electron lifetime fit The second S2 signal correction is to account for
the charge losses during the drift of the electron cloud through the liquid
xenon. The electron lifetime is defined as the mean lifetime of an electron
drifting in the LXe, before it attaches to electronegative impurities:

S2(E) = S20(E)e(−
Δt
τ ), (3.1)

with S2(E) the measured charge signal at a given energy, S20(E) the
charge signal corresponding to the same energy that would been measured
if no impurities are present in the liquid xenon, Δt the drift time and τ
the electron lifetime. Several different sources can be used for determining
this correction, but for consistency we normally use events from 83mKr
(32 keV). Figure 3.8 shows the fit of the electron lifetime for a krypton
calibration dataset. As expected, the mean S2 area decreases for longer
drift times (depth). The median of the distribution, in slices of drift time,
are fitted with an exponential decay function5. This electron lifetime is
then used to correct the S2 as if no electrons were lost during their drift.
Together, the S2 (x,y) LCE and the S2 (z) electron lifetime correction lead
to the final corrected S2 (cS2) signal.

5The horizontal error bars here should be a maximum of one bin wide to account
for the binning uncertainty in the drift time, but are wider due to a coding bug.
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Figure 3.8: Electron lifetime fit of 83mKr calibration data shown in a density
histogram. The decrease in S2 is caused by charge loss due to the attachment to
electronegative impurities during the drift of the electron cloud. This example
corresponds to an electron lifetime τe = (467±5)μs, derived from the exponential
fit (red line) to the median S2 values (black markers) of the drift time slices. From
[84].

Trend over time The electron lifetime is a time-dependent variable,
as the impurity level changes over time due to outgassing and constant
purification. Even though in science run 1 (SR1) the electron lifetime is
calculated from krypton calibration data (bi-weekly ), for science run 0
(SR0) it was calculated from a daily fit to radon decays in the background
data6. The advantage of using radon decays is that their activity is high
enough to do daily electron lifetime measurements without losing time do-
ing calibrations. The disadvantage is that due to the high energy (about
6MeV) and interaction type (alpha interactions) of radon decays they are
differently influenced by detector parameters than low energy ER back-
grounds. Independent of the source, the electron lifetime measurements
are used to fit the trend over time, and from this trend the day-by-day
electron lifetime is used for the correction of search data7.

3.4 Data quality cuts

Now that the S1 and S2 signals have been corrected for spatial- and time-
dependent effects, one can start to select those events that can be used
for analysis. Data quality cuts have the goal to select a specific set of

6Radon decays will be presented in chapter 4.
7The electron lifetime changed from about 400 to 500 μs during SR0.
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events (e.g., an energy range or a region in the TPC), while at the same
time rejecting events that don’t fall into a specific quality standard (e.g.,
incomplete energy reconstruction, overlapping waveforms or position re-
construction problems). As the list of cuts is specific for each analysis
goal, we will focus here on the set of cuts that are used for understanding
the low energy background of XENON1T. These cuts will be used in the
analysis of the first dark matter search results for XENON1T [3], which
will be presented in the chapter 5.

3.4.1 List of SR0 cuts

Set Cut name Main goal Acceptance

I S1 Low Energy Range S1 energy range -

S2 Threshold S2 energy range 1.0

Interaction Peak Biggest Get main event 0.997

II S1 Single Scatter
Reject double scatters

0.999∗

S2 Single Scatter 0.959

III S1 Area Fraction Top

Select events in TPC

0.999

S2 Area Fraction Top 0.998

S2 Width 0.991∗

IV S1 Pattern Likelihood
Reject wrong S1-S2 pairs

0.999∗

S2 Pattern Likelihood 0.954

S1 Max PMT Reject afterpulses 0.999∗

V DAQ Veto Reject partial waveforms 1.0

S2 Tails

Reject single electrons

0.96

Single Electron S2s 0.999

Pre S2 Junk 0.999

VI Fiducial Cylinder 1T Reject external backgrounds 0.52

Table 3.1: List of the 16 cuts used for the SR0 WIMP search of XENON1T. The
main goal of each cut is stated next to the cut name. The cuts are grouped into
five sets, for each set a more detailed explanation of the cut is given in the text.
For every cut the acceptance is given, this represents the percentage of signal-like
events that will remain after this cut is applied. All the cut definitions can be
found in appendix A. ∗These acceptances are given for a WIMP spectrum with
a WIMP mass of 50 GeV.

I. Energy range and interaction cuts The S1 Low Energy Range
(‘0 < cS1 < 200 [PE]’) cut selects the energy region in which dark matter
signals are expected. The S2 threshold (‘200 < S2 [PE]’) cut ensures a
100% trigger efficiency to detect the S2 signal. It does not use an upper
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limit on the S2 area, as that is given by the upper limit of the S1 range.
The Interaction Peak Biggest cut ensures we select the main interaction;
i.e., match of the biggest S1 and S2 peak together8.

II. Single scatter cuts For WIMP interactions in LXe, with cross
sections below about 10−46 cm2, one expects to see only single scatter in-
teractions. Background signals, such as from neutrons, are able to double
scatter (two distinct S2 signals for one S1 signal) in the detector. The S1
and S2 Single Scatter cuts use the area of the second largest S1 and S2,
respectively, to reject double scatter events. The S2 single scatter cut is
energy-dependent as the number of single electrons from photoionization,
which mimic an S2 if they are piled up on top of each other, is depended
on the amount of light from the S2.

III. Area Fraction Top and width cuts These cuts are designed to
remove a whole set of different backgrounds: Accidental Coincidences of
S1 and S2 signals, double-scatters, events below the cathode, mis-matched
S1s and S2s, events with unphysical hit-patterns and gas events9. The
Area Fraction Top (AFT) of a signal is defined as the relative amount
of light measured in the top array compared to the total amount of light
measured in the top plus bottom array. For S2s, that are produced at the
gas-liquid interface, this is a well-defined and narrow distribution. The
basis for the S1 AFT cut is that the number of photons observed in the
top array is in principle a binomial distribution10. We compare if the
measured S1 AFT value agrees with the expected one from the depth
of the interaction. Using the LCE maps, one tests if the chance of the
distribution of photons falls within a p-value of 1×10−4. Finally, the S2
Width cut compares the width of the S2 signal, to the expected width for
an S2 signal of the given depth and energy. The model is based on the
diffusion model of the electron cloud drifting in LXe.

IV. Position reconstruction cuts These cuts are designed to reject
double scatters or mismatched S1-S2 pairs. The S1 Pattern Likelihood
cut compares the S1 hit-pattern with the expected hit-pattern from sim-
ulation. The simulated hit-pattern is built on the S1 LCE map by using
the reconstructed (x,y) position from the S2. It can reject accidental co-
incidences, such as mismatched S1-S2 pairs from lone S1 and S2 signals
being accidentally paired into one event. The S2 Pattern Likelihood cut is

8As causality is expected in the data processor, it is possible that it selects an S2
after the biggest S1 that is not the biggest S2 in the waveform.

9Gas events interact in the gas region of the TPC.
10Which we approximate with a Poisson.
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designed to reject double scatters on the basis of their hit-pattern. Specif-
ically rejecting double scatters that are not separated in time, but only in
space. Hit-patterns, for which the position reconstruction algorithm finds
two local minima, are rejected by this cut. The S1 Max PMT cut rejects
accidental coincidences by comparing the area measured in the PMT that
saw the most light, to the total area of the S1 signal. PMT problems,
such as spontaneous light emission or afterpulses combined with a single
electron S2s could otherwise be counted as real signals.

V. DAQ and single electron cuts These cuts are defined to reduce
known background sources. The DAQ Veto cut rejects events where parts
of the data in the waveform are lost due to e.g., a busy signal of the
digitizers or due to an high-energy veto signal during the event. The
S2 Tail cut is designed to reject events in the tail of a very big S2. The
production of single electrons, due to photoionization on LXe impurities or
metal surfaces by big S2 (or S1) signals, can lead to misidentification of S1-
S2 pairs. For S2s signals above 1×106 PE (from, e.g., MeV γ-rays), these
single electron tails last O(ms). Another cut designed to handle the single
electrons is the Single Electron S2 cut. It is designed to remove events
where the S1 signal actually is (or is part of) a misidentified single electron
S2 signal. It combines the information of the rise time and the AFT of
the signal to reject S1 signals that should have been identified as single
electron S2 signals. Finally, the Pre S2 Junk cut rejects events where too
many single electron S2 signals are found within a single waveform before
the main S2 signal.

VI. Fiducial Cylinder 1T The last cut is the Fiducial Cylinder 1T
selection. This is the selection of events by requiring r < 36.94 cm and
−92.9 < z < −9 cm. The two main goals of this selection are: firstly, select
the center region where only the low internal backgrounds are present
and thus discard the edges in which most background events interact11.
Secondly, to discard events that interact close to the edges and thus lack
full light or charge collection. The shape and size determination of the
fiducial volume will be presented in chapter 5.

3.4.2 Total selection efficiency

For every cut that is applied on dark matter search data to reduce back-
grounds, some percentage of signal events will also be removed. This cut
acceptance has to be estimated to determine the sensitivity of XENON1T

11As the chance of a WIMP interaction is uniform over the whole target volume, this
improves the signal/background event ratio.
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to WIMP signals. To calculate the acceptance of a cut, one ideally uses
a set of signal-like events, either from simulation or calibration data. The
advantage of simulation data is that we know a priori if the cut should
or should not remove the event. The disadvantage is that we cannot in-
corporate all possible (known) detector effects and backgrounds in the
simulation. For this reason we also use calibration data. We will not dis-
cuss every cut in detail here, but limit ourselves to three examples of the
methods used to calculate the acceptance. The three different ways we
calculate the acceptance of a cut are:

• testing it on calibration data from either 220Rn or 241AmBe 12;

• using a data-driven model; and

• testing it on MC simulations.

Acceptance from calibration data The S2 Area Fraction Top cut
acceptance is calculated with an ‘N-1 method’ using 220Rn calibration
data. This method assumes that a good set of cuts should result in a
clean data sample of (physical) signal-like events. One then calculates the
cut acceptance by applying the S2 Area Fraction Top cut last and count
how many events failed and passed. Figure 3.9 shows the S2 Area Fraction
Top cut boundaries on 220Rn data with all other cuts applied first.

As the S2 is created in the gas-liquid interface, the S2 AFT values
should have a distribution centered around the mean S2 AFT value. The
spread of the S2 AFT value is influenced by statistical fluctuations, which
in turn depends on the size of the S2. This behaviour is observed as the S2
AFT band becomes narrower for larger S2 signals. A source of events that
this cut removes are gas interactions, which are expected to have S2 AFT
values of about 0.7 and higher. The boundaries of the S2 Area Fraction
Top cut removes three events (red markers). The acceptance is the ratio
of the number of events that fail divided by the number of events that
pass, resulting here in a cut acceptance of 0.998 for the S2 Area Fraction
Top cut. The downside of the N-1 method is that one has to assume no
cuts are correlated, and that the final sample holds only signal-like events.

Data-driven acceptance An example of the second method is the ac-
ceptance calculation of the S2 Tails cut. Large S2 signals can produce
long trains of single electrons (SE) by photoionization on metal surfaces
in the TPC. Such S2 tails can extend from microseconds (for small S2s)

12When possible, all cuts are tested both on 220Rn and 241AmBe data as a cross
check.
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Figure 3.9: Events from 220Rn calibration data that pass (green markers) and
fail (red markers) the S2 Area Fraction Top (AFT) cut. All other SR0 cuts have
been applied first. The acceptance is determined by the number of events that
failed divided by the number of events passed, which here results in an acceptance
of 0.998 for the S2 AFT cut.

up to a few seconds (for S2 signals from muons tracks). The most com-
mon SE tails are from S2s above 100,000PE and last O(ms). To minimize
the risk of accepting events where either the S1 or S2 signal are created
from pileup of SEs, we cut events within an S2-dependent time period
after all S2 signals. The S2-dependent time period being cut is defined
by: S2 [PE]/tdiff [ns] = 0.4, with tdiff the time period after the S2 signal
being vetoed. To calculate the acceptance we scan all S2s of the search
data and calculate the total vetoed time period. This results in a live-time
reduction of 4%. The cut acceptance of the S2 Tails cut is thus 96%.

Acceptance from MC simulation The acceptance of the S1 Low En-
ergy Range cut is calculated using MC data. This cut includes the S1 de-
tection efficiency, which cannot be calculated on real data, as one does not
know a priori how many real S1 signals were not detected. A waveform
simulator is used to produce S1 signals with low counts of photons (0-20
PE) and feed these into the data processor, which has the 3 PMT coin-
cidence requirement. For three photons the detection efficiency is around
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0.4 and reaches 1 at around 10 photons. As we define the acceptance after
detection, we do not quote an acceptance for this cut, but show the found
detection curve (blue) in figure 3.11. This figure is further discussed at
the end of this section, after we present the total cut acceptance.

Energy dependent acceptances For all but four cuts we assume a
flat acceptance in the WIMP search energy region. The S1 Max PMT, S1
Single Scatter, S1 Pattern Likelihood and S2 width have energy dependent
acceptances. As the WIMP spectrum is mass dependent, so is the total
cut acceptance value. Therefore the total cut acceptance is calculated
as a function of cS1, and used by the limit code to calculate the WIMP
sensitivity for every mass. Figure 3.10 shows the WIMP spectrum for
a WIMP mass of 50 GeV/c2 in cS1 vs cS2. On the right y-axis the
acceptances are shown for the S1 Max PMT, S1 Single Scatter and S1
Pattern Likelihood cuts. The acceptances for these four cuts in table 3.1
are calculated on this specific WIMP mass.

Figure 3.10: Simulated WIMP spectrum for a WIMP mass of 50GeV with
energy dependent cut acceptances for the S1 Max PMT (blue), S1 Single Scat-
ter (orange) and S1 Pattern Likelihood (green cuts). The (normalized) WIMP
probability density is represented by the color scale.
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Total detection efficiency Figure 3.11 shows the total efficiency for
SR0 of XENON1T. The total efficiency is a combination of the detection
efficiency, cut acceptance (‘Selection’) and energy range selection (‘Search
region’). The detection efficiency is mainly dominated by the coincidence
requirement of 3 PMT signals. When including the cut acceptance this
leads to a total efficiency of about 89% for energy depositions above a few
keV. Finally, the energy range selection (3 - 70PE in cS1), used for the
dark matter search analysis, is applied leading to the solid black line with
the total uncertainty in grey. Thus below a few keV the loss mostly comes
from the detection threshold, while at 20 keV the loss (about 11%) is fully
due to the cuts.

Figure 3.11: Total efficiency (black curve) for SR0 including detection efficiency
(blue curve), cut acceptance (‘Selection’, green curve) and energy range (‘Search
region’) selection. The uncertainty on the total NR detection efficiency is shown
in grey. The search region shown here is for a dark matter search with an applied
energy range of 3 < cS1 < 70PE. For comparison the NR energy spectrum of a
50 GeV WIMP is shown (red dashed). From [99].
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3.5 Energy reconstruction

Once we have the signal corrections in place and apply the cuts, we are
able to make an energy spectrum of calibration data peaks. As the energy
of these peaks is known, one can calculate the (energy dependent) light
and charge yields. The light yield (LY) (given in in PE/keV) is the amount
of light measured in cS1 for a given energy deposition. The charge yield
(CY) (also given in PE/keV) is the amount of light measured in cS2 for a
given energy deposition. From these values we can reconstruct the primary
scintillation yield g1

13 and secondary scintillation gain g2
14. The g1 and

g2 are then used to convert cS1 and cS2 values (in PE) to a deposited
energy (in keV)15. The width of the calibration data peaks is a measure
of the energy-dependent energy resolution of XENON1T. Several different
mono-energetic calibration peaks are used from internal beta and external
gamma calibration sources, radioactive decays in the materials of the TPC
and activated xenon lines due to neutron calibration.

3.5.1 Light and charge yield

Figure 3.12 shows the combined energy spectrum for background data in
XENON1T. It shows several distinct peaks, which are used for energy
calibration. As not all cuts were designed to work up to all energies, only
a subset of cuts (Fiducial Volume, S1 Single Scatter, S2 Single Scatter and
S2 Area Fraction Top) is used here. The x-axis shows deposited energy,
where the cS1, cS2 signals are converted into a Combined Energy Scale,
which will be presented in the next section.

The following peaks are identified (sorted from low to high energy):

• The 41.5 keV peak is the combined signal from the 9.4 keV and
32.1 keV decays from 83mKr 16. This population is not from cali-
bration data, but from a 83Rb contamination in our piping system.
As it does not affect our dark matter search region, it is now used
as a permanent calibration source.

• The 163.9 keV peak is from the 131mXe activation line. The short-
lived 131mXe isotope is produced during neutron calibration by ther-
mal neutron activation and has a half-life of 11.8 d.

13Also known as the photon detection efficiency, even though it is only appropriate
for the S1 signal.

14This is the photon multiplication value per electron for the S2 signal.
15Also known as the combined energy scale.
16As double scatters are rejected by cuts, only the events where both the two S1 and

the two S2 signals overlap are kept.
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Figure 3.12: Combined Energy Spectrum (CES) from background data. The
six named peaks originate from calibration sources, activated xenon lines and
TPC materials. With the exception of the 214Bi+ 208Tl peak, these peaks are
used to determine the light and charge yield, and the energy resolution. From
[107].

• The 263.2 keV peak is also an activated xenon peak, this time from
129mXe, which has a half life of 8.9 d 17.

• At around 600 keV a combined peak is visible originating from the
primordial uranium (214Bi at 609 keV) and thorium (208Tl at 583 keV)
decay chains, which originate from the materials of the TPC and
cryostat. As they are not clearly separated, they are not used for
the combined energy spectrum.

• At 1173.2 keV and 1332.5 keV the two peaks from 60Co emerge.
These also originate from materials, such as from the cryostat shells,
the PMTs with bases, the cryostat flanges and the PTFE walls.

Starting with equation 2.9, we can now define a combined energy
scale18, which translates the measured cS1 and cS2 signals into deposited
energy, as:

E0 = W (nγ + ne−) = W

(
cS1

g1
+

cS2

g2

)
, (3.2)

17This is actually a combined signal from the 196.6 keV gamma from 129mXe →
129Xe∗ and the 39.6 keV gamma from 129Xe∗ → 129Xe.

18As these are electronic recoil signals, we can ignore the NR quenching factor L.
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Figure 3.13: ‘Doke plot’ with measured light vs charge yield of the peaks identi-
fied in figure 3.12. The primary scintillation gain (g1) and secondary scintillation
gain (g2) are found by a linear fit (red dashed line). This show excellent linearity
for keV - MeV sources in XENON1T. The found g1 and g2 values, used in the
combined energy scale equation 3.2, are used to translate the measured cS1 and
cS2 signals into deposited energy. From [107].

with g1 the primary scintillation gain and g2 the secondary scintillation
gain. The LY is defined as the number of photo electrons measured in the
cS1 signal per keV of deposited energy. The CY is defined as the number
of photo electrons measured in the cS2 signal per keV of deposited energy.
The LY and CY are energy-dependent as the ratio between the number
of photons and electrons is energy-dependent. The g1 and g2 values are
calculated by a linear fit of the LY (cS1/E) and CY (cS2/E) values for
the different peaks from figure 3.12, as shown in figure 3.13.

