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Introduction

In the first decades of the last century it was understood that only a small
part of our Universe consists of ordinary matter, or luminous and baryonic
matter. Instead, most of it is composed of dark matter, or a type of matter
that does not emit electromagnetic radiation and interacts with ordinary
matter only gravitationally and possibly by means of weak interactions.
The remaining part of the energy content of the Universe is named dark
energy whose origin is still unknown. The possibility of dark matter existence
was inferred by some experimental evidences, such as stars’ rotation speeds
around the galaxies, gravitational lensing, the ”bullet cluster”, the anisotropies
of the cosmic background radiation. Dark energy existence was hypothesized
when, at the end of the last century, it was discovered that the expansion
of the Universe is accelerated, and therefore there must be a force that
opposes gravity which, in absence of other forces, slows down the expansion.
The present most accredited model of the Universe is the so-called ”Flat
ΛCDM”. According to this model, the amount of ordinary matter is about
4%, the amount of dark matter is to about 23% while the remaining 69%
consists of dark energy. The experiments planned for the coming years should
give us more answers. Chapter 1 illustrates this overview and the possible
candidates for dark matter according to Particle Physics. The most plausible
candidates are massive particles having a week interaction with ordinary
matter, apart from gravitation, and for this reason named WIMP (Weak
Interacting Massive Particles).
There are three different techniques to detect WIMPs: the production of
WIMPs through collision of ordinary matter in accelerators, direct detection
through the observation of WIMPs-nuclei scattering and indirect detection
through the observation of ordinary matter particles produced by WIMPs’
annihilation. The most revelant problem for direct detection is that WIMP-
nuclei scattering events are very rare (about one event per tons per year,
cross section σ < 10−44cm2) and therefore, to increase the probability to
detect WIMPs, it is necessary to use large-mass detectors, while to minimize
background events it is necessary to place the detectors in laboratories located
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underground or under the sea, and furthermore to use additional techniques.
Chapter 2 shows an overview of the three detection technique, focusing in
particular on direct detection.
Among all dark matter direct detection experiments, of particular importance
are experiments that use noble gases as detection medium, in particular
Xenon. Noble liquids have many advantages: they are pure, chemically
inert and excellent insulators. Among the other features, Xenon is a perfect
choice for dark matter search thanks to its high atomic mass and density,
which makes it a very efficient medium to stop penetrating radiation, reduce
external background and increase the elastic WIMP-nucleus scattering cross
section. The XENON project consists in a dark matter direct detector
located at the Gran Sasso National Laboratories (LNGS), below 1.4 km of
rock, providing about 3600 meters of water equivalent shielding that reduces
the muon flux by a factor 106 . The experiment is based on a dual-phase
(Liquid/Gaseous) Xenon Time Projection Chamber (LXeTPC). It exploits
both scintillation and ionization signals to calculate the recoiling energy
released by an impinging particle scattering off liquid Xenon target and to
discriminate nuclear from electron recoil background. The detection principle
of a direct dark matter experiment using a dual-phase TPC filled with Xenon
is presented in first part of Chapter 3.
The first detector of the XENON project, XENON10, filled with 15 kg of
Xenon, published in 2008 the best limits at the time for a WIMP-nucleon
elastic scattering. The subsequent detector XENON100, 161 kg of target
mass, ran from 2008 to 2016 and set in 2012 the limit for spin-independent
elastic WIMP-nucleon scattering, with a minimum cross section of 2.0 ·
10−45cm2 for a WIMP mass of 55GeV/c2, at 90% confidence level (C.L.). The
next upgrade, XENON1T, with 3.2 tons of target mass, has been in operation
from 2016 to 2018, setting the best limit for spin-independent WIMP-nucleon
elastic scattering to 4.1 · 10−47cm2 cross section for a 30GeV/c2 WIMP mass
at 90% C.L. The last upgrade is called XENONnT. Its construction began in
2019 and it will be operative by the end of 2020, probably in October. In this
upgrade the detector has a target mass of ∼ 8tons, in order to improve the
sensitivity to the spin-independent WIMP-nucleon elastic scattering cross
sections down to 1.6 ·10−48cm2 in a 20 t ·y exposure. This ”evolution” of the
XENON project is illustrated in the second part of Chapter 3.
Chapter 4 describes the XENONnT detector and contains a discussion of
the background sources. There are three main sources of background in
XENONnT experiment. External background is due to cosmic rays and other
particles from space. It is reduced thanks to the location of the experiment
below 1400 meters of rock. Internal background consists of the gamma rays
coming from the structural elements and in general from all the surrounding
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materials and those contained in the detectors. The effect of this background
source is mitigated by means of an accurate selection of materials with a
low content of natural radioisotopes. The second, the intrinsic background,
comes from the elements of 222Rn (Radon) decay chain, that are part of the
238U decay chain. In this case control goes through the choice of materials
with a low content of U/Ra and whit low Radon emanation that will help
to reduce this source of background. The Nuclear Recoil (NR) background
from radiogenic neutrons starts to become relevant for the final sensitivity of
XENON experiment and, in particular, for its potential to discover WIMPs.
In order to reduce this background, the Neutron Veto was designed, with a
solution of Gadolinium dissolved into water. The structure of the Neutron
Veto and its performance are described in detail in the last part of the
chapter.
In Chapter 5 my analysis work is illustrated. After an overview on photomultipliers
physics, the characteristic of the PMTs used for nVeto are described. I have
contributed by studying the signal features of theese PMTs. In the last
section are illustrated the results of this analysis.
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Chapter 1

The Dark Universe

The existence of gravitation effects that are not due to ordinary matter and
the observation of the acceleration of the Universe expansion respectively
bring to the hypothesis that Dark Matter and Dark Energy exist. Looking
at the the composition of the Universe, 68.5% of dark energy, 26.6% of