The found g1 = (0.1432 ± 0.0068)PE/ph shows that in XENON1T
for every 100 deposited photons we detect on average about 14 photo-
electrons19. The found g2 = 32.90 ± 2.26 PE/e shows that for a single
electron reaching the amplification region about 33 photoelectrons are de-
tected. The stated uncertainty in figure 3.13 only includes the statistical
uncertainties of the fit, while the numbers given in the text include the
systematic uncertainties. To estimate the systematic uncertainty of g1
and g2 the influence of different detector volumes, different cuts and dif-

19This includes double photo-electron emission on the PMT cathode of xenon VUV
photons, which is about 15% [108].
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ferent energy regions was investigated20. XENON1T thus has a linear
energy scale from keV to MeV signals.

3.5.2 Energy resolution

With the fitted peaks in figure 3.12, one can now also calculate the energy-
dependent energy resolution. The energy resolution is defined as σE/μE ,
where σE is the standard deviation of a 2D Gaussian fit to the peak in
the cS1-cS2 space and μE is the mean deposited energy, see figure 3.14.
The energy resolution of XENON1T is shown in figure 3.15.

Figure 3.14: Primary scintillation signal (cS1) versus secondary scintillation
signal in the bottom array (cS2b) for the 41.5 keV combined peak of 83mKr. The
distribution is fit by a 2D Gaussian with found means of (333 ± 33)PE and (8010
± 216)PE for cS1 and cS2, respectively. The number of events/bin is shown in
color. From [109].

The energy resolution improves for higher energy depositions being
due to more quanta being made in the liquid xenon and thus the statisti-
cal fluctuations become less prominent. A phenomenological fit function,
σE
μE

= a√
E(MeV )

+ b, is chosen, which follows the behaviour of the energy-

dependent energy resolution21. One reason for the 214Bi+ 208Tl peak (at

20The systematic uncertainties are dominated by a depth dependence.
21The found values are a = 26.3MeV1/2 and b = 1.68.
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approximately 1.2MeV) to be far off the empirical fit is that one expects
a wider peak for a combined signal of different energies.
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Figure 3.15: Energy resolution of the peaks found in figure 3.12 versus deposited
energy. One extra high energy peak was added, the 2204.1 keV peak from 214Bi.
An empirical formula is fit to the data and follows the improving energy resolution
for higher energies depositions. This is due to the increased number of quanta
deposited in the liquid xenon, which decreases the relative statistical fluctuations,
as shown in equation 3.2. The statistical uncertainties stay within the marker
size. No sytematic uncertainties are shown, but are found to be O(0.1)% in the
SR1 analaysis. From [107]
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3.6 Signal versus background discrimination

Finally everything is in place to discriminate between signal and back-
ground events in XENON1T. The discrimination space used is cS1 versus
cS2, where nuclear recoils will have on average a lower cS2 value for the
same cS1 value as electronic recoils22. To determine the discrimination
efficiency from data, two different calibration sources are used. For the
electronic recoil calibration the 220Rn source is used, which is mixed into
the liquid xenon23. The decay daughter of 220Rn, 212Pb is used as a low
energy beta calibration source [89]. For the nuclear recoil calibration, the
241AmBe source is deployed on the outside of the cryostat. The low energy
neutrons interact with xenon nuclei to produce nuclear recoils, similar to
the signals one expects from a WIMP interaction [88].

3.6.1 ER and NR band calibration

Figure 3.16a shows the events from the 220Rn calibration data in the dark-
matter search region of 3-70 PE in cS1 vs cS2. All cuts, as described in
section 3.4, have been applied. Most events follow the expected correlation
between cS1 and cS2 and thus form a narrow Electronic Recoil band (ER
band), the deviations from the band come from statistical fluctuations
and uncertainties in the signal corrections. The blue solid line shows the
median of the ER band, while the blue dashed lines show the ±2σ region,
assuming a Gaussian distribution. The electronic recoil band has a flat
spectrum and the events are therefore mostly homogeneously distributed
in the ER band. Most events from background sources in the dark matter
search data should cause electronic recoils and are thus expected to be
distributed in a similar way.

Figure 3.16b shows the events from 241AmBe calibration data in the
same cS1-cS2 space. Again all SR0 cuts have been applied. This shows
the nuclear recoil bands, which has on average a lower cS2 value for the
same cS1 value. The solid red line is the fit of the median of the NR band
distribution, while the red dashed lines are the ±2σ regions. The higher
density of events at lower cS1 values is due to the energy spectrum of the
neutrons. A reason for seeing more events further away from the band
than expected from a Gaussian distribution is caused by a small pollution
of double scatter events after applying the single scatter cuts24.

22See section 2.2.
23See section 2.3.3.
24Due to the low drift field and low e-life XENON1T is worse at rejecting double

scatter events than expected.
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Figure 3.16: Observed event distribution in cS2b vs. cS1 for (a) 220Rn ER
calibration and (b) 241AmBe NR calibration data. The mean (solid) and ±2σ
quantiles (dashed) are shown for both the ER band (blue) and NR band (red). To
guide the eye the means of the ER and NR bands are shown in both figures. The
shift in median cS2 value for the same cS1 value is used to distinguish between
signal-like (NR) and background-like (ER) events. From [3].

ER discrimination For comparison, in both plots of figure 3.16 the
median of the ER band (blue) and the median of the NR band (red)
are shown. While there is a small neutron background, which is mostly
indiscriminable from WIMPs (this will be presented in section 5.3), most
of the background comes from ERs. From the position of the mean of the
NR band it is clear that events above it in cS2 are also in the ER band
and cannot easily be distinguished from ER background events. Events
below the NR mean though, would be clearly distinguishable. From the
calibration data it is now possible to calculate the ER discrimination.
This we define as the percentage of ER (background like) events that are
found above the NR mean in cS1-cS2 space. Using the NR mean gives per
definition an NR (signal like) acceptance of 50%. The ER discrimination
is calculated from calibration data after all the corrections and cuts have
been applied. Table 3.2 shows for both SR0 and SR1 the calculated ER
discrimination values, and for comparison the MC expectation value from
[93].

Influence of the drift field strength The found SR0 ER discrimina-
tion of (99.71 ± 0.21)% agrees with the expectation of the MC expecta-
tion. The uncertainty comes from low calibration statistics in SR0. For
SR1 the calibration statistics were improved and the SR1 ER discrimina-
tion of (99.82 ± 0.05)% shows we exceeded the MC expectation, even at
a much lower drift field. This was an unexpected result, as the general
consensus in the field is that the ER discrimination should improve with
field strength.
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SR0 SR1 MC expectation

Cathode voltage [kV] −12 −8 −100

E-field [V/cm] 116.7± 7.5 80.5± 2.2 ∼ 1000

ER discrimination [%] 99.71± 0.21 99.82± 0.05 99.5

Table 3.2: Measured ER discrimination at 50% NR acceptance for SR0 and
SR1 [110] compared to the MC expectation [93]. For every science run the ER
discrimination is calculated with the fraction of 220Rn calibration events left in
the range 3-70 PE in cS1, after cuts and being below the NR median in cS1-
cS2 space. The quoted drift field strengths for SR0 and SR1 are derived from
simulation for a 1 t and 1.3 t fiducial mass, respectively. Even at O(10) time lower
field strength than designed for, the ER discrimination in XENON1T exceeds the
expectation.

In table 3.2 the cathode voltages and drift field (in the FV from simu-
lation) are shown for both science runs and the MC expetation. For lower
drift fields many uncertainties in detector parameters get worse, which
would lead to a broadening of the ER and NR bands. On the emission-
physics side, broadening of the bands is also due to the photon yield and
the recombination fluctuation being field dependent [111] [73].

One counter example of an actual one-to-one relation between field
strength and ER discrimination comes from PandaX-II. They report for
Run 10 a (99.47±0.08)% ER discrimination (at 50% NR acceptance) with
a drift field of 400V/cm [112]. Dedicated ER discrimination measurements
for different field strength are needed to give a final answer on this open
question. But, looking back at the XENON1T, we can conclude that it
exceeded the needed signal versus background discrimination, even though
the achieved drift field strength fell a factor 10 short of its design value.

3.6.2 Light and charge depositions from electronic recoils

One other thing that we can now do is to compare the light and charge
depositions from electronic recoils in XENON1T to simulation. Using
equation 3.2 and the found g1 and g2 values we can convert the cS1 and
cS2 values for known calibration peaks into deposited electrons and pho-
tons. For this purpose, we use the peaks found in section 3.5.1, and add
two extra peaks at higher energy: 2204.1 keV from 214Bi and 2614.5 keV
from 208Tl 25. Figure 3.17 shows the measured light and charge yield in
XENON1T versus deposited energy.

The photon yield and electron yield from data are compared to the
expectation values from two different versions of NEST. The Noble El-

25Both are from materials.
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Figure 3.17: Light (blue) and charge (green) yield comparison between
XENON1T data and NEST. The errorbars on the datapoints are from the sys-
tematic uncertainty of g1 and g2, which are an order of magnitude higher than
the statistical uncertainty. The total yield for data (red markers) and NEST
(red horizontal line) are shown, which agree within the errors. The older NEST
(version 0.99) [96] does not agree with data, even within uncertainty (blue and
green bands). The newer NEST v2α [113] (blue and green dotted lines) shows
better agreement with data below 1.5MeV. The grey band represents the energy
region in which we expect WIMP signals. Other data points at lower energies
are avalable from other experiments, but for clarity reasons not shown.

ement Simulation Technique (NEST) package is a comprehensive model
for explaining scintillation yield in liquid xenon. It tries to unify various
definitions of work functions found in literature and incorporate all avail-
able data from various liquid xenon experiments on the scintillation yield.
The solid lines are from NEST version 0.99 with a xenon density of 2.863
g/cm3 and a drift field of 80 V/cm. The bands show the total uncertainty
on the NEST expectations by combining a 4% model uncertainty with a
10% uncertainty from an expected field strength variation. The first three
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peaks (83mKr, 131mXe and 129mXe) are from internal sources and mostly
measured in a homogeneous field in the center of the TPC. The last four
peaks (60Co, 214Bi and 208Tl) are from material sources and mostly mea-
sured close to the walls where field in-homogeneity could play a role (see
figure 3.4a). The 83mKr value has a large energy uncertainty due to it
being from a combined signal, as described in 3.3.1, and cannot as such
be used as a mono-energetic peak.

In red the total number of quanta is shown for data and NEST. This
agrees, within errors, with the expected value of (73 ± 1) quanta per keV,
using a W value of (13.7 ± 0.2) eV/quanta. This shows all quanta in
XENON1T can be reconstructed, even though the photon/electron ratio
does not agree with NESTv0.99. Similar discrepancies in photon and
charge yields between NEST and ER calibration data have already been
shown in [94] and are thus not unexpected. NEST v2α shows a much
better agreement with data. This version uses more and updated results
from several ongoing experiments and is an improvement to NEST that
is currently under construction [113]. The new NEST version shows great
improvements at energies below about 1.5MeV, but does not follow the
trend at higher energies.
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3.7 Summary and outlook

Krypton calibration data is used to identify and correct for the position-
and time-dependent effects in the TPC. From the triggered events the
main S1 and S2 signals are identified. The signals are corrected with
an S1 light collection efficiency (LCE) correction map in (x,y,z), a time
dependent S2 electron lifetime correction in (z) and an S2 LCE correction
in (x,y). A field distortion, due to the low electric field configuration, was
not expected, but a dedicated correction was found and is applied. After
a total of 16 data quality and selection cuts, over 80% of events in our low
energy region remain.

The energy calibration shows a high total photon detection efficiency
of about 14%, which is in accordance with the designed high reflectivity
of the walls, high transparency of the meshes and high QE of the PMTs.
With all the parts in place, the shape and position of electronic-recoil and
nuclear-recoil bands give a better-than-expected ER discrimination. Thus,
at a 50% NR acceptance we can detect WIMP-like events in the TPC,
while at the same time rejecting (99.82 ± 0.05)% of all ER background
events. The excellent performance of the XENON1T experiment enables
us to discriminate between electronic (background) and nuclear (signal)
recoils in the relevant energy region for WIMPs.

The next step, for a dark matter search, is to analyse the background
levels. This will lead to a prediction of the expected number of back-
ground events for a given exposure. The determination of the electronic
recoil background will be presented in the next chapter, followed by the
XENON1T dark matter search results in the last chapter.
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Chapter 4

Electronic Recoil
Backgrounds in XENON1T

Nothing in life is to be feared. It is only to be understood.

— Marie Curie

Before we can make any statement on the WIMP-interaction sensi-
tivity of XENON1T, we need to determine the background levels. Back-
ground interactions in XENON1T lead to either an electronic recoil (ER)
or a nuclear recoil (NR). As the latter cannot be distinguished from a
WIMP NR, even a few NR background events can greatly reduce the
sensitivity of the experiment in detecting WIMPs. Backgrounds that in-
duce NRs are neutrons and solar neutrinos undergoing Coherent Elastic
Neutrino Nucleus Scattering (CEνNS). Together these backgrounds con-
tribute to O(1) events in the relevant energy region of a dark matter search
for a 1 tonne-year exposure. Background particles that induce ERs are:
electrons, gammas and solar neutrinos. Due to their abundance, both
from intrinsic and extrinsic sources, combined these sources contribute to
O(1000) events. Fortunately, after 99.75% ER discrimination (as shown in
section 3.6) this number is reduced to O(1) events in the relevant param-
eter space for WIMP NRs. In this chapter, we compare the background
expectation from Monte Carlo simulation to the measured background
rates in XENON1T data. We focus on the ER backgrounds as these are
measured in background data before unblinding the signal region. The
total low-energy ER background expectation is dominated by the radon
daughter 214Pb, we thus spend most time analysing the different isotopes
of the radon decay chain.
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4.1 Background expectations

4.1.1 Electronic recoil background expectation

Figure 4.1 shows the Monte Carlo (MC) energy spectrum of the total ER
background rate (black) in a 1 t inner volume of LXe. The spectra were
created with a full MC simulation of the XENON1T detector as described
in [93]. An inner volume of 1 t LXe is chosen, to maximize the exposure
and minimize the influence of the material background. Only single scat-
ter events are selected, although a misidentified multiple scatter is not re-
jected if the interactions occur within 3 mm in the vertical direction. The
resulting sum spectrum is dominated by radon below a few hundred keV
(i.e., keVee

1), while at higher energies it is mostly dominated by contri-
butions from materials. No energy resolution smearing was applied. The
individual contributions of the ER background components are shown in
color. Before XENON1T started, we expected internal background con-
centrations in LXe of: 10μBq/kg of 222Rn, 0.2 ppt of natKr and from 2ν2β
of 136Xe, which has 8.9% natural abundance. The other ER background
contributions are from the TPC materials and solar neutrinos. We will
now describe the five expected ER background sources.
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Figure 4.1: Simulated energy spectrum (black) of the total ER background
rate in a 1 t fiducial volume for XENON1T, and the separate contributions from:
detector components (purple), 10 μBq/kg of 222Rn (red), 0.2 ppt of natKr (blue),
solar neutrinos (green) and 136Xe double-beta decay (yellow). The right plot
details the spectrum at low energies. The background in the energy region for
dark matter searches (1-12 keV) is dominated by the 222Rn background. From
[93].

222Rn. The background from 222Rn is due to its daughter isotope
214Pb. 222Rn emanates from all materials that are in contact with xenon,
such as the TPC components and the purification and distillation sys-

1When writing ‘keV’ we mean electronic recoil equivalent energy keVee, only when
‘kevnr’ is explicitly written we signify nuclear recoil equivalent energy.
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tems. Due to its relative long half-life (3.8 days), 222Rn distributes homo-
geneously throughout the LXe before decaying. The beta decay of 214Pb
will be discussed in much more detail in sections 4.1.3 and 4.5.1.

Materials. The material background is a combination of gamma rays
from primordial and long-lived man-made radioactive isotopes such as:
238U, 235U, 226Ra, 232Th, 60Co, 40K, and 137Cs. In order of total rate,
the biggest contributions come from: the cryostat shells, the cryostat
flanges, the PMTs and bases, and the PTFE and Cu in TPC. Due to the
self-shielding of LXe, the rate of the material contribution in the central
fiducial volume decreases by two orders of magnitude at energies below a
few hundred keV.

136Xe. Even though xenon itself has almost no long-lived radioactive
isotopes, natural xenon contains 8.9% of 136Xe, a two-neutrino double-
beta emitter with a Q-value of 2458 keV. It is the only natural long-lived
radioactive isotope of xenon and has a half-life of 2× 1021 years [114].

85Kr. Radioactive 85Kr is released into the air by nuclear fuel plants
and nuclear weapon tests. The xenon extracted from the atmosphere has
a typical natKr/Xe concentration at the parts per million (ppm) level.
Natural krypton contains traces of 85Kr, which is a beta-emitter with a
half-life of 10.76 years and an endpoint energy of 687 keV. As described
in section 2.4.2, the natKr/Xe is reduced to the ppt level by cryogenic
distillation.

Solar neutrinos. Neutrinos, originating from the sun, scatter elasti-
cally off the electrons in the LXe, producing low energy depositions. The
distinct stepwise spectrum is due to the energy spectrum of solar neutri-
nos [9]. Most (92%) of the solar neutrino scatters are from pp fusion in the
Sun, 7% are from 7Be, while the other sources contribute less than 1%.
This background cannot be reduced and scales linearly with exposure.

To make a prediction of the backgrounds for a dark matter search, ta-
ble 4.1 shows the ER background rates calculated for a 1 t fiducial volume
and (1,12) keV energy range. A total background rate of (1.80 ± 0.15)
×10−4 events(kg · day · keV)−1 is predicted, which would be the lowest
background ever achieved in a direct dark matter detection experiment.
For one year of background data, this results in a total of 720 ± 60 ex-
pected ER background events. With radon contributing to 85% of the
total background, it is clear why we will focus on this specific background
source. The next step is to find out how big the predicted influence of the
ER background is on a dark matter search in XENON1T.
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Source Background Background Fraction

[(kg · day · keV)−1] [y−1] [%]

Materials (7.3± 0.7)× 10−6 30± 3 4.1
222Rn (1.54± 0.15)× 10−4 620± 60 85.4
85Kr (7.7± 1.5)× 10−6 31± 6 4.3
136Xe (2.3± 0.3)× 10−6 9± 1 1.4

Solar neutrinos (8.9± 0.2)× 10−6 36± 1 4.9

Total (1.80± 0.15) · 10−4 720± 60 100

Table 4.1: Predicted ER background rates in a 1 t fiducial volume and (1,12)
keV energy range. Concentrations of 10 μBq/kg of 222Rn, 0.2 ppt of natKr
and the natural abundance of 136Xe are assumed. This leads to a total of 720
background events for a 1 tonne-year of dark matter exposure, but after ER
discrimination only 1.6 events are left in the signal region. The 222Rn background
clearly dominates over all other backgrounds. From [93].

4.1.2 Expected impact on dark matter searches

After determining the full energy spectrum, we can now calculate how
many events from background sources are expected in the dark matter
search region for a given exposure of 2 t·y. This is shown in table 4.2.

Expectation values of events in XENON1T, in 2 t·y exposure

No 99.75% ER

discrimination discrimination

Signal

10 GeV/c2 WIMP (σ = 2 · 10−46 cm2) 4.65 1.86

Background

Total ER 1300 3.25

NR from neutrons 1.10 0.44

NR from CEvNS 1.18 0.47

Total NR 2.28 0.91

Table 4.2: Number of expected signal and background events in XENON1T be-
fore and after 99.75% ER discrimination (at 40% NR acceptance) in 1 t fiducial
volume and 2 years of measurement. The energy range is (1,12) keV, correspond-
ing to an expected cS1 range of (3,70) PE. From [93].

Assuming an ER rejection power of 99.75% at 40% WIMP acceptance,
this results in 3.25 expected ER background events. For NR backgrounds
from neutrons and Coherent Elastic Neutrino Nucleus Scattering (CEνNS)
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of solar neutrinos a total of 0.91 NR background events are expected in
the same energy range and fiducial volume [93]. Assuming instead one
year of dark matter data with 1 t of LXe, this leads to a total expected
background rate of about 2 events, comparable to the expectation of about
1 WIMP scatter, assuming a WIMP mass of 10 GeV/c2 and cross section
of 2 ×10−46 cm2. To achieve the design sensitivity, it is thus vital to stay
below the above-mentioned background levels and reach the quoted ER
discrimination.

4.1.3 The origin of the radon background

Radon belongs to the group of noble gasses and is the only one that
does not have any stable isotopes 2. It is chemically inert and in room
conditions gaseous. Radon (222Rn) and ‘thoron’ (220Rn) originate from
the alpha decay of the long-lived 226Ra and 228Th isotopes, respectively.
226Ra is part of the primordial 238U chain, while 228Th comes from the
primordial 232Th chain. Trace amounts of 238U and 228Th are present in
all materials, making radon a persistent background in all low-background
counting experiments.

When 226Ra undergoes alpha decay on the surface of any detector
construction material, the recoil due to the alpha emission can repel the
222Rn nucleus into the (liquid or gaseous) xenon. Due to the relatively
long half-life of 222Rn (3.8 d), it mixes homogeneously throughout the
whole LXe volume of the TPC before decaying. In contrast to radon,
its daughters belong to the group of metals, and adhere more easily to
surfaces. One of the 222Rn daughters, 214Pb, undergoes beta decay and
is the dominant background for low energy dark matter searches. The
other present radon isotope, 220Rn, has a relatively short half-life (55.6
s). Since it disintegrates shortly after being produced, the probability of
thoron daughters sticking on the surface of the materials is higher. For
220Rn it is the decay daughter 212Pb, which gives low energy beta decays.
Both the decay chains of 222Rn and 220Rn are shown in figure 4.2.

The radon decay chain starts with two alpha decays (222Rn and 218Po)
close together in both time and energy. This is followed by the beta decay
of 214Pb with a maximum beta energy of 1019 keV. In 9.2% of the cases,
214Pb decays to the ground state without emitting any additional gamma
rays. This so-called naked beta decay is the problematic low energy single
scatter. Even though its endpoint energy is far above the few-keV range
of a dark matter search, the continuity of the spectrum down to zero
kinetic energy does overlap with the dark matter search region. This will
described in section 4.5.1. The following two daughter isotopes in the

2Apart from the artificially produced noble element Oganesson (294118Og).
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Figure 4.2: Illustration of the 222Rn (radon) and 220Rn (thoron) decay chains
(ignoring isotopes with a branching ratio < 0.1%). The solid boxes indicate the
isotopes that are quantified in this chapter, the colors are used throughout this
chapter to identify the specific isotopes. All half-lifes, branching ratios and Q
values are taken from [115]. Adapted from [116].

chain (214Bi and 214Po) decay so quickly after each other that the beta
decay of 214Bi can always be tagged by the alpha decay of 214Po within
the same event time window. Therefore it is no background source in the
WIMP search energy region as it is cut by the single scatter cuts. Up to
210Pb all isotopes in this chain are in secular equilibrium within the LXe3.
Due to the relatively long half-life of 210Pb (22.2 years), this equilibrium
is broken at this point. We still will find 210Po in XENON1T, but not due
to the release of 222Rn during the running of the experiment, but from the
deposition of radon progeny during the manufacturing of the materials.
The isotopes depicted with a solid box in figure 4.2 are quantified in this
chapter, while the rate of others will be inferred from these. The colors
given here to the isotopes will be used consequently in most figures to help
identify the specific isotope.

The thoron (220Rn) decay chain starts again with two alpha decays,
both close in time and energy. This is followed by the beta decay of 212Pb.

3In secular equilibrium, the quantity of the radioactive isotope stays constant due
to the production rate being equal to the decay rate.
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212Pb decays to the ground state without emitting additional gammas
with a branching ratio of 13% and an endpoint energy of 570 keV. This
isotope is used in XENON1T as a calibration source to determine the
low energy response because it is so similar to the main background of
214Pb beta decays. Next comes 212Bi which can decay into 212Po and has
a similar topology as the 214Bi-214Po decays in the 222Rn chain. 36% of
212Bi decays with an alpha decay energy of 6.21MeV to 208Tl. This decay
will unfortunately not be distinguishable in energy from the 218Po decay.
With the knowledge of both decay chains we can identify the different
alpha decays, with the end goal of determining the influence of 214Pb and
212Pb as low energy backgrounds.

Figure 4.3: Radon emanation measurements for the different detector compo-
nents in XENON1T. The biggest contribution (44%) comes from the cryogenic
system which includes the piping towards the TPC and all PMT cabling. The
second largest contribution is from the purification system (39%) due to the
QDrive pumps. The TPC itself is only responsible for 17% of the radon emana-
tion. The total adds up to about 37mBq, which leads to a total expected 222Rn
concentration of about 11±2μBq per kg of LXe. Adapted from [117].

To estimate the 222Rn emanation from material surfaces in XENON1T,
dedicated 222Rn emanation measurements were done after construction,
but before commissioning. Depending on the size of the detector compo-
nent, different techniques were used to extract a sample emanation gas
into a canister filled with a radon-free carrier gas. The radon concentra-
tion was determined using miniaturized proportional counters [118]. The
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results of these emanation measurements for XENON1T are shown in fig-
ure 4.3. Of the total activity measurement of (35.4 ± 6.0)mBq of 222Rn,
about 44% comes from the cryogenics (green), about 39% comes from the
purification (purple) and only about 17% comes from the TPC and cryo-
stat (red). On the total LXe amount of 3200 kg in the system, this leads
to an expectation of (11 ± 2)μBq/kg of 222Rn in XENON1T4. This first
222Rn measurement is in agreement with the required 222Rn background
level of about 10μBq/kg stated in section 4.1.1.

4Assuming there is no radon originating from the LXe itself.
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4.2 Alpha spectroscopy

4.2.1 Data selection and method

Only background data is selected for this radon analysis as it is not con-
taminated with high-energy events from calibration sources. The two
available periods of data used are:

• Science run 0 (SR0), consisting of 37.4 live days of data taken be-
tween November 22, 2016 and January 18, 2017; and

• Science run 1 (SR1), consisting of 273.3 live days of data taken
between February 2, 2017 and February 8, 2018.

The main difference in operation conditions between SR0 and SR1 is the
electric field in the drift region, (116.7± 7.5)V/cm and (80.5± 2.2)V/cm
[119], respectively. SR0 is used to define the analysis methods, they are
then applied to SR1 for comparison.

To estimate the number of low energy electronic recoil events from
214Pb, two different methods are available. The first method is to count
the number of alpha decays from the isotopes in the decay chain that
directly precede (222Rn and 218Po) and follow (214BiPo) the decay of 214Pb.
The concentrations of 218Po and 214BiPo thus give the upper and lower
limit, respectively, on the concentration of 214Pb. An advantage of this
first method is that all three, above-mentioned, isotopes decay by means
of emitting an alpha particle. Due to their high energy deposition of
O(MeV) they can be identified with an almost background-free analysis.
The disadvantage of this method is that the upper and lower limits will
leave a big uncertainty on the concentration of 214Pb. The second method
directly fits the concentration of 214Pb to the full low-energy electronic-
recoil background spectrum. This method will be presented in section
4.5.2. Matching the spectrum can give a smaller uncertainty, but requires
a lot more knowledge of the other contributions.

First alpha selection To start with a sample of alpha events we apply
two selections: a fiducial volume and an energy range (no other cuts are
applied). The fiducial volume is bound by −58.45 > z > −38.45 cm and
r < 30 cm, this insures no light- or charge-loss from regions such as the
wall, the cathode and the gate are included. The energy range we select
is 3 × 105 < cS1 < 8 × 105 PE and 0 < cS2 < 2 × 105 PE, which is the
relevant energy range for alpha signals in S1 and S2. The last requirement
is that every event must include at least one S1 and one S2 peak. The
result of this primary selection is shown in figure 4.4.
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Figure 4.4: Combined distribution of corrected secondary (cS2) vs. primary
(cS1) scintillation light for alpha signals. No data quality cuts have been applied,
but only a fiducial volume selection of an inner 162 kg of LXe (-58.45 > z > -38.45
cm and r < 30 cm). Two clear event populations from 222Rn and 218Po are visible.
The expected event distribution from 214BiPo is missing. The vertical band of
events is due to alpha S1 peaks that are incorrectly matched to uncorrelated S2
peaks.

The two clearly identifiable distributions in figure 4.4 are from 222Rn
and 218Po, with energies of 5.6 and 6.1 MeV respectively. Apart from these
two, no other clear distributions are visible, even though one expects to
also see a contribution from 214Po, which has an energy of 7.8 MeV. Even
though this simple data selection can be used to calculate the concentra-
tion of 222Rn and 218Po, it fails to do so for any others. To understand
why this is, we look at how cS1 changes versus depth in figure 4.5. Here
no fiducial volume selection or energy selection in cS2 is applied.

A problem with matching In figure 4.5 the upper and lower selection
bounds in z, used in figure 4.4, are depicted by red dashed lines. One now
distinguishes four different isotopes in this figure. The 222Rn and 218Po are
the two narrow bands (cS1 ≈ 5× 104 and cS1 ≈ 5.5× 104, respectively).
At higher energies (6 × 104 < cS1 < 1 × 105 PE) the events from 214Po
are now visible, showing up as a smeared-out triangular distribution. The
reason for this is that the S1 and S2 peaks in these events are incorrectly
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Figure 4.5: Depth dependence of the primary (cS1) scintillation light of the
alpha event distributions within in the TPC. No cuts or fiducial volume selections
have been applied. The red dashed lines show upper and lower bounds of the
selection in z applied to create figure 4.4. In order of energy, event distributions
from the following four isotopes can be observed: 210Po, 222Rn, 218Po and (214Bi-
)214Po. The slanting of these alpha lines, towards lower cS1 values, at the top and
bottom part of the detector is caused by saturation effects. It is clear that the
applied corrections (from chapter 3) are not sufficient to correct these high-energy
alpha events over the full TPC volume.

matched. Due to the very short half-life of 214Po (162.3μs), which comes
after 214Bi, one expects that all these events have two S1 and two S2 peaks.
The XENON1T peak classifier is designed to match the biggest S1 signal
to the first big S2. Due to the difference in the ratio of deposited photons
to electrons being much higher for alpha than for gamma interactions, the
alpha S1 is matched to the beta S2. This incorrect matching causes both
the cS1 and the z values to also be incorrectly calculated.

The last missing isotope from the radon chain is 210Po, with an energy
of 5.4 MeV. It is shown as an extra line to the left of the 212Rn line,
portraying near the top of figure 4.5. This isotope, which comes almost
at the end of the decay chain after 210Pb (T1/2 = 22.3 y), originates from
the PTFE walls or metal grids. The spatial distribution of all four alpha
isotopes will be discussed in section 4.3.

All four lines show slanting in the top (z > −10 cm) and bottom
(z < −60 cm) parts of the detector, towards lower cS1 values. This is

101



4

Chapter 4. Electronic Recoil Backgrounds in XENON1T

dominantly caused by saturation of PMT pulses, which will be presented in
section 4.3.1. Additional corrections, specifically tailored for alpha decays,
are needed to calculate the concentration of 214BiPo.

4.2.2 S1-only analysis

Area fraction top versus depth Assuming that in the events from
210Po and 214BiPo decays, the S1-S2 have been incorrectly matched, we
build an S1-only analysis to work around it. This means we calculate
the concentrations without using any of the matching information. By
estimating the interaction depth with the S1 area fraction top (S1 AFT)
we can do a full analysis without using the S2 peaks. The S1 AFT value
is defined as the ratio of light measured in the top PMT array divided by
the amount of light measured in the top and bottom arrays combined. As
the normal S1 LCE map is built on z (see section 3.3.2), we need to build
a new depth-dependent correction map on S1 AFT.

We select only 222Rn and 218Po events for the relationship between S1
AFT and z, under the assumptions that these isotopes are homogeneously
distributed throughout the TPC and have correct S1-S2 matching. The
rough selection of these events is done on SR0 data, without a fiducial
volume cut, and in cS1 vs. cS2 space, as shown in figure 4.6a. This
selection is good enough to examine the relation between S1 AFT and Z
with high statistics, as shown in figure 4.6b.
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Figure 4.6: (a) Selection box in cS2 vs. cS1 of 222Rn, 218Po events used to
determine the mapping of S1 area fraction top (AFT) to z, as shown in figure
4.6b. No cuts or fiducial volume selections are used. The event distribution
below the selection box are mainly 210Po decays from the walls. (b) Correlation
between S1 area fraction top (S1 AFT) and interaction depth (z) inside the TPC
for events in the selection box in figure 4.6a. The median of the distribution (red
line), taken in slices in z, is used for the mapping between S1 AFT and z.
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In figure 4.6b we see that S1 AFT, at these energies, has to first order a
smooth linear relationship with the interaction depth. The median of the
distribution (red line), calculated in slices in z, is used for the mapping
between S1 AFT and z. The other population, with constant S1 AFT
(between 0.1 and 0.15), but far-ranging z positions, is most likely caused by
alpha decays in the charge-insensitive region below the cathode. These are
then picked up in time correlation with a random S2 from another event.
The difference between these two populations shows the clear difference
between correct and incorrect S1-S2 matched events.

Calculating the S1 AFT LCE correction Figure 4.7a shows S1 AFT
versus the uncorrected primary (S1) scintillation signal. As expected,
event interactions deeper in the TPC (lower S1 AFT) have a higher overall
LCE (total S1).
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Figure 4.7: (a) Uncorrected primary (S1) scintillation signal versus S1 area frac-
tion top (AFT). Because no S2 information is used, all four radon isotopes have
distinct event distributions. The middle of the TPC in S1 AFT (z = −48.45 cm)
is used as reference value S1AFT0 (black dashed line). The red line depicts
cS1aft = 5 × 104 PE in S1 for the best found slope of 0.56, using equation
4.1. (b) Evaluated reduced chi-square distribution versus slope parameter of the
spectral alignment method based on the data of figure 4.7a. For every correc-
tion parameter (slope) of equation 4.1 the difference with the mean spectrum is
computed. The best slope is found to be -0.56 (red line).

The idea of a new depth-dependent S1 LCE correction [120] is based
on trying out different correction parameters (slope) in S1 AFT and com-
paring the individual cS1aft spectra of the S1 AFT-slices with the mean
spectrum of the S1 AFT-slices. The best correction parameter should
give the least difference between the individual slices and the mean. Our
ansatz is to correct the S1 values with an empirical multiplicative area
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correction for the depth dependence (measured by S1 AFT) of the LCE:

cS1aft = S1× exp

(
S1AFT − S1AFT0

slope

)
, (4.1)

where S1 is the uncorrected S1 value, S1AFT is the S1 area fraction
top value, S1AFT0 is the reference point in AFT corresponding to the
midpoint in z of the TPC and slope is (minus) the slope of the spectral
lines shown in figure 4.7a.

We start by calculating cS1aft of the data in figure 4.7a, using equation
4.1, with a slope between −1 and −0.2. The data within the center AFT
region (S1AFT0±0.05) is sliced in 20 bins in S1 AFT. For every S1 AFT-
slice, the agreement between the (normalized) spectrum and the mean
spectrum of all the slices is computed, giving a reduced chi-square (χ2

v)
value for a tested slope. This is repeated for all slope values and the
resulting χ2

v values are shown in figure 4.7b. The slope that minimizes χ2
v

is chosen, which is found to be −0.56. This new S1 correction method
uses the same methodology of the S1 LCE correction in the sense that the
depth dependence of the LCE is corrected to the midpoint value in z 5.
Figure 4.8 shows the result of the corrected cS1aft values versus S1 AFT,
using this best slope value.

5For this reason the units of cS1aft are still photoelectrons (PE).
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Figure 4.8: S1 area fraction top (AFT) vs corrected primary scintillation light
(cS1) of the four alpha lines after applying the empirical LCE correction. The
S1 AFT is a measure of depth. These alpha lines correspond, in order of energy,
to: 210Po, 222Rn, 218Po and 214Bi-214Po. Since no S2 information is used, no
events with a valid S1 in the alpha energy range are removed due to incorrect
S1-S2 matching. The two red dashed lines show the depth in z corresponding to
S1 AFT, as estimated in figure 4.6b. This corrected data can now be used to
calculate the concentration of the four different isotopes.
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4.2.3 Radon spectrum

Finally, in figure 4.8 four distinct event distributions are visible. These
are in order of energy: 210Po, 222Rn, 218Po and 214BiPo. The big dif-
ference between this result and that in figure 4.4, is that now no events
are removed due to an incomplete or incorrectly matched S2 peak. For
210Po events, which originate close to the PTFE wall, incomplete charge
collection leads to events without an S2 peak. For 214BiPo events, where
two S1 and two S2 signals are present, incorrect S1-S2 matching leads to
an incorrect depth calculation and thus an incorrect S1 (x,y,z) LCE cor-
rection. Building the S1 LCE correction only on S1 information, solves
both these problems. Now we can compute the concentrations of all four
isotopes at the same time.

Unfortunately, the top and bottom part of the TPC still show light-
loss effects due to saturation. For this reason, the S1-only method can
only determine the concentrations of the four isotopes between −60 <
z < −25 cm 6 (red dashed lines). Figure 4.9 shows the resulting alpha
spectrum for this depth slice. Not only the four peaks of the radon decay
chain are visible, but also three from the thoron decay chain.

All seven peaks are fitted simultaneously and their individual fit results
are shown in color. For the 210Po peak (blue) a Crystal Ball (CB) function
is used, while skewed Gaussians are used for to the other six peaks7. The
Crystal Ball function, developed by the Crystal Ball collaboration [121],
consist of a power law tail stitched to a Gaussian core. It is mostly used to
describe energy loss processes, such as the 210Po decays originating from
the PTFE on the TPC wall. The skewed Gaussian, first introduced by
[122], is defined as the convolution of the pdf and the cdf of a normal
distribution:

f(x) = 2φ(x) · Φ(ax), (4.2)

with φ(x) the standard normal probability density function:

φ(x) =
1√
2π

e−
x2

2 , (4.3)

and Φ(y) the cumulative distribution function:

Φ(y) =

∫ y

−∞
φ(t) dt =

1

2

[
1 + erf

(
y√
2

)]
, (4.4)

with a the skewness8 and ‘erf’ the error function9. The use of a skewed
Gaussian is motivated by the data and hints at a non-linear depth-dependent

6Using the relation between S1 AFT and z, as shown in figure 4.6b.
7Leading to a 30 parameter fit.
8For a = 0 there is zero skewness and the normal distribution is restored.
9erf(x) = 1√

π

∫ x

−x
e−t2 dt.
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Figure 4.9: Alpha spectrum of 210Po (blue), 222Rn (red), 218Po (green), 220Rn
(pink), 216Po (orange), 214Po (grey) and 212Po (light blue) in SR1, with the
S1 area fraction top (AFT) LCE correction applied. The spectrum is fitted
with a Crystal Ball function (for 210Po) and with six skewed Gaussians. The
top axis shows scaling to energy, assuming a linear scaling relationship with
photoelectrons (PE), using the 222Rn peak as anchor. The dashed lines show the
respective alpha energies. Based on the χ2/ndf this model is a poor fit to the
data, but this model fits the data best.

S1-AFT correction. For the fit, skewness parameters are found of -2.1, -3.0
and -3.1 for 222Rn, 218Po and 214Po respectively10.

The spectrum of S1 pulses is scaled (top axis) from pulse size in photo-
electrons (PE) to energy (MeV) with a single scaling parameter using the
position of the 222Rn peak as an anchor. The known energies are shown
as vertical dashed lines, representing not the kinetic energy of the alpha
decay, but the Q-value. The Q-value is used because for each decay both
the deposited energy of the alpha and the recoiling daughter nucleus are
measured in the TPC.

From the fit, the found energy and light yield of the seven isotopes
are shown in tables 4.3 and 4.4. The presented measured energies are
the μ and σ values from the Gaussian part (the pdf) of the fit skewed

10The fact the skewness increases for higher energies hints also at an energy-dependent
S1 AFT correction (slope).
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Gaussians11. The measured energies of all the alpha peaks except for
210Po agree with the known energies (total Q-value) within the uncer-
tainty. The errors on the measured energies are the statistical errors of
the means from the fit. The reason for the mismatch in the measured
energy of 210Po will be discussed in section 4.4, where we look at the spa-
tial distribution of this specific isotope. The measured light yield of (8.9
± 0.2) PE/keV for 222Rn is more than twice as high as the 3.7PE/keV
reported by XENON100 [123]. This validates the expected average light
yield increase of a factor two for XENON1T compared to XENON100 [93].
The full width at half maximum (FWHM) of 4.4% for the 222Rn peak is
broader than the 3% reported for XENON100. This could be caused by
correcting the S1 only in depth-slices in S1 AFT, without taking any ra-
dial effects into account. The very broad FWHM of 212Po hints at some
additional unknown background.

Decay Q-value Energy Mean cS1aft FWHM Light Yield

isotope [MeV] [MeV] [PE] [%] [PE/keV]
210Po 5.30∗ 5.19 ± 0.12 46035 ± 1050 5.4 8.7 ± 0.2
222Rn 5.59 5.59 ± 0.10 49570 ± 927 4.4 8.9 ± 0.2
218Po 6.12 6.12 ± 0.13 54231 ± 1155 5.0 8.9 ± 0.2
220Rn 6.40 6.43 ± 0.16 57012 ± 1413 5.8 8.9 ± 0.2
216Po 6.91 6.89 ± 0.15 61131 ± 1372 5.3 8.8 ± 0.2
214Po 7.83 7.87 ± 0.18 69758 ± 1623 5.5 8.9 ± 0.2
212Po 8.95 9.08 ± 0.47 80541 ± 4126 12.1 9.0 ± 0.5

Table 4.3: Energy and light yield measurements of the seven alpha peaks fitted
in figure 4.9. Apart from the 210Po peak the measured energies in XENON1T
agree with the known energies (total decay Q-values). An average S1 scintillation
light yield is found of (8.9± 0.2)PE/keV for radon alpha decays. The presented
uncertainties are statistical only. ∗for 210Po the reported energy is the kinetic
energy for the alpha only, as the nuclear recoil is lost in the wall.

For comparison, the SR0 alpha spectrum is shown in figure 4.10. The
SR0 fit parameters for the isotopes of the radon decay chain isotopes all
agree (within errors) with those of SR1. For the fit parameters of the
thoron decay chain isotopes small differences are observed. This can be
expected due to the lower statistics of these isotopes in the smaller SR0
exposure.

11We are interested in the underlaying distribution, not in the artificially skewed one
due to the applied correction method.
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Figure 4.10: Alpha spectrum of 210Po (blue), 222Rn (red), 218Po (green), 220Rn
(pink), 216Po (orange), 214Po (grey) and 212Po (light blue) in SR0, with the S1
area fraction top (AFT) LCE correction applied. Due to the low exposure of SR0,
the thoron daughters can only be fitted by constraining the means and widths.
Based on the χ2/ndf this model is a poor fit to the data, but this model fits the
data best.
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4.2.4 Radon concentrations

Figure 4.11 shows the time evolution of the concentration of 222Rn (red),
218Po (green) and 214Po (orange) in the LXe during the first and second
science run (SR0 and SR1). The concentration is calculated using the
presented S1-only analysis, but instead of fitting the whole time period at
once, the fit is done per day. To exclude possible contamination from cali-
bration sources (coloured bands), only background data are selected. The
data can be split into three periods, each having different detector con-
ditions: SR0 before radon distillation, SR0 during radon distillation and
SR1. Radon distillation started during the 220Rn calibration in December
2017 (purple band) and ended together with SR0 when an earthquake
occurred on January 18, 2017 (red dashed line). SR1 started after the
voltage test (grey band), and ended on February 8, 2018. The average
concentration per time period is given in table 4.4.

Decay SR0 no distil. SR0 distil. SR0 average SR1

isotope [μBq/kg] [μBq/kg] [μBq/kg] [μBq/kg]
222Rn 14.7 ± 1.5 12.5 ± 1.7 13.7 ± 1.6 13.4 ± 0.9
218Po 14.3 ± 0.9 11.8 ± 0.8 13.2 ± 0.8 13.7 ± 0.7
214Po 4.2 ± 0.3 3.3 ± 0.3 3.8 ± 0.2 4.4 ± 0.2

Table 4.4: Average concentrations of 222Rn, 218Po and 214Po for the different
time periods with stable detector conditions as shown in figure 4.11. These
concentrations are determined using the S1-only method in a central 724 kg LXe
volume. The difference in the concentrations during SR0 with and without radon
distillation show the effect of using the cryogenic distillation column in reverse
on the background level of radon. The decreasing concentration of the three
isotopes for any single period is caused by charged isotopes plating out on the
negative cathode wires. To determine the concentration of 214Pb we can use
the concentrations of 218Po and 214Po as upper and lower limits, respectively.
The stated uncertainties include statistical (about 1%), and systematic from the
fiducial volume (about 4%), fit uncertainty (about 4-10%) and time period (about
2%), added in quadrature.

Cathode cleaning effect The first observation is that the average con-
centration of all three isotopes for a single period shows a decreasing trend
following the decay chain of radon. One would a priori expect the con-
centrations to be in equilibrium, as the experiment’s run time exceeds the
longest half-life in this part of the decay chain of 222Rn (t1/2 = 3.8 d).
The fact that the concentrations for 222Rn, 218Po and 214Po decrease, the
further they are in the decay chain, can be explained by a cathode cleaning
effect : charged radon daughters are removed from the active TPC region
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by plating out on the negative cathode12. Convection measurements show
that the LXe flow in the TPC can be represented to first order by a single-
cell convection pattern [124] . In one half of the TPC the LXe is moving
upwards, while in the other half it is moving downwards. The LXe flows
with an average velocity of O(1)mm/s up or down, while the ions drift
towards the cathode with O(0.1)mm/s. On average, a 218Po atom thus
travels about 18 cm in the TPC before decaying (t1/2 = 3.05min), while
a 214Pb travels on average over 1.5 m. Measurements from EXO in LXe
[125] show that after 222Rn decay (50.3 ± 3.0)% of the 218Po atoms are
positively charged and (76.4 ± 5.7)% of the 214Bi are positively charged
after 214Pb decay. As the cathode is set to negative high-voltage, every
time an ionized atom passes there is a probability it is attracted to the
cathode wires themselves, where it stays. This cathode cleaning effect
can thus explain the observed decreasing concentration of isotopes in the
radon decay chain.

Radon distillation The second observation is that the average con-
centration per isotope shows a significant difference between the period
of SR0 with and without distillation. This shows the effect of removing
radon from the TPC by cryogenic distillation using the krypton distilla-
tion column in reverse. The vapour pressure of radon is lower than xenon
(PRn/PXe = 0.1 at T = 178K) [126], which means that in a single dis-
tillation stage the radon will be enriched in the liquid phase. This is the
opposite effect compared to the krypton distillation process presented in
section 2.4.2. For radon distillation, out of a total flow of 51.4 slpm of Xe
in the purification loop, 3.6 slpm of GXe from the TPC is siphoned off
and redirected into the distillation column. Instead of taking LXe we now
take -radon depleted- GXe out of the column, liquefy it and bring it back
into the TPC.

This technique was already shown to work with a calibration source of
222Rn in XENON100 [127], but was never before shown to work on reduc-
ing the low 222Rn background during normal operation of a TPC. During
distillation, a decrease of (17 ± 5)%, (17 ± 5)% and (19 ± 9)% is found
for 222Rn, 218Po and 214Po, respectively13. This demonstrates that cryo-
genic radon distillation is already possible with the current equipment to
reduce the radon induced background by about 20%. To further decrease
this background by cryogenic distillation several technical improvements
have to be made to increase the maximum Xe throughput. Research and

12Plating is the deposition of a metal on a conductive surface.
13These uncertainties are statistical only.
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development is ongoing to build a radon distillation column that can han-
dle the full recirculation speed of XENONnT, the upgrade of XENON1T.

Detailed studies [126] show no correlation between radon concentra-
tion in air and within the TPC, as was the case in XENON100. There,
it was caused by a tiny air leak into the gas system [123]. The absolute
concentration of (13.4 ± 0.9)μBq/kg of 222Rn found in SR1 is compa-
rable to the expected concentration of about 10μBq/kg from emanation
measurements. The concentration of 214Pb is lower than this expectation
value and will be discussed in the last section of this chapter.

For 220Rn and 216Po a concentration of (0.05 ± 0.05) μBq/kg is found
in SR1, showing that the thoron decay chain is at least a 100 times lower
in concentration than the radon decay chain14. We use the concentration
of 216Po as an upper limit on the concentration of 212Pb. The expected
rate of 212Pb is thus about a factor 100 lower than 214Pb, therefore we
will neglect the influence of thoron on the low-energy background.

4.3 Spatial distribution of 222Rn and 218Po

The radon concentration measurement using the S1-only analysis, relies
on the assumption that the radon isotopes are homogeneously distributed
throughout the whole TPC. The four peaks in figure 4.8 could only be
distinguished between −60 cm < z < −25 cm, due to the different popu-
lations overlapping in S1 AFT outside of this range. To select events in
the whole TPC region, we use the depth information (z) from the time
difference between the S1 and S2 signal. The disadvantage of doing a
combined S1-S2 analysis is that we discard events from populations that
have incorrect S1-S2 matching, such as most of the the 210Po events, thus
we will here first focus on the 222Rn and 218Po events.

4.3.1 Saturation of S1 signals

Before finding a solution to the saturation problem in the top and bottom
parts of the detector, we first have to better understand the problem
of signal saturation. A sample in a waveform is ADC saturated when
it reaches the maximum input voltage of the analog-to-digital converter
(ADC) (section 2.3.4). The more samples of a peak are ADC-saturated
in the individual PMT channels, the more information is lost about the
actual deposited energy of the event. In general, the closer to a PMT a
high energy alpha event occurs, the higher the chance of that PMT being
saturated. This is shown in figure 4.12, where the number of saturated

14A lower thoron concentration was indeed expected, partly due to its short half-life
reducing the probability of mixing into the LXe.
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PMT channels is shown as a function of where in the TPC the alpha decay
occurred.

Figure 4.12: Number of ADC-saturated PMT channels in the S1 peaks of
222Rn and 218Po events (using the selection in figure 4.6a) with their interaction
position in the TPC. Events in regions with a higher average LCE have a higher
number of saturated channels. The more channels are saturated, the lower the
total reconstructed cS1 value is for these events, as shown in figure 4.5. In the
top 10 cm, only up to 10 channels are saturated (lighter blue), due to the fact
that most of the light at the liquid-gas interface is reflected downwards.

Due to the higher average LCE at the bottom of the TPC, more events
are saturated and have on average more ADC saturated PMT channels.
Only between approximately −40 cm < z < −20 cm no ADC-saturation
occurs. The relation between the number of saturated channels and mea-
sured cS1 values for the four radon isotopes can be observed by compar-
ing this figure with figure 4.5. Events with more ADC-saturated PMT
channels are reconstructed with a lower total cS1 value. This leads to
overlapping event distributions observed in the top and bottom part of
figure 4.5. To separate 222Rn and 218Po events in the whole TPC region,
a method needs to be implemented that deals with the ADC saturation
problem in S1 signals.

One solution is to only use either the top or bottom PMT array de-
pending on the TPC region that is being analysed. Figures 4.13a and 4.13b
show the relationship between the interaction depth z and the direct scin-
tillation light measured only in the top and bottom array, respectively. As
expected from geometry, the two populations only overlap in S1top in the
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upper TPC region (z > −60 cm) due to saturation in the top PMT array.
A similar observation is visible in figure 4.13b, where the two populations
only overlap in S1bottom in the lower TPC region (z < −60 cm) due to
saturation in the bottom PMT array.
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Figure 4.13: Uncorrected primary scintillation light of 222Rn and 218Po mea-
sured only in the top (a) or bottom (b) PMT array. Only the information of
the non-shaded region is used to distinguish between the two isotopes, as ADC
saturation effects are only visible above (a) or below (b) z = -60 cm. The 30th
percentile in z slices, used to correct for the depth dependence, is depicted by
the red dotted line.

4.3.2 Correcting for saturation

We will now correct the depth-dependent light yield of S1top and S1bot
individually. We first compute the 30th percentile in 100 z-slices (red
dotted lines in figures 4.13a and 4.13b), because it corresponds to the
median of the 222Rn population. The correction value is calculated by
comparing the 30th percentile value at every slice with the value of the
30th percentile found at the half way point in depth (z = −48.45 cm).
This method is similar to the one used for figure 4.8, but is not using any
a priori knowledge of the form of the correction function. The result again
corrects against any depth dependence of the cS1 value of a single mono-
energetic alpha line. After correcting the S1top and S1bot independently,
we take the cS1top values for z < −60 cm and cS1bot values for z > −60 cm
and stitch these together as shown in figure 4.14a.

As the average total amount of light measured in the bottom and top
array differs, both distributions are shifted to 5 × 104 PE, the mean cS1
value of 222Rn found from the distribution shown in figure 4.4 15. For
almost all depths, a clear separation between the two bands is visible,

15As this method will only be used for determining the spatial distributions, any
possible bias in the average cS1 value will not affect the results.
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Figure 4.14: (a) Corrected primary scintillation light of 222Rn and 218Po using
the bottom PMT array for everything above z = -60 cm (blue dashed line) and
the top PMT array for everything below. Both distributions are now clearly dis-
tinguishable. (b) Spectrum of 222Rn and 218Po decays using the top and bottom
array individually (figure 4.14a) (black line) and using the S1 LCE correction
(figure 4.5) (grey line). 222Rn (red shaded) and 218Po (green shaded) events are
selected assuming a Gaussian distribution with ± 2σ bounds. This selection is
used to determine their spatial distributions.

which means the individual isotopes can be selected over the full TPC
region. With this isotope selection, we will determine in the next section
if the spatial distributions are homogeneously distributed, as was assumed
for the concentration calculation.

4.3.3 Spatial distributions

The spatial distribution of 222Rn in depth vs. radius2 is shown in figure
4.15 for the full TPC region. The top and right panel show the 1D his-
tograms for 50 slices in r2 and z, respectively. A slight overpopulation is
visible in the top right corner, where, due to the selection in cS2, 210Po
events leak in. A small under-fluctuation is visible in the lowest z-bin,
where due to the field-distortion correction events are reconstructed be-
low the cathode.

The spatial distribution of 218Po in depth vs. radius2 is shown in figure
4.16 for the full TPC region. The top and right panel show again the 1D
histograms for 50 slices in r2 and z, respectively. No clear over-densities
in the event distribution are visible, hinting at the fact that if some 218Po
events leaked into (or out of) the selection, they too are homogeneously
distributed.

The homogeneity of 222Rn and 218Po over the whole z-range and within
r < 45 cm is at the (6 ± 1)% and (7 ± 1)% (1 σ) level, respectively.
When also removing the top and bottom z-bin, both distributions agree
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Figure 4.15: Spatial distribution in depth vs radius2 (main panel) for the
selection of 222Rn events (red points) shown in figure 4.14b. The 1D histograms
show the distribution in r2 (right panel) and z (top panel). An over density of
events is visible in the top right corner, probably caused by 210Po events leaking
into the selection. The lower rate in the lowest z-bin is due to events being
reconstructed below the cathode. For a maximum radius of r = 45 cm (r2 =
2025 cm2), 222Rn is homogeneously distributed at the (6 ± 1) % (1σ) level.

with being drawn from a normal distribution following the Shapiro-Wilk
test for normality. This shows that the assumption of homogeneity, as
expected from how 222Rn dissolves and distributes throughout the LXe
before decaying, is correct up to the 7% level within a radius of 45 cm. For
218Po the homogeneity level does not change significantly when increasing
the radius to the full TPC radius of r =47.9 cm. The same cannot be said
for 222Rn due to 210Po events leaking into the selection box at high radii.
The last step is to check these event distributions in x-y space. This is
shown in figure 4.17a and 4.17b for 222Rn and 218Po, respectively.
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Figure 4.16: Spatial distribution in depth vs radius2 (main panel) for the
selection of 218Po events (green points) shown in figure 4.14b. The 1D histograms
shows the distribution in z (right panel) and r2 (top panel). The lower rate in
the lowest z bin is caused due to events being reconstructed below the cathode.
For a maximum radius of r = 47.9 cm (r2 = 2294 cm2), 218Po is homogeneously
distributed at the (7.5 ± 1) % (1 σ) level.
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Figure 4.17: Position distribution in (x,y) for 222Rn (a) and 218Po (b).
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4.4 The 210Po surface background

4.4.1 Selection of 210Po events

After determining the spatial distribution of 222Rn and 218Po, we now look
at the spatial distribution of 210Po and its origin. The 210Po background is
a priori not expected to be at equilibrium with the radon isotopes down to
210Pb in the radon chain. Due to the long half-life of 210Pb (T1/2 ≈ 22 y),
compared to the short running time of XENON1T (about 1 y), a high
count rate of 210Po must come from another source within the TPC.

To select 210Po decays (in SR0) we start with the distributions of
cS1 vs. cS2 for the full TPC region, as shown in figure 4.18a. The only
selection cut applied here is −90 < z < −10 cm, this to exclude any
cathode or gate effects. The radial cut, which was applied in section 4.2,
is not applied here. The 222Po and 218Po distributions are clearly visible
(as already identified in figure 4.4), although now a third population is
visible at cS2 < 90kPE and centred around cS1≈ 48kPE. The cS1 value
of this population agrees with coming from 210Po, as it was measured in
the alpha spectrum (figure 4.9), yet there is some mechanism of charge
(S2) loss apparent. To determine where in the TPC this charge-loss is
happening, the ratio of cS2/cS1 vs. the radius2 is shown in figure 4.18b.
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Figure 4.18: (a) Combined distribution of corrected secondary (cS2) vs. pri-
mary (cS1) scintillation light for alpha signals. Data is shown for SR0 with a
depth selection of -90 < z < -10 cm. The 222Rn and 218Po distributions are more
spread out than in figure 4.4, mostly due to S1 saturation. The third distribution,
with cS2 < 9×104 PE, is from 210Po. (b) Ratio of cS2/cS1 vs r2 distribution of
all the events from figure 4.18a. The horizontal band is from 222Rn and 218Po,
while the vertical distribution at the maximum TPC radius (red line) are the
events affected by charge loss. This observation agrees with the hypothesis that
210Po decays originate at the PTFE walls.

Figure 4.18b shows that the events from 222Rn and 218Pb form a flat
horizontal band at all radii. The event distribution with cS2 below 90kPE
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in figure 4.18a comes from the edge of the TPC. The physical location of
the PTFE wall at r = 47.9 cm (r2 = 2294 cm2) is depicted by the red
solid line. Events can be reconstructed outside of the physical boundary
of the TPC due to position mis-reconstruction. If the events originate
fully at the PTFE wall one would expect them to be reconstructed sym-
metrically around the TPC wall in r2, with the spread correlated with the
position reconstruction uncertainty. The fact that the distribution widens
for lower cS2/cS1 values relates to the increase in position reconstruc-
tion uncertainty for events with lower S2 values. It is now clear that these
210Po events originate from the PTFE walls, which also explains why they
can experience charge loss. Close to the wall there is a higher probability
that freed electrons in LXe are attracted to the electronegative wall and
will thus not arrive at the liquid-gas interface to form the S2 signal.

4.4.2 210Po events with a valid S1-S2 pair

Selection and cuts To select a clean sample of 210Po events, we first
require cS2 < 9 × 104 PE, which removes most of the 222Rn and 218Po
events. This selection assumes that 210Po events are affected by charge
(S2) loss. Dedicated studies show that in the 1 t fiducial volume no clear
210Po population is found [128]. Next we select 210Po events that have
correct S1-S2 matching, that is, events where the S2 is causally connected
to the S1. This procedure is shown in figure 4.19, where we show the
correlation between S1 AFT and depth.

The three different regions (marked ‘A’, ‘B’ and ‘C’) correspond to
three different event topologies. In region ‘A’, the measured drift time
between the S1 and S2 peak agrees with the expected S1 AFT at that
depth (as shown in figure 4.6b). In region ‘B’, the S1 from 210Po decay at
the cathode (S1 AFT ≈ 0.1) are matched to an S2 from other real events
(accidental coincidence). These will be cut by the S1 and S2 single scatter
cuts. The third region ‘C’, is filled with events where the S1 from 210Po is
matched to an S2-type peak that is created by the S1 itself. These events
are cut by requiring z < −0.5 cm and will be studied in more detail later
on in the last paragraph. Events in region ‘B’ and ‘C’ have for some reason
lost most of their deposited electrons and don’t create a correct S2. No
z cuts other than z < −0.5 cm are applied. The sample of 210Po events,
which have a causally connected S1-S2, thus require them to be in region
‘A’. We furthermore require cS2 > 3000PE to remove any events with
an unphysically small S2. To remove accidental coincidences we require
S1s[1] < 100PE and S2s[1] < 4000PE 16.

16S1 and S2 peaks are ordered in size in descending order.
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Figure 4.19: 210Po events divided into three regions depending on the origin
of the matched S2. Region ‘A’ are events with correctly matched S1-S2 peaks,
as they agree with the expected correlation found in figure 4.6b. In region ‘B’
the S1 originating from the cathode is matched to an S2 peak from a different
interaction within the TPC. Region ‘C’(z > −0.5 cm) contains events where the
S2 is created by the S1 itself. Only events in region ‘A’ are selected for a selection
of clean 210Po events.

Finally, we apply a depth-dependent S1 correction, fit the distribution
with a Gaussian and select the events within ± 2 sigma of the mean
210Po energy17. This empirical depth-dependent S1 correction is done by
slicing the S1 values in 100 depth slices, fitting the median, calculating the
correction by comparing to the half way point in depth and applying the
found correction to the S1 values. The result of this procedure is shown
in figure 4.20. The events that pass all the above-mentioned selection
criteria we call correctly S1-S2 matched 210Po events (blue), incorrectly
S1-S2 matched 210Po events (orange) only pass cS2 < 9×104 PE, but none
of the other cuts18.

Spatial distribution There is a clear difference between the spectrum
of the correctly S1-S2 matched and incorrectly S1-S2 matched 210Po. As-
suming all these events are from 210Po, the difference can be explained by
the incorrect S1 depth (LCE) correction that is applied. Only for the cor-
rectly S1-S2 matched events the real interaction depth is known. Before
we investigate what these incorrectly S1-S2 matched events are, we first

17Contrary to the fit used in the S1-only analysis, the shape here does not warrant
a Crystal Ball function. We fit a mean of (46061 ± 1462)PE, in agreement with the
results in table 4.3.

18With incorrectly matched S1-S2 pairs we mean events that have no S2 because they
lost their charge to a surface.
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Figure 4.20: Spectral comparison of correctly S1-S2 matched 210Po events
(blue) that pass all cuts, and incorrectly S1-S2 matched 210Po events (orange)
that did not. Several extra quality cuts have been applied to the events in the
region ‘A’ of figure 4.19. The blue distribution can be described by a Gaussian
with mean and sigma in agreement with 210Po values found in table 4.3.

investigate the spatial distribution of the clean sample of 210Po events.
The spatial distribution of the correctly S1-S2 matched 210Po events is
shown in figure 4.21.

As expected, from the hypothesis that 210Po events originate from
the PTFE, almost all events have a reconstructed position close to the
maximum TPC radius (black vertical line). The symmetric spread of the
events around the TPC edge is likely due to position mis-reconstruction at
this radius. Looking at the depth histogram, we see that more events are
found in the top region of the TPC (−30 < z < 0 cm). The reason for this
remains unclear, but could indicate that the influence of charge-loss at the
PTFE wall is depth-dependent. A horizontal line of events, at all radii, is
clearly observed at the cathode (z = −96.9 cm). Most importantly, only
a handful of 210Po events are found in the center of the TPC. This means
that any isotope after 210Po in the decay chain (such as 210Pb) cannot
have a big background influence on the dark matter search. The spatial
distributions of correctly S1-S2 matched 210Po events are also shown as
2D histograms in depth vs radius2 and y vs x position in figures 4.22a and
4.22b, respectively. The distributions agree with what we concluded from
the scatter information of figure 4.21.

4.4.3 210Po events without a valid S1-S2 pair

Identifying the origin of the incorrectly matched events After de-
termining the spatial distribution of correctly S1-S2 matched 210Po events
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Figure 4.21: Spatial distribution (scatter plot) of correctly S1-S2 matched 210Po
events (blue points) in depth vs radius2 (main panel). The 1D histograms show
the distributions in r2 (top panel) and z (right panel). The 210Po events clearly
originate from the PTFE walls at the maximum TPC radius (black line) and at
the cathode (z = − 96.9 cm). Any radon isotope after 210Po in the decay chain
is not expected to be a big background within the center region of the TPC.

we want to check if the incorrectly S1-S2 matched events are also from
210Po, and if they follow the same depth distribution. Figure 4.23a shows
the events with correctly matched S1-S2 peaks now in S1 vs S1 AFT. Fig-
ure 4.23b shows the 210Po events with incorrectly matched S1-S2 peaks in
the same parameter space. The distribution of incorrectly matched events
corresponds to the main distribution of correctly matched events. This
shows almost all events in figure 4.23b are also from 210Po, and not from
one of the other radon isotopes19. One clear difference is visible in the
region of S1 < 40000PE and S1 AFT < 0.15. These are events from deep
within the TPC that have a distinctly lower S1 value. The only other

19For a visual comparison see figure 4.7a for all four distributions in the same space.
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Figure 4.22: Spatial distribution of correctly S1-S2 matched 210Po events in
depth vs radius2 (a) and y vs x position (b).

surface at this depth within the active region of the TPC is the cathode.
Thus we assume these events are coming from the cathode, which will be
shown in figure 4.25.

Assigning a depth value per event from S1 attributes Without a
valid S2, the real (z) and (x,y) interaction position of the events in figure
4.23b are unknown. Using again the S1 area fraction top to estimate the
depth, as done for figure 4.6b, will not work in the bottom region of the
TPC (S1 AFT < 0.15). There is no one-to-one relation between S1 and
S1 AFT in this region due to the ADC saturation. As a consequence,
no relation of how S1 behaves versus depth over the full TPC range can
be acquired. To estimate the depth, using only knowledge of the S1, we
will try to use the behaviour of S1top and S1bottom individually in different
depth regions. This method, which we developed for reconstructing the
spatial distribution of 222Rn and 218Po, showed in figures 4.13a and 4.13b
that for a given energy deposition S1top and S1bottom we can estimate z.

The bottom panel of figure 4.24a shows the S1bottom distribution for
the correctly (blue) and incorrectly (orange) S1-S2 matched 210Po events.
The top panel shows, for the correctly S1-S2 matched events, how S1bottom
relates to depth. The median of the S1bottom distribution, in 400 z slices,
is represented by the black dotted line. Figure 4.24b shows the same
parameter spaces, but now for the top array. We will assume that for both
the correctly and incorrectly matched S1-S2 210Po events, the relationship
between S1bottom and z is the same. For 2× 104 < S1bottom < 3.4× 104 PE
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Figure 4.23: (a) S1 area fraction top (AFT) vs uncorrected primary (S1)
scintillation signal for correctly S1-S2 matched 210Po events (blue histogram in
figure 4.20). Due to the applied cuts no other backgrounds are present. (b)
Same parameter space as figure 4.23a, but for incorrectly S1-S2 matched 210Po
events (red histogram in figure 4.20). The shape matches that of the correctly
S1-S2 matched 210Po events. In the region of S1 < 40000PE and S1 AFT <0.15
an extra population is visible, originating from the cathode. Events at higher S1
energies (S1 > 55kPE) are from the other radon isotopes (see figure 4.7a).

(red shaded region, corresponding to −40 cm < z < 0 cm) we define a
one-to-one relationship between S1bottom and the corresponding z-value
through the median. For every incorrectly matched S1-S2 210Po event in
the region 2 × 104 < S1bottom < 3.4 × 104 PE we now assign the z value
depending on the S1bottom value. With figure 4.24b we conduct the same
procedure, but now for S1top in the region 4.2× 103 < S1top < 1× 104 PE
(red shaded region, corresponding to -96.7 cm < z < -40 cm).

210Po events from the cathode After assigning the z-values for these
two regions, two populations have not been assigned a z-value in the in-
correctly matched S1-S2 210Po event population. The first, and biggest
population, are events with S1top < 4.2×104 PE, visible left of the red
dashed line in the bottom panel of figure 4.24b. This population is shown
in figure 4.25 in S1 AFT vs S1.

Their S1 AFT values correspond to the region of maximum depth of
the TPC. If these events come indeed from the cathode, that means that
the cathode is not only a charge-insensitive region, but that it is also
a light-insensitive region. This could be caused by the extremely high
electric fields at the cathode wires (which suppresses recombination) or
by a shadowing effect from the cathode wires themselves. For now, we
assume these events are from the cathode and assign them all a z-value of
-96.7 cm. The second population, about 1% of all events, do not fall within
both correction regions (the red shaded regions). Due to the spread on
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Figure 4.24: (a) Top panel: Depth vs S1bottom for correctly matched S1-S2
210Po events in the bottom PMT array. The median (black dotted line) is cal-
culated for 400 slices of z. Within the red shaded region (2 × 104 < S1bottom <
3.4 × 104 PE) the value of the median is used to assign an S1bottom-dependent
z-value to the incorrectly matched S1-S2 210Po events. Bottom panel: Distribu-
tion of uncorrected primary scintillation light of correctly (blue) and incorrectly
(orange) matched S1-S2 210Po events measured only in the bottom PMT array.
(b) Top panel: Depth vs S1top for correctly matched S1-S2 210Po in the top PMT
array. The median (black dotted line) is calculated for 400 slices of z. Within
the red shaded region (4.2×103 < S1top < 1×104 PE) the value of the median is
used to assign a S1top-dependent z-value to the incorrectly matched S1-S2 210Po
events. Bottom panel: Distribution of uncorrected primary scintillation light of
correctly (blue) and incorrectly (orange) matched S1-S2 210Po events measured
only in the top PMT array. The event population left of the red dashed line
originates from the cathode and is given the corresponding depth value.

the S1top (and S1bottom) vs z of several centimetres, this is not unexpected.
These last few events are given a z-value conform their S1bottom value. It
is not clear that all events found here are from 210Po, because, due to the
extreme fields close to the cathode wires, we cannot distinguish them in
S1 energy from other alpha decays.

We will assume the following uncertainties for the total depth profile:
the incorrectly matched S1-S2 210Po event histogram includes events from
the other radon isotopes (O(1%) out of a total of 166k events), and the
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Figure 4.25: S1 area fraction top (AFT) vs. uncorrected primary scintillation
(S1) signal for incorrectly S1-S2 matched 210Po events that originate from the
cathode. These are selected by requiring S1top < 4.2×104 PE, as shown in figure
4.24b (left of the red dashed line). This suggests that events on the cathode wires
do not only lose all their deposited electrons, but also lose part of their primary
scintillation light.

uncertainty on the inferred z from the S1top and S1bottom values is about
2.5 cm (68% CL).

4.4.4 Depth profile of all 210Po events

Now that all the incorrectly matched S1-S2 210Po events are assigned a
z-value, we compare this depth profile with the one from the correctly
matched S1-S2 210Po events. Figure 4.26 shows the z-distributions for
the correctly (blue) and incorrectly (red) matched S1-S2 210Po events,
together with the sum (green).

Out of the total of 200k 210Po events found in SR0, 40k have an S2 that
causally corresponds to the S1 and 160k did not. This clearly demonstrates
that to estimate the concentration and depth profile of 210Po we cannot
solely rely on the information extracted from the S2 (x,y and drift time).
As 210Po events originate from the surface of the materials within the
TPC they are thus created in a charge-insensitive region. Of the 160k
events found without a correct S2, 40k are assumed to originate from the
cathode wires20. The depth profile of the correctly matched S1-S2 210Po
events does not follow that of all 210Po events. Where the blue line shows a
higher concentration of events in the top 30 cm, the green line shows both

20We assume all these alphas are from 210Po, but they should also include other
isotopes from the radon decay chain.
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Figure 4.26: Depth distribution distributions of correctly (blue) and incorrectly
(red) matched S1-S2 210Po events, together with the sum of both (green). Of
the total of 200k 210Po events, 20% are correctly matched, 20% are incorrectly
matched and originate at the cathode, and 60% are incorrectly matched and
come from the walls.

an increase in the top and bottom of the TPC. Furthermore, it shows that
one fifth of all the 210Po events are found at the cathode. Several questions
remain open for now: Why does the probability of losing electrons seem
depth-dependent? Why do we measure less 210Po events in the middle
region (-70 cm < z < -40 cm) of the TPC? Such questions ask for further
research21, not only for a better understanding of the XENON1T TPC,
but also for the development of cleaner material surfaces for the next
generation of dark matter detectors.

4.4.5 Identifying afterpulses with 210Po events

The last thing to do in this section is to come back to the question:
What produces the measured S2 for those 210Po events that lose all their
electrons on material surfaces? Figure 4.19 did not investigate the ori-
gin of the events in region ‘C’, which we will do now. In the region of

21One possible explanation is that there is a depth-dependent selection effect. We
only select events with a valid S1 and S2, but the creation probability of the S2 (by the
size of the measured S1 in the PMT array) could be depth dependent.

128



4

4.4. The 210Po surface background

−0.5 cm < z < 0.25 cm, the event populations have discrete z-values.
Figure 4.27 shows the events from region ‘C’, now as a function of drift
time between S1 and S2, instead of reconstructed depth. Both the un-
usually short drift times 22 and the fact that they are discrete, hint at a
detector artefact.
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Figure 4.27: Uncorrected primary scintillation signal (S1) vs drift time of the
incorrectly S1-S2 matched 210Po events with z > −0.5 cm (events in region ‘C’
of figure 4.19). The discrete drift times can be explained by afterpulses from
ionized residual gas within the PMTs. The color dashed lines correspond to the
measured delay times for specific ion afterpulses in XENON1T PMTs [85].

One such known artefact are afterpulses within the PMTs. During
PMT testing, these were observed together with their characteristic delay
times [85]. Afterpulses are created by ionization of residual gas molecules
in the PMT by accelerated photoelectrons. These positive ions drift to
the photo cathode, where they release electrons and create an afterpulse.
As the delay time is both mass and charge dependent, it can be written
as [85]:

t =

(
1.134

V1/2μs

cm

)√
L2

V0

M

Q
, (4.5)

22The maximum drift time in the TPC is about 700 μs.
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with L in cm, V0 in volts and t in μs. M/Q is the mass-to-charge ratio
of the specific resiudual gas ion. It is set in number-of-nucleons/units-of-
charge and is thus dimensionless. In the case of XENON1T PMT (R11410-
21) the distance is L = 4.1 cm. When operated at 1500V, using the
XENON1T voltage divider, the potential difference between the cathode
and the first dynode corresponds to V0 = 323.4V [85]. These delay times
are shown in figure 4.27 as coloured dashed lines, corresponding to the
ions. Figure 4.27 shows that the event populations coincides with the
delay times for eight different ions. The fact that the created signals are
identified as S2 signals by the data processor can be explained by the fact
that a big S1 signal triggers also a train of single electrons (SE). The SE
combined with the afterpulses could lead to an S2-like signal. Only if the
afterpulse is leading in determining the reconstructed S2 peak time, can
these discrete drift times be matched to the characteristic delay times. To
check for Xe leaking into the PMTs, weekly LED measurements are used.
A leaking PMT will show an increasing afterpulse rate over time. This
analysis shows that afterpulses in XENON1T can also be investigated by
high energy 210Po alpha events in background data.

4.5 Matching the ER background spectrum

Up to now, we focused on alpha decays to determine the upper and lower
bounds on the concentration of 214Pb. This set for SR1 an upper bound
of (13.7±0.7)μBq/kg from 218Po and a lower bound of (4.4±0.2)μBq/kg
from 214Po. There is no known model of how the cathode cleaning effect
is dependent on the decay time, the LXe flow, the electric fields or the
cathode design. For this reason, we cannot get a better estimate of the
concentration of 214Pb with this method. The other method, which we
will present now, is based on fitting the 214Pb spectrum together with
all the other components to the total ER background spectrum. This
requires detailed knowledge of the spectral shapes of all components, the
cut efficiencies over the full energy range (up to about 3MeV), the energy
dependent energy resolution and the depth dependence of g1 and g2. This
analysis is work in progress and we only present preliminary results. These
we compare with the Monte Carlo expectations (section 4.1.1) and the
alpha analysis (section 4.2.2). After comparing the measured and expected
background levels, we determinate if XENON1T achieved its ultra-low
background goals.
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4.5.1 The 214Pb spectrum

As described in section 4.1.3, 214Pb and 212Pb are the only two isotopes
in the radon and thoron decay chains that contribute to the low energy
ER background. Since the rate of 220Rn is about a factor of 100 lower
than that of 222Rn, and the spectral shapes of 212Pb and 214Pb behave
similarly, we only focus on 214Pb. Figure 4.28 shows the decay scheme
of 214Pb. It decays by e− emission to either one of the excited states,
or immediately to the ground state of 214Bi. It has six β− and about
20 internal γ transitions. With a branching ratio of (9.2 ± 0.7)% and
endpoint energy of Eβ,max = 1019 keV, it decays directly to the ground
state without emitting additional gammas. Due to the complexity of the
decay, we calculate the energy overlap of the spectrum with the dark
matter search region (1 - 12 keV) with dedicated Monte Carlo simulations.

Figure 4.28: Decay scheme of 214Pb. From [129].

A total of 5 × 108 214Pb events are simulated using the particle simula-
tion framework GEANT4 [130], using a full description of the XENON1T
detector geometry [84] and physics list [93]. For every particle interaction
inside the LXe, the position, time, deposited energy, particle type and re-
sponsible energy-loss process are recorded. The 214Pb decays are assumed
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to be homogeneously distributed throughout the active xenon volume23.
We select events within the 1 ton SR0 fiducial volume, select single scat-
ters only and apply energy smearing. The energy smearing is to account
for the finite (energy-dependent) energy-resolution found in XENON1T
[131]. The energy smearing function is:

σE
E

=
a√

E(MeV)
+ b, (4.6)

with (a = 31.17 ± 0.26)MeV1/2 and b = 0.39 ± 0.02, as found by fitting
the peaks of the ER background spectrum, see figure 3.14.

In 90.8% of the time 214Pb decays by emitting a gamma ray. The ques-
tion is if the emitted photon will create a second scatter that is resolvable
in XENON1T by the vertex reconstruction of the interaction. The ac-
tual interaction distance depends on the Compton and photo absorption
scattering lengths in LXe, which are both dependent on the gamma ray
energy. The difference between a measured single and multiple scatter is
determined by the S2 peak separation resolution. Depending on both the
interaction depth and the S2 sizes, between 2 and 20 mm separation in
the z-direction is needed to identify a multiple scatter in XENON1T [132].
Only events which effectively appear as a single scatter are selected. The
result of this procedure for the 214Pb spectrum is shown in figure 4.29.

Figure 4.29 compares the 214Pb spectrum with two different S2 sepa-
ration resolutions. The blue spectrum assumes a constant S2 peak sepa-
ration resolution of 3mm along the z-axis over the full depth range. This
assumption was based on knowledge from XENON100 [133]. The red
curve incorporates the knowledge gained from XENON1T, which assumes
a new depth-dependent S2 peak separation resolution. Below 250 keV
no real difference is visible between the two curves24, this is because the
naked decay of 214Pb (without an additional gamma ray) is not influenced
by the ability to distinguish between single and multiple scatters. Only
above about 300 keV are rate differences clearly visible. Due to the de-
crease of the S2 peak separation resolution for lower z-values, XENON1T
does not achieve the expected power in separating single scatters from
multiple scatters. The vertical gray dashed lines depict the energies of
gammas, with the highest branching ratios, originating from the excited
214Bi states. The rate is normalized to (kg · day · keV)−1, given a 214Pb
concentration of 10 μBq/kg. With this knowledge of the shape of the
214Pb spectrum we can now fit it to the whole ER background spectrum.

23This assumption was confirmed in section 4.3.
24The small wiggles in the Monte Carlo paper spectrum (blue) are due to low statis-

tics.
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Figure 4.29: Spectral shapes of 214Pb for different S2 peak separation resolu-
tions. The assumed resolution (blue curve) of 3 mm in z was used in [93], and is
constant over the whole depth of the TPC. The actual resolution in XENON1T
of 2-20 mm is energy- and depth-dependent (red curve). At low energies (<250
keV) they predict the same rate, but for higher energies the decrease in resolution
predicts more multiple scatters to be counted as single scatters. The vertical gray
dashed lines depict the energies of gammas originating directly from the excited
214Bi states.

4.5.2 Fitting the ER background spectrum

Full spectrum The following cuts are applied to the SR1 background
data used for the ER spectrum: DAQ veto, S2 Threshold, S2 Width, S1
Single Scatter, S2 Single Scatter and S2 Area Fraction Top. The other
cuts described in section 3.4 cannot be applied over the full energy range
(0 - 3MeV), as they are mostly optimized to work below 100 keV. The
acceptance of this subset of cuts is flat up to about 200 keV, but decreases
for higher energies. Therefore we will use the full-energy-range fit of the
ER background spectrum only to identify the peaks. For determining the
concentrations of the individual components a smaller energy range will
be used. To convert cS1 and cS2 into energy we use the g1 and g2 values
from section 3.5.1 in:

Edep = 0.0137 keV×
(
cs1

g1
+

cs2b
g2

)
. (4.7)
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Figure 4.30: Full ER background spectrum of XENON1T (SR1) in 1 t fiducial
volume with matched background sources [134]. The data is depicted by the blue
points, while the MC spectra are depicted by the solid coloured lines. Up to about
2MeV the sum spectrum (red) has good agreement with the peak positions in the
data. The two grey energy regions are blinded for double electron capture and
0νββ searches. The fit to the full energy range of the ER background spectrum
is used to identify the peaks, but due to not fully knowing the acceptance at high
energies of the cuts, it is not used to determine the actual background rates.

The full-energy-range fit of the ER background spectrum (blue mark-
ers) for XENON1T is shown in figure 4.30. The individual components
are shown for 222Rn (red), materials (light blue), 136Xe (dark green), 85Kr
(blue) and solar neutrinos (pink). Apart from these expected backgrounds,
which were included in the MC ER background spectrum (see figure 4.1),
several other components show up in the detector. These mostly originate
from xenon isotopes [135] being activated during neutron calibrations.
The following new sources are found:

• 133Xe (purple). This short-lived xenon isotope is activated by neu-
tron calibration. It has a half-life of 5.2 d and decays by β− emis-
sion (Eβ,max = 346.4 keV), followed by an immediate gamma of
81 keV. Due to the shape being more complex than the following
three sources, the 133Xe spectrum is constructed by Monte Carlo
simulation.

• 131mXe (yellow). This short-lived xenon isotope is also activated
by neutron calibration. It has a half-life of 11.84 d and decays by
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emitting a single gamma of 163.9 keV. Thus it is fitted with a single
Gaussian.

• 129mXe (green). This short-lived metastable xenon isotope (T1/2 =
8.9 d) is also activated by neutron calibration. It decays with a single
gamma emission of 236.1 keV and is fitted by a single Gaussian.

• 83mKr (light green). The also metastable 83Kr is used as a cali-
bration source (as described in section 3.3.1) and originates from
a small contamination of 83Rb (T1/2 = 86.2 d)25 during commis-
sioning. With internal conversion electron energies of 41.5 keV and
32.1 keV it is not a background for the dark matter search and can
be used as a continuous calibration source in background data by
fitting it as a double Gaussian.

Two energy regions (grey bands) in the data are still blinded: 50 -
80 keV to search for the double electron capture signal at 64 keV from
124Xe and 126Xe, and 2250 - 2600 keV to search for the signal of 2458 keV
from neutrinoless double-beta decay from 136Xe. The most stringent limits
on these searches have been set by [136] and [137], respectively. Up to
approximately 2000 keV, the peaks in the MC sum spectrum coincide with
the location of the peaks in the data, but at higher energies a slight shift
is visible, hinting at a non-linear energy response. This is not unexpected,
as the experiment and the data processing is optimized for low energy
response and this non-linearity could be caused by, e.g., ADC saturation
and single electron tails.

Low-energy spectrum To determine the concentrations of the differ-
ent ER components, the low-energy region of the ER background spectrum
is fitted, shown in figure 4.31.

In this spectrum we fit only up to 300 keV, but use a 1.3 ton fiducial
volume for the SR1 data [138]. The data shows good agreement with the
combined fit, as shown by the residuals in the lower panel of the figure.
The SR1 cuts are optimized for lower energy, but have an approximately
flat acceptance of 0.93 up to 200 keV [139]. For higher energies, this
decreases down to 0.8 at 300 keV. Therefore, we apply the cut acceptance
to the individual spectra of the components and only fit up to 300 keV.
At the lowest energies (< 10 keV), a new background is found of surface
events26 contaminating the ER band. Thus, the bins up to 10 keV are
excluded from fitting [140]. Compared to figure 4.30, one extra component
is added:

25No gammas from rubidium itself are found within the detector.
26These wall leakage events will be presented in section 5.2.
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Figure 4.31: Fit of ER background spectrum in 10 - 300 keV in a 1.3 ton fiducial
volume using SR1 data (χ2/ndf = 1.17). The data (blue markers) shows good
agreement with the sum spectrum (red) of the individual background components
(in color). The double electron capture region (grey band) is blinded and not
taken into account for the fitting. The residuals are shown below with the 1- and
2σ bands. This fit is used to determine the background rates in table 4.6.

• 125Xe (orange) This short-lived xenon isotope is created from 124Xe,
has a relatively low natural abundance (0.1%). But, due to its high
thermal neutron capture cross section, it is produced during neutron
calibration. With a half-life of 16.8 h it decays by β+ or electron
capture with energies of 188 keV and 243.4 keV, respectively. Its
daughter is an excited state of 125I, which immediately de-excites
with the emission of an X-ray of 5.2 keV (L shell) or 33.2 keV (K
shell) [141].
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4.5.3 ER background levels

Total background Table 4.5 compares the expected background rates
from MC [93] with the measured background rates found ER background
spectrum fit of figure 4.31.

Source Expected background (1 t) Measured background (1.3 t)

[(kg · day · keV)−1] [(kg · day · keV)−1]

Materials (7.3± 0.7) · 10−6 (3.1± 1.0) · 10−5

222Rn (1.54± 0.15) · 10−4 (1.29± 0.22) · 10−4

85Kr (7.7± 1.5) · 10−6 (2.1± 0.5) · 10−5

136Xe (2.3± 0.3) · 10−6 (2.3± 0.4) · 10−6

Solar neutrinos (8.9± 0.2) · 10−6 (6.8± 0.9) · 10−6

Total (1.80± 0.15) · 10−4 (1.90± 0.24) · 10−4

Table 4.5: Expected [93] and measured ER background rates in the (1,12) keV
energy range. The measured material and 222Rn background rates are from the
fit in figure 4.31 and are corrected for the cut acceptance. The other measured
background rates are from RGMS measurements (85Kr) or MC (136Xe and ν),
and are constraint in the fit.

While the material and radon concentrations are unconstrained in the
fit of the background spectrum, the others are not. Due to the possible
degeneracy of featureless (flat) spectra at low energy, the krypton, solar
neutrino and 136Xe spectra are fit using a prior of the expected value with
Gaussian uncertainty. The value for the 85Kr concentration is determined
by Rare Gas Mass Spectrometry (RGMS), which is measured every few
weeks. A value of natKr/Xe = (0.66 ± 0.11) ppt is found, assuming the
85Kr/natKr ratio = 1.65 ×10−11 mol/mol from measurement [142]. We
assume the same rate for 136Xe as in [93], while the rate for solar neutrinos
is lowered by 24% from [93], due to the suppression of the neutrino-electron
scattering cross-section at low energy by the atomic binding effect [143].
The stated uncertainties in table 4.5 include the fit uncertainty and an
systematic uncertainty on the acceptance of about 12% 27.

The measured material background is about four times higher due to
an increase in the fiducial volume from 1 to 1.3 ton. This increase in
fiducial mass is motivated by an increase in overall WIMP sensitivity28.
The uncertainty of all the different material components are Gaussian-
propagated in the sum. The radon background is about 15% lower due
to the cathode cleaning effect, which was not taken into account in the

27The uncertainty on the cut acceptance is estimated by including the acceptance
curve with a scaling and offset parameter in the background fit.

28These fiducial volumes will be presented in section 5.5.2.
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MC. The krypton rate is about 2.7 times higher. This krypton concentra-
tion could have been reduced even further by the distillation column, but
did not seem necessary before SR0, as it is a sub-dominant background.
Overall, this shows that XENON1T has successfully reached its predicted
background level.

Radon background Finally, the concentration of 214Pb is constraint
by the ER background fit and can be compared to the previous presented
measurements. Table 4.6 shows the concentration of 222Rn and 214Pb from
MC [93], emanation measurements (section 4.1.3), the S1-only α analysis
(section 4.2.2)) and the ER background fit results. The α analysis sets a
lower and upper limit from the concentration of 214Po and 218Po, respec-
tively. The MC expectation assumes the same concentration of 222Rn as
of 214Pb, because no cathode cleaning effect was taken into account. The
found concentration of (8.4±1.2) μBq/kg29 for 214Pb is in agreement with
the limits from the S1-only analysis, and is below the MC expectation.

Method 222Rn 214Pb Units

MC expectation 10 10 μBq/kg

Emanation measurements 11± 2 μBq/kg

S1-only α analysis 13.4± 0.9 4.4 - 13.7 μBq/kg

ER BG fit 8.4± 1.2 μBq/kg

Table 4.6: Comparison of expected and measured 222Rn and its progeny, 214Pb,
concentrations in XENON1T.

The relationship between the internal radon concentration (ARn) and
the differential background rate (RRn) in the energy region of interest (1
- 12 keV) is:

RRn = ARn × 1.54 · 10−5events/(kg day keV), (4.8)

where the scale factor is derived from MC [93]. This relation has a 10%
uncertainty due to different branching ratios in literature and the shape
of the spectrum itself. The radon induced background rate is about 68%
of the total background rate found from the ER background fit. The total
ER background rate of XENON1T in the (1 - 12 keV) energy region is
the lowest ever achieved in a dark matter detector. Figure 4.32 shows a
comparison of the background rate for different experiments.

29This includes an additional 8% overal systematic fit uncertainty, estimated by
changing the end point of the fit range to 250 keV and 350 keV.
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Figure 4.32: Background rate comparison between different experiments. The
XENON1T spectrum (green) has the lowest ER background at low energy.
XENON100 (orange), CDMS (red), XENON100 (yellow) and LUX (black) search
for dark matter. Borexino (blue) and SNO (pink) are neutrino observatories,
while EXO (light green) and GERDA (turquoise) are looking for 0νββ decay. A
reference line (purple) for the rate of depleted argon is also shown.
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4.6 Conclusion and outlook

To have a chance of measuringWIMPs scattering off xenon nuclei, XENON1T
was designed and built as an ultra-low background experiment. Even with
the discrimination power of 99.8% between nuclear and electronic recoils,
the total electronic recoil background cannot exceedO(1000) events. From
Monte Carlo we know the main background component in the low energy
region (1-12 keV) is from radon.

To constrain the concentration of 214Pb, the concentration of 218Po
and 214Po were determined by means of an S1-only alpha analysis. Seven
alpha lines were identified, all originating from the radon and thoron decay
chains. The found concentrations of 218Po (13.7 ± 1.1) μBq/kg and 214Po
(4.4 ± 0.2)μBq/kg give and upper and lower limit on the concentration
of 214Pb, respectively. Both isotopes showed stable decay rates over time
and a homogeneous distribution throughout the TPC. From the alpha
spectrum it is clear that 212Pb, coming from the thoron decay chain, will
not contribute to the total ER background above the 1% level.

The one isotope in the alpha spectrum, 210Po, that could not originate
from radon decaying within the liquid xenon, was found to originate from
the PTFE walls and the cathode. Showing that its decay daughter, 210Pb,
can not decay into the inner fiducial volume to influence the WIMP search.

To get a better estimate of the precise 214Pb concentration, its spec-
trum was determined and fitted against the full ER background spectrum.
A 214Pb concentration of (8.4 ± 1.2) μBq/kg was found, about 16% lower
than the Monte Carlo expectations. By fitting all the individual ER back-
ground components together, a total ER BG rate was found of (1.90 ±
0.24) ×10−4 (kg · day · keV)−1, which is in agreement with the expected
(1.80 ± 0.15) ×10−4 (kg · day · keV)−1. This does not only show that
XENON1T has achieved its ultra-low background goals, but also that
XENON1T has the lowest low-energy ER background rate of all dark
matter experiments (as shown in figure 4.32). After determining the ER
backgrounds, we are now ready to present the WIMP search results, which
will be done in the next chapter.
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Chapter 5

Fiducial volumes for WIMP
analyses

I can proudly say that we are world leading in finding nothing.

— P.A. Breur

This chapter presents the construction of the fiducial volume (FV)
used for the WIMP search of Science Run 0 (SR0). With the fiducial
volume set, science data are unblinded and the result is interpreted to be
consistent with a background-only hypothesis. For Science Run 1 (SR1)
the spatial reconstruction was improved, leading to an increased fiducial
mass and the final XENON1T result on the spin independent WIMP-
nucleon cross section.

5.1 Determining the fiducial volume of SR0

The fiducial volume is the the LXe volume within the TPC that maximizes
the sensitivity for detecting wimps. The sensitivity is influenced by both
the total exposure (ton × year) and the ratio of expected signal over back-
ground events. Under the assumption of a flat signal acceptance within
the whole TPC, the goal is thus to find the largest LXe volume in which
the background is only dominated by the internal (i.e., radon) and not
the external (i.e., material) backgrounds. Before optimizing the fiducial
volume, we investigate the spatial distribution of low-energy background
events within the TPC.
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5.1.1 The background distribution

Figure 5.1 shows the low-energy1 (cS1 < 200PE) background distribution
for the full SR0 exposure. All SR0 cuts (table 3.1) have been applied,
except for the fiducial volume cut.
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Figure 5.1: Spatial distribution of low-energy (cS1 < 200PE) SR0 background
events in depth versus radius. All SR0 cuts, except the fiducial volume cut,
have been applied. The center region with only a few events is dominated by
internal backgrounds, while the region at high radius (r > 42 cm) is dominated
by material backgrounds. The horizontal line of events at the bottom of the
figure correspond to events originating from the cathode (z = −96.9 cm).

As expected, most events interact at large radii, due to the self shield-
ing property of LXe. Within the event distribution at the edge of the TPC
(r > 42 cm), most events are in the top region (z > −20 cm). The region
above the anode is filled with GXe, while the region below to cathode is
filled with LXe. As the mean free path of a gamma ray is dependent on
the density, the GXe provides less shielding than the LXe2. The horizontal
line of events at z ≈ −96.9 cm correspond to events originating from the
cathode. The following two observations in the data were not expected:

1The WIMP search energy region ends at cS1 = 70PE, but to increase statistics we
enlarge the energy range.

2Due to the difference in vapour pressure more krypton is also found in the gas
phase.
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• In the top region of the TPC (0 cm > r > 30 cm and −10 cm >
z > 0 cm), one expects more events from the MC [93] than are
observed in data. In the top few cm of LXe low-energy gamma
rays, originating from within the gas, should interact. After the
SR0 analysis, it was discovered that the lack of events in this region
is caused by the merging of S1 and S2 signals by the processor for
short drift times.

• The event distribution at the TPC wall (40 < r < 48 cm) is too
broadly distributed in r. The event selection of cS1 < 200PE, cor-
responds to cS2 < 1×104 PE. Using equation 3.2 to convert cS1 and
cS2 into deposited energy, this gives gamma energies of up to about
20 keV. Gamma rays up to such energies have a mean free path (see
figure 2.13) smaller than 10−2 cm. Thus, the interaction is expected
to occur within the first cm of LXe. The position reconstruction
resolution of TPF (figure 3.3b) is better than 2 cm at the S2 thresh-
old3 of 200PE. Together these two effects should not result in such
a broad event distribution in r. We will discuss this problem further
in this section.

Figures 5.2 and 5.3 show the spatial distributions off the same low
energy background, but now in (x,y) and (φ, r2,), respectively.

A φ-dependent TPC radius Figures 5.2 and 5.3 show that the broad
event distribution at the edge is φ-dependent. To get a better under-
standing of where these events originate from, a study was done on the
φ-dependence of 210Po alpha decays. Because these originate from the
PTFE wall, the lower 99% quantile of the 210Po distribution in each φ-slice
represents where the TPC wall is reconstructed [144]. This φ-dependent
TPC radius, shown in figure 5.3, represents how much radial bias an event
that originates at the PTFE wall can have. The fact that this φ-dependent
TPC radius from 210Po follows the same structure as observed in the low
energy background distribution, tells us that the probable origin of these
events is also the PTFE wall. The reason that this radial effect did not
show up in the 210Po analysis of section 4.4, is that for that study a 3D
time-dependent Field Distortion Correction (FDC) was applied. For SR0,
only a simpler 2D FDC was applied (section 3.2.2). We will present the
3D FDC in section 5.5.

Charge-up of the PTFE wall The working hypothesis for the ob-
served φ-dependent radial bias [145] is that the individual PTFE panels

3It improves for bigger S2 signals.
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Figure 5.2: Spatial distribution of the low energy background in y versus x.
The event distribution at high radius shows signs of a φ-dependent radial bias.

become more (negatively) charged over time, and such an effect has al-
ready been reported by LUX [146]. The negative charge of the PTFE
panels will push the upward drifting electrons inwards, depending on the
amount of charge buildup and the distance to the wall. The PTFE wall
of XENON1T consists of 48 individual full-height PTFE panels and it is
unclear why some regions show more charge-up than others. Two regions
with a large inward bias correspond to regions with more turned off PMTs
[101] in the outer ring of the top PMT array. Specifically, the regions
around x = −20, y = 40 cm (φ ≈ 110 degree) and x = −40, y = −20 cm
(φ ≈ −150 degree) both show a large inward bias of events and have two
dead PMTs each in the top ring of the top PMT array. Regions with
more dead PMTs have on average a larger position reconstruction uncer-
tainty [147], which would increase the inward radial reconstruction bias.
The large inward bias at φ ≈ 40 degree (x = 38, y = 26 cm) does not
correspond with any dead PMTs.
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Figure 5.3: Spatial distribution of the low energy background in radius2 versus
φ. The event distribution at large radii follows the same φ-dependent radial bias
found for the 210Po distribution (red line) originating from the PTFE wall. Low-
energy background events originating at the PTFE wall can thus be reconstructed
inwards with a φ-dependent radial bias. The maximum TPC radius is represented
by the dashed black line.
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5.1.2 The fiducial volume shape

Figure 5.4 shows the low-energy background distribution with two differ-
ent fiducial volume shapes. The cylindrical volume is the official SR0 FV
(see section 3.4), it is bound by −92.9 cm < z < −9 cm and r < 36.94 cm.
For comparison, a superellipse is shown, defined in z − r2 space by( |z − z0|

vz

)p

+

(
r2

vr

)p

< 1, (5.1)

with z0 the center of the ellipsoid along the z-axis, vz the maximum elon-
gation along the Z-axis, vr the maximum elongation along the r2-axis and
p the curvature factor. The superellipse shown in figure 5.4 has the same
lower and upper z-bound as the SR0 FV, and has vr = 40.12 cm and
p = 2.5.
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Figure 5.4: The low-energy background event distribution together with a cylin-
drical (red) and super-elliptical (orange) fiducial volume. The cylinder is the of-
ficial SR0 fiducial volume, while the superellipse is shown for comparison. Both
volumes contain equal xenon mass (≈ 1 t).

The cyindrical and super-ellipse fiducial volumes contain equal liq-
uid xenon mass. For XENON100, the superellipse shape maximised the
WIMP sensitivity [5]. We will now investigate if the observed spatial dis-
tribution of the low energy background in XENON1T advocates for one
shape over another.
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Lower z-bound Figure 5.5 shows the low-energy background event dis-
tribution in the bottom region (−98 cm < z < −90 cm) of the TPC for
different r-slices. The r-slices are chosen such as to ensure equal volumes in
each slice. The event distributions for the different r-slices mostly overlap
and the mean of the distributions of cathode events is not r-dependent (up
to 40 cm). Therefore, the combined data of all slices is fit with a Gaussian
of μ = (−96.32 ± 0.11) cm (1 σ). No other structure is observed between
−95 cm < z < − 90 cm in the event distribution. The lower z-bound
(zmin) for the FV is (conservatively) set to -92.9 cm, which is 4 cm away
from the cathode4, and about 28σ away from the observed cathode event
distribution5.

Upper z-bound Figure 5.6 shows the low-energy background event dis-
tribution in the top region (z > 10 cm) of the TPC for different r-slices.
An r-dependence of the event distribution is visible: for higher radii, more
events interact within the first 10 cm in z. There is also an over-density
of events in all four r-slices in the region −7 < z < −6 cm.

Figure 5.7 shows again the low-energy background distribution in depth
versus radius, but now with extended radius and in color the value of S2
Area Fraction Top (AFT). A horizontal line of events within−7 cm < z < −
6 cm all have an S2 AFT of around 0.7. These events interacted in the first
cm of gas around the PMTs, from where their electrons drifted towards
the anode and created an S2 6. With a drift distance of about 6 cm and a
maximum electron drift velocity in gas7 of 1.4μm/μs, these events get an
associated depth of around −7 cm.

To exclude these gas events, the upper z-bound (zmax) is set to −9 cm,
as shown in figure 5.6. This has the added benefit of also excluding the top
few centimetres of LXe, where there is an unknown detection efficiency
loss. Including a region with a lower signal acceptance would lead to an
overestimation of the WIMP sensitivity. Figure 5.7 also reveals another
problem for events reconstructed with radii outside the TPC. The position
reconstruction algorithm, Top Pattern Fit (TPF), mis-reconstructs events
in a sort of ‘elephant-trunk’ pattern up to r2 = 3000 cm2. These events
should be reconstructed at the TPC wall. This effect is found in both the
TPF and Neural Net (NN) reconstructed positions and is understood to

4The 2D FDC correction changes the observed cathode position to the ‘recon-
structed’ cathode position, leading to about a 1% shift of the depth reconstruction.

5Assuming the cathode event distribution is Gaussian in nature.
6This is caused by the high fields close to the anode mesh, and not by the amplifi-

cation region between the gate and anode, as is the case for events from the LXe.
7The electron drift velocity in gas is calculated at -95 C and 1.94 bar with Garfield++

for a drift field of 1 kV/cm.
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Figure 5.5: Depth distribution of the low-energy background events in the
bottom region of the TPC for different r-slices (coloured histograms). The lower
z-bound (zmin) for the fiducial volumes in figure 5.4 is set to -92.9 cm. The
combined slices are fitted with a Gaussian (red dotted) and the zmin bound is
about 28σ away from the reconstructed cathode event distribution.

be a problem with the simulated LCE maps for the outer two top PMT
rings [101].
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Figure 5.6: Depth distribution of the low-energy background in the top region
of the TPC for different r-slices (coloured histograms). For r-slices with higher
radii, more events interact in the top 10 cm of the TPC. An over-density of events
is observed in the region −7 cm < z < − 6 cm, which are gas events passing
the cuts. The zmax = −9 cm bound is about 2 cm away from the gas event
distribution, and 9 cm away from location of the gate (black dashed).
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Figure 5.7: Scatter-plot of low-energy backgrounds events in depth versus ra-
dius with the associated S2 area fraction top (AFT) value in color. A (horizontal)
distribution of gas events with high S2 AFT is observed around z = −7 cm. The
position of the cathode and TPC wall are shown by the horizontal and vertical
black dashed lines, respectively. Due to a problem with the MC LCE maps, TPF
mis-reconstructs a population of events into an ‘elephant-trunk’ shape around
r2 > 2500 cm2.
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5.2 The surface background

With the lower and upper z-bounds fixed, only the maximum radius and
the shape of the fiducial volume have to be determined. The z-bounds
are set to exclude specific backgrounds such as events from the cathode
and from the gas. Both the shape and maximum radius of the SR0 FV
were chosen to exclude a new background: surface events originating from
the wall that could leak into the fiducial volume. Any electronic recoil
background can be discriminated from nuclear recoils (signal like) with
(99.71 ± 0.21)% efficiency, as calculated from the ER and NR calibration
(section 3.6). The problem with events originating at the PTFE wall is
that they loose part of their charge signal, as shown by the 210Po events
(see figure 4.18b of section 4.4). If an electronic recoil originating at the
TPC wall lost part of its charge signal, it could not be distinguishable
from a nuclear recoil by its position in cS1-cS2 space relative to the ER
and NR band.

This problem could have been solved by incorporating the spatial in-
formation (r,z) into the likelihood. This was not done for SR0, because,
due to the problems with the position reconstruction of wall events, it was
unclear how to build a correct model. The surface background does not
show a z-dependence, but only an r-dependence [148]. This lead to the
decision of a cylindrical FV for SR0 with an maximum radius that ensures
an expectation value of about zero wall leakage events.

Figure 5.8 shows for three cylindrical volumes the leakage events in
log10(cS2/cS1) versus cS1 space. This analysis was done by unblinding
the region of interest ROI outside the SR0 FV, while keeping the ROI
within that volume blinded. Even though these events are below the NR
median, and would thus be counted as WIMP-like events, it is clear that
the bulk of these events cannot be WIMP signals. For a WIMP signal
we expect O(1) events (section 4.1.2), and they would be homogeneously
distributed throughout the LXe volume.

Figure 5.8 also shows a sideband region of 100 < cS1 < 200PE. This
sideband was unblinded at an earlier stage to test if a fiducial volume
larger than 1100 kg was possible without having O(1) surface background
events in the ROI, which was not the case. For the SR0 cylindrical volume
(rmax = 36.94 cm) the expected backgrounds from surface events can now
be calculated.

Figure 5.9 shows how the number of events leaking into the region of
interest increases for larger cylindrical volumes8. The upper and lower
z-bounds are set and only the radius is increased. The ROI is defined here

8This an approximate fiducial mass due to a slight underestimation of the LXe
density.
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Figure 5.8: Leakage events in three representative fiducial volumes used in
figure 5.9 in log10(cS2/cS1) versus cS1. The NR median (purple) is taken from
calibration data. Cylindrical fiducial volumes with larger radii show more leakage
events that could be counted as nuclear recoils (signal like). Only data outside
the SR0 FV was unblinded for this analysis.

as cS1 < 100PE, cS2 > 200PE and log10(cS2/cS1) below the NR median.
This surface background shows a clear r-dependence, and is fit with both
an exponential and a power law (of the form 1/mp

xenon).

The exponential fit to the data in figure 5.9 results in an expectation
value of (0.5±0.3) wall leakage events in the SR0 FV for the full exposure.
The uncertainty is calculated from the difference in fit results between the
exponential and the power law fit. The fit range could not be increased up
to the maximum volume (maximum TPC radius). Figure 5.7 shows that
part of the event distribution close to the TPC wall is mis-reconstructed
far outside the TPC. Therefore, modelling the wall leakage backgrounds
up to the TPC wall seems not feasible without first improving the position
reconstruction.

5.2.1 Mass of the SR0 fiducial volume

The LXe density is calculated using the average temperature of (−96 ±
0.8)

◦
C and pressure of (1.936 ± 0.017) bar during SR0 operation [149].

Using the NIST webbook for LXe density [150], this gives a (conservative)
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Figure 5.9: Number of events (blue markers) leaking below the NR median in
the region of interest versus approximate fiducial mass of the cylindrical fiducial
volume. The cylindrical fiducial volumes only differ in radius. The data is fit by
an exponential (red) and power-law (green dashed) fit to estimate the expected
number of wall leakage events in the SR0 FV (purple dashed). The uncertainties
on the data points are overestimated and come only from statistics (Poisson
distributed).

estimate for the LXe density of (2.862 ± 0.004) g/cm3. The total active
TPC volume (confined between the cathode and gate) is (700.2 ± 1.5) l,
resulting in an active target mass of (2003.8 ± 5.2) kg. The SR0 fiducial
volume, defined by −92.9 cm < z < −9 cm and r < 36.94 cm, thus
has a geometric mass of (1029.4 ± 2.8) kg. This is cross checked with
the percentage (52.61%) of all krypton calibration events (assumed to be
homogeneously distributed) in the SR0 FV, resulting in a data-driven mass
of 1054.2 kg. The official mass of the SR0 FV is (1041.8 ± 12.4) kg. This
is the average of the geometric and data-driven mass, using the difference
as the uncertainty [151].

5.3 Total background expectation

The total background expectation for SR0 is composed of six background
components: Electronic recoils from primarily radon (see section 4.5.2),
nuclear recoils from radiogenic neutrons and CEvNS, accidental coinci-
dences from random pairing of uncorrelated lone S1 and S2 peaks, wall
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leakage as described in section 5.2 and an anomalous background observed
in ER calibration data. For each background the spectral shape (in cS2b
vs cS1) and expected rate are determined before unblinding.

5.3.1 Background sources and spectral shapes

Figure 5.10 shows the dominant backgrounds in cS2b vs cS1 for SR0.
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Figure 5.10: Expectation of dominant backgrounds in cS2b vs. cS1 for SR0.
The expected signal for a 50GeV WIMP is given by the contours in density
percentiles. The expected rate for each background component is given in table
5.1.

The ER background mainly consists of beta decays of 214Pb and
85Kr which cause a flat energy spectrum in this energy range (see section
4.5.2). An ER model is build using the simulated XENON1T detector
response. The energy deposition is converted into electrons and photons
using a model similarly to [152]. The most important model parameters
defining the shape of the ER band are the energy dependent light yield9

and recombination fluctuation10 [153]. The ER model is fit to the ER cali-
bration data (section 3.6) [154]. The best fit values of both are comparable
to those found in [152].

9Interchangeable with the charge yield, as they together add up to the same total
number of deposited quanta, see equation 3.2.

10The recombination fluctuation manifests itself, among others, into the width of the
ER band (in log10(cS2/cS1)).
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The ER rate is left unconstrained in the fit, as the most stringent con-
straint comes from the data itself. The model incorporates uncertainties
from the primary and secondary scintillation gains (g1 and g2), the pro-
cessor and cut efficiencies, the electron extraction efficiency, the S1 and S2
spatial corrections and the electron lifetimes correction. Due to its high
rate, the ER background is dominant over the full ER band region.

Nuclear recoils are expected from radiogenic neutrons, cosmogenic
neutrons11 and CEvNS (in figure 5.10 labelled as ‘CNNS’). The spectra
from MC simulation are converted into S1 and S2 signals using a NR
response model, fit to the NR calibration data (section 3.6). The spectral
shapes are very similar to those of WIMPs, but, due to their low rates, they
are only the dominant background in a small part of the total parameter
space.

Accidental coincidence (AC) events are created by pairing in time
of uncorrelated lone S1 and S2 signals within one event window. Lone
S1 signals can be created in charge insensitive regions (such as below to
cathode), while lone S2 signals can be induced by photoionization at the
electrodes. The AC model is created by selecting S1 signals appearing
before the main S1 and randomly pairing them to S2 signals from events
that have no valid S1. The model only incorporates events that pass all
SR0 cuts.

An anomalous background is added to the background model due to
non-Gaussian leakage found in the ER calibration data. It is a featureless
(flat in log10(cS2/cS1)) background that mostly dominates in the regions
where no other backgrounds are found.

The wall background, as discussed in the last section, is mostly
dominant in the region cS2b < 200PE. The measured S2 signal is reduced
by charge-loss effects at the PTFE wall. The spectral shape of the wall
background was determined in [155]. On top of the background model, the
expected signal model of a 50GeV WIMP is shown in density percentiles.

5.3.2 Background rate expectation

Table 5.1 shows the expected number of background events for SR0 (34.2
life days) in the (1042 ± 12) kg fiducial volume.

The number of expected events is calculated in two different regions.
The full region is defined by cS1∈ [3, 70] PE, cS2b ∈ [50, 8000] PE, which
are also the ranges used for the ER and NR bands in figure 5.10. The
reference region is constrained by the mean and the −2σ line of the NR
band. In the full region a total background of (63 ± 8) events is expected.

11As the expected rate of cosmogenic neutrons is one order lower than the rate of the
other two contributions, it is neglected here.
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Full Reference

Electronic recoils (ER) (62 ± 8) (0.26+0.11
−0.07)

Radiogenic neutrons 0.05 ± 0.01 0.02

CEvNS 0.02 0.01

Accidental coincidences 0.22 ± 0.01 0.06

Wall leakage 0.52 ± 0.3 0.01

Anomalous 0.09+0.12
−0.06 0.01 ± 0.01

Total background 63 ± 8 0.36+0.11
−0.07

50GeV, 10−46cm2 WIMP 1.66 ± 0.01 0.82 ± 0.06

Table 5.1: Expected number of events in SR0 for each background component
in the cylindrical (1042 ± 12) kg fiducial volume. The numbers are calculated
for two diferent regions: the full cS1 ∈ [3, 70] PE, cS2b ∈ [50, 8000] PE search
region and in a reference region between the NR median and its −2σ quantile in
cS2b (see figure 5.11). Uncertainties on background components < 0.005 events
are omitted. The ER rate is unconstrained in the likelihood, the best-fit values
to the data are shown in parentheses. For comparison, the number of expected
events from a 50GeV, 10−46cm2 WIMP signal are shown for both regions for
comparison. From [3].

If we would do a ‘box counting’ analysis in the full region12, it is clear
that a signal from a 50GeV/c2WIMP, with a cross section of 10−46 cm2,
is hard to distinguish from the expected statistical fluctuation of the total
number of background events. In the reference region, on the other hand,
the expected signal far exceeds the uncertainty on the total background
expectation. Still, these numbers are not used to derive the dark-matter
result, but only to guide the eye when the data is presented after unblind-
ing. To derive the actual limit a profile likelihoods analysis is done13.
This means that for every event found after unblinding, the probability is
calculated of it being signal- or background-like, using the knowledge of
the expected rate and spectral shape. For SR1 this is expanded to also
include the event position (spatial distribution).

12Which we do not!
13Assuming no WIMP signal is found.
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5.4 SR0 dark matter search result

5.4.1 Blinding

Up until now, the science data within the signal region was blinded to
avoid introducing a human bias. This blinding criterion is defined as all
events below the lower 1% Gaussian quantile of the ER band in cS2 vs.
cS1 space14. It is dominated by the systematic uncertainty for a possi-
ble deviation of the fit model. Events with an S2 smaller than 150 PE
are excluded from blinding, and used, e.g., for constructing the AC back-
ground model. The blinding criterion is applied to events with an cS1
up to 200 PE. Even though the WIMP search region is constrained to
cS1∈ [3, 70] PE, the region cS1∈ [100, 200] PE can be used as a sideband.
This sideband region was unblinded before the final unblinding to deter-
mine the influence of the wall background on the choice of FV in figure
5.8. Four days of science data were unblinded before the final unblind-
ing as a cross check. This data was evenly distribution throughout the
SR0 data taking period and no changes to the event selection were made
afterwards.

5.4.2 Observed event distribution

Table 5.2 shows how the SR0 cuts, that were established pre-unblinding,
select the data after unblinding.

First, the energy selection of cS1∈ [3, 70] PE15 was applied to reduce
data16. In this energy range, about 10% of the events interacted within
the fiducial volume. After selecting events with a valid S1 and S2 (S2
Threshold and Interaction Peak Biggest), about 900 events are left. This
number reduces to 63 events after all cuts are done. This final event
selection can now be compared to the expected spectrum (section 5.3.1)
and rate (section 5.3.2) of the backgrounds.

Figure 5.11 shows the final 63 events in cS1 vs. cS2b. It is dominated
by the systematic uncertainty for a possible deviation of the fit model.
A total of 62 events are observed around the ER median and above the
NR median. The spectrum and rate of these 62 events are compatible
with coming from ER backgrounds. The 62 events in SR0 give a rate17

of (1.93 ± 0.25) × 10−4 (kg · day · keV)−1 , which is compatible with the
prediction of (1.8± 0.2)× 10−4 (kg · day · keV)−1 from section 4.5.2.

14This is just above the NR median.
15The low energy background selection shown before was cS1∈ [0, 200] PE
16The total number of digitized events in SR0 is about 16 Million.
17Calculated with: 62 events × 1041 kg−1× 34.2 days−1× 7.22 keV−1. The last value

is the integral over the detection efficiency of figure 3.11.
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Cut name Nbefore Nafter Nremoved Fraction passed

S1 Low Energy Range 6071 6071 0 1.0

Fiducial Cylinder 1T 56831 6071 50760 0.10683

S2 Threshold 6071 1670 4401 0.27508

Interaction Peak Biggest 1670 932 738 0.55808

S1 Single Scatter 932 925 7 0.99249

S2 Single Scatter 925 504 421 0.54486

S1 Area Fraction Top 504 251 253 0.49802

S2 Area Fraction Top 251 139 112 0.55378

S2 Width 139 76 63 0.54676

S1 Pattern Likelihood 76 74 2 0.97368

S2 Pattern Likelihood 74 73 1 0.98649

S1 Max PMT 73 71 2 0.9726

DAQ Veto 71 68 3 0.95775

S2 Tails 68 64 4 0.94118

Single Electron S2s 64 63 1 0.98438

Pre S2 Junk 63 63 0 1.0

Table 5.2: Cuts applied to XENON1T SR0 data after unblinding. The descrip-
tion of these cuts are found in section 3.4.

Only one event (cS1 ≈ 68PE) is found within the blinded region. This
(outlier) event was already observed in the staged unblinding of four days.
Due to its high energy (> 35 keV nuclear recoil energy) and its low cS2
value (being below the −2σ of the NR band), it has a low probability of
being a WIMP (P � 10−3 for all WIMP masses [99]). It is unclear what
the origin is of this event. The spectrum of a 50GeV/c2 WIMP is shown
for comparison in purple.

5.4.3 Statistical interpretation

For the statistical interpretation an extended unbinned profile likelihood
test statistic in (cS1, cS2b) is used. The uncertainties of the most sig-
nificant shape parameters, acquired from the posteriors of the ER and
NR calibration fits, are propagated into the likelihood. The same was
done for the uncertainties on the rate of the backgrounds in section 5.3.
The likelihood ratio distribution is approximated by an asymptotic distri-
bution [156]. A safeguard parameter is included to account for possible
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Figure 5.11: Event distribution of SR0 in cS2b It is dominated by the systematic
uncertainty for a possible deviation of the fit model. cS1 after unblinding. Most
events are between the median (blue line) and −2σ (blue dotted) of the ER band.
No events are observed in the reference region between the NR median (red line)
and −2σ (red dotted). One event (cS1 ≈ 68PE) is found in the blinded region,
but is far away from e.g., a 50GeV WIMP spectrum (purple density). From [3].

mis-modeling of the ER background, using the procedure from [157]. The
data is consistent with the background-only hypothesis. Figure 5.12 shows
the corresponding 90% confidence upper limit on the spin-independent
WIMP-nucleon cross section.

The upper limit is power constrained to −1σ of the sensitivity bound
and is within 10% of the unconstrained limit for all WIMP masses. For
the WIMP spectrum, the standard halo model (SHM) parameters (section
2.1.2) are assumed, together with the standard xenon Helm form factor
(section 2.1.3). For WIMP interactions below 1 keV nuclear recoil energy,
no light and charge emission is assumed. None of the best-fit values of
the nuisance parameters deviates significantly from their nominal values
for any WIMP mass. The strongest exclusion limit is for 35GeV WIMPs
at 7.7× 10−47cm2 [3].
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Figure 5.12: The limit on the spin-independent WIMP-nucleon cross section
versus WIMP mass for SR0 at 90% confidence (black line). The 1- and 2σ sensi-
tivity band are given by the green and yellow bands, respectively. For comparison,
results from XENON100 [5], LUX [6] and PandaX-II [7] are shown. From [3].

5.5 Improvements and the SR1 result

Science run 1 (SR1) improves on SR0 with an exposure of 273.3 live days
instead of 34.2 live days. The data of SR1 was taken between February 2,
2017 and February 8, 2018. To maximise sensitivity a combined analysis
was done on SR0 and SR1, resulting in a combined exposure of about 1
tonne-year. All correction maps and cuts (from chapter 3) were remade
and improved upon. Here we limit ourselves to discuss the improvements
made on the construction of the fiducial volume and present the final limit
of the XENON1T experiment on the SI WIMP-nucleon cross section.

5.5.1 A 3D time-dependent Field Distortion Correction

One such improvement for SR1, especially important for the fiducial vol-
ume, is the 3D time-dependent field distortion correction (3D FDC) [158].
Because the radial bias in figure 5.2 is φ-dependent, the 2D FDC used in
SR0 is not sufficient. The SR1 krypton calibration data shows a time-
dependent inward position reconstruction bias, assumed to be due to on-
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going charge accumulation on the wall. To correct for both effects, a
data-driven correction map is constructed using krypton calibration data.
This can be done under the assumption that the field distortion is only
a radial effect, and that krypton is uniformly distributed in the radial
direction.

(a) (b)

Figure 5.13: (a) Distribution of observed (NN) interaction positions of krypton
events from calibration data. Due to charge up accumulation on the wall, events
reaching the gate have a depth-dependent radius. (b) Distribution of corrected
(NN) interaction positions of krypton events from calibration data after applying
the 3D FDC. The result is a homogeneous distribution of krypton events in radial
slices. The TPC boundary (black dashed) is located at the 98% percentile of the
krypton distribution. From [158].

Figure 5.13a shows the observed Neural Net (NN) reconstructed posi-
tions of krypton calibration data without an FDC applied. To construct
the 3D FDC map, this data is divided into 40 slices in the z-direction
and 180 slices in the φ-direction. Within one slice, events are shifted from
uncorrected positions to corrected positions, under the constraint (from
MC [159]) that the TPC boundary is at the 98% percentile. Figure 5.13b
shows the result of this map, where krypton is now by definition homo-
geneously distributed18. This procedure was tested on 210Po events and
241AmBe calibration data, for which the interaction position distribution
is known from Monte Carlo. An interpolation is performed on the discrete
mapping, thus making the correction more smooth and such that it also
can be applied to events outside of the TPC boundary. After getting the
corrected position rc from the FDC, the corrected position zc is found by
the geometry relation:

rc = f(rnn, φnn, z), zc = −
√

z2 − (rc − rnn)2, (5.2)

18It has to be said that a disadvantage of this procedure is that it washes out any
other reconstruction artefacts.
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with rnn and z the uncorrected positions.

5.5.2 Increasing the FV of SR1

Figure 5.14 shows the low-energy background of SR0 (same data as in
figure 5.4), but now with the 3D FDC (and other improvements19) applied.
Events originating from the TPC walls are now reconstructed at larger
radii (less inward bias). Due to the improvements of the reconstructed
positions, it is now possible to increase the fiducial volume from about 1
to 1.3 tonne20 of LXe.
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Figure 5.14: The low-energy background event distribution of SR0 after apply-
ing the 3D FDC (compare to figure 5.4). The fiducial volume is increased from
the cylindrical 1 tonne (red) to an optimized 1.3 tonne (blue). This new FV for
SR0 and SR1 is optimized on the spatial background model by requiring that the
rate increase does not exceed 10%.

To construct the new FV for SR1, several improvements are made to
the SR0 method [160]. Firstly, the z- and r-bounds are determined on
simulation data instead of on background data. This increases the statis-
tics and thus decreases the risk of optimizing on statistical fluctuation.

19Due to improvements of the LCE MC maps the ’elephant trunk’ is gone, as shown
in figure 5.13a.

20This volume has bounds of: zmin = -94 cm, zmax = -8 cm and rmax = -42.8 cm.
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Secondly, for different WIMP masses the signal over background ratio is
used as a tests statistic to determine the sensitivity of the volumes21. The
z- and r-bounds are determined using the spatial templates of ER, AC
and wall leakage backgrounds models. The maximum radius is chosen to
be 42.8 cm, based on the wall leakage model validity and keeping O(100)
events in a sideband to constrain the expected wall-leakage rate in the FV
itself. The z-bounds are chosen by requiring that for a given z-bin the rate
increase from the total background does not exceed 10% when moving the
bin further towards the cathode or gate22. The result is a 1.3 t cylinder-
shaped fiducial volume with slanted corners that incorporates more mass
at higher radius.

To better account for the wall leakage, the radial information (of all
background components) is added to the profile likelihood, together with
the rates and spectral shapes (in cS1, cS2b) (section 5.3.1.). The total
ER background rate of SR0 and SR1 together, as measured from the data
in the WIMP search energy region, is (2.2+0.1

−0.1(syst) ± 0.1(stat)) ×10−4

(kg · day · keV)−1 [3]. This is in agreement with the (1.9 ± 0.24) ×10−4

(kg · day · keV)−1 from the ER background fit (section 4.5.2).

5.5.3 SR0 + SR1 dark matter search result

The profile likelihood analysis of SR0 and SR1, resulting in a 1 tonne-year
(278.8 days × 1.30 t) exposure, is again consistent with a background-only
hypothesis [161]. XENON1T thus excludes new parameter space for the
WIMP-nucleon spin-independent cross section for WIMP masses above 6
GeV, with a minimum of 4.1× 10−47cm2 at 30 GeV and 90% confidence
level. Figure 5.15 shows the 90% confidence upper limit of this result,
together with the previous results from XENON10 [4], XENON100 [5],
LUX [6] and PandaX-II [7]. XENON1T is presently the world’s most
sensitive dark matter detector. The sensitivity projection of XENONnT
[162], the upgrade of XENON1T, shows the next step in the evolution of
liquid-xenon dual phase TPCs.

Changes with respect to SR0 Due to the low number of events in
SR0, where most are far away from the region of interest, the asymptotic
distribution assumption of the likelihood was found to be biased and led
to an overestimation of the confidence of the limit [99]. This caused a
∼ 38% (44%) decrease in the upper limit (median sensitivity) at a WIMP
mass of 50 GeV/c2 in the SR0 limit of figure 5.12. In the reanalysis of
SR0 + SR1 this was solved and it now avoids undercoverage that can

21For the corners the 50 GeV WIMP model is used.
22The value of 10% is slightly arbitrary, but protects against overfitting.
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Figure 5.15: Limit on the spin-independent WIMP-nucleon cross section ver-
sus WIMP mass for SR0 + SR1 at 90% confidence (black line). The 1- and 2σ
sensitivity band are given by the green and yellow bands, respectively. For com-
parison, previous results are shown from XENON10 [4], XENON100 [5], LUX [6]
and PandaX-II [7]. The projected sensitivity of XENONnT [8], the upgrade of
XENON1T, shows the next step from the XENON collaboration in the search
for WIMPs. Not all current theoretical WIMP space [8] can be probed before
experiments start measuring more nuclear recoils from CEvNS (orange dotted)
[9] than from WIMPs.

result from applying asymptotic assumptions. The (outlier) event at cS1
≈ 68PE, found in SR0 data, did not pass the event selection criteria in
the reanalysis due to improvements to the MC simulation used for the S2
hit-pattern likelihood. It is now removed by the S2 Pattern Likelihood
cut23. This single event caused a 22% worsening of the SR0 limit [99] in
figure 5.12.

23It was already close to the boundary of the cut in SR0.
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5.6 Summary and outlook

The determination of the fiducial volume for SR0 was influenced by unex-
pected backgrounds such as gas events and the wall leakage backgrounds.
Unfortunately, XENON1T was not successful in achieving the designed
high-voltage goal of -100 kV on the cathode24. The lower field configura-
tion, together with the charge up over time of the PTFE wall, resulted
in a φ-dependent radial bias of the reconstructed positions. This was dis-
covered by cross checking the low energy background distribution with
the 210Po decay distribution originating from the PTFE wall. The SR0
cylindrical fiducial volume of (1042 ± 12) kg is designed to exclude both
backgrounds.

By unblinding the region of interest outside the SR0 FV, the expected
rate of wall events leaking into it was calculated to be 0.5 ± 0.3. For
the six expected backgrounds, both spectral shape and the rates were
fixed before unblinding. The total background expectation in the cS1 ∈
[3, 70] PE, cS2b ∈ [50, 8000] PE search region was (63 ± 8) events. From
the about 16M events digitized during SR0, only 63 survived the selection
criteria after unblinding. Only one of these events was found below the NR
median. The data of SR0 is consistent with a background-only hypothesis.

For the analysis of SR0 + SR1, resulting in a 1 tonne-year exposure,
the spatial reconstruction was improved by including a 3D field distor-
tion correction. The fiducial volume was increased to (1.30 ± 0.01) t
and the spatial distribution of the background models were included into
the likelihood. XENON1T reached the lowest ER background level of
(2.2+0.1

−0.1(syst)±0.1(stat)) ×10−4 (kg·day·keV)−1 in this energy range of all
dark matter detectors. Again, the data is consistent with the background-
only hypothesis. This (final) result of XENON1T on the spin independent
WIMP-nucleon cross section is the most stringent (as of the time of writ-
ing). It is now up to the next generation of detectors to discover a dark
matter particle, and hopefully explain an observation that is now almost
a century old.

24A 10 times higher drift field would decrease the effect of charge accumulation on
the PTFE walls on the position reconstruction.
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Samenvatting: De zoektocht
naar donkere materie met
XENON1T

We missen 85% van alle materie in ons Universum. Deze een-
voudige uitspraak motiveert duizenden natuurkundigen over de hele wereld
om naar donkere materie te zoeken. De eerste waarnemingen die sugger-
eren dat er meer niet-zichtbare (bijv. donkere materie en neutrinos) dan
zichtbare materie (bijv. sterren, planeten en gas) is, zijn nu ongeveer
100 jaar oud. In het laatste decennium is het gebied van de experimentele
donkere materie fysica hard gegroeid. De reden hiervoor is dat steeds meer
grond-, lucht- en ruimtetelescopen zeer precies hebben kunnen meten ho-
eveel massa we werkelijk missen. Figuur 7.16 toont dit het beste: slechts
1% van de massa van het heelal kan worden verklaard door sterren (en
planeten) en slechts 14% door (diffuus) gas. Zonder de ontbrekende 85%
van de massa kunnen we het begin van ons Universum, de structuurfor-
matie van sterrenstelsels of zelfs het feit dat we planeten en sterren hebben,
niet verklaren.

Het proberen te beantwoorden van de volgende vijf hoofdvragen heeft
geleid tot de vijf hoofdstukken in dit proefschrift:

• Hoofdstuk 1: Waarom geloven we dat er donkere materie is?

• Hoofdstuk 2: Hoe gebruiken we de XENON1T-detector om donkere
materie te vinden?

• Hoofdstuk 3: Hoe onderscheidt XENON1T tussen donkere materie
en achtergrondsignalen?

• Hoofdstuk 4: Waar komen de achtergrondsignalen in XENON1T
vandaan?

• Hoofdstuk 5: Hebben we donkere materie gevonden met XENON1T?

XI
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Figure 7.16: Een prachtige ijsberg die de omvang van onze kennis over de
materie inhoud van het Universum illustreert. We hebben momenteel slechts
ongeveer 15% van alle materie in het heelal waargenomen (inclusief sterren, plan-
eten, gas, enz.). Het grootste deel van de ijsberg, nog steeds verborgen voor onze
visie, komt overeen met de ontbrekende 85% donkere materie. Origineel van [1],
credits: Ralph Clevenger.

De eerste vier antwoorden zijn te vinden in de hoofdstukken, maar de
laatste vraag beantwoord ik meteen. Nee, helaas hebben we geen donkere
materie gevonden. Maar ik kan met trots zeggen dat we wereldleider zijn
in het vinden van niets.

De data van ons experiment was consistent met het vinden van alleen
achtergrondsignalen. Dit resultaat van XENON1T, weergegeven in figuur
7.17, sluit daarmee meer mogelijke donkere materie modellen uit dan alle
vorige experimenten. In de figuur zijn alle modellen uitgesloten boven
de zwarte ‘XENON1T’ lijn. Voor elke mogelijke massa van een donker
materie deeltje kunnen we bepalen bij welke interactiesterkte met gewone
materie we hem kunnen uitsluiten. Het is nu aan de volgende generatie
detectors om een donker materie deeltje te ontdekken en om hopelijk een
observatie te verklaren die nu bijna een eeuw oud is.

XII



7

Bibliography

101 102 103

WIMP mass [GeV/c2]

10−49

10−48

10−47

10−46

10−45

10−44

10−43

W
IM

P
-n

u
cl

eo
n

σ S
I

[c
m

2
]

XENON10 (2008)

XENON100 (2016)

LUX (2017)
PandaX-II (2017)

XENON1T (1 t×yr, this work)

XENONnT (20 t year Projection)

Billard 2013, neutrino discovery limit

Bagnaschi 2017

Figure 7.17: Limiet van de spin-onafhankelijke WIMP-nucleon dwarsdoorsnede
versus WIMP-massa voor XENON1T bij 90% vertrouwen (zwarte lijn). De 1σ
en 2σ gevoeligheidsbanden worden gegeven door respectievelijk de groene en
gele banden. Ter vergelijking worden eerdere resultaten getoond van XENON10
[4], XENON100 [5], LUX [6] en PandaX-II [7]. De geprojecteerde gevoeligheid
van XENONnT [8], de upgrade van XENON1T, toont de volgende stap van de
XENON-samenwerking bij het zoeken naar de donkere materie deeltjes (WIMPs).
Niet alle huidige theoretische WIMP-ruimte [8] kan worden onderzocht voordat
de experimenten meer nucleaire terugslag van neutrinos (oranje gestippeld) gaan
meten [9] dan van WIMPs.
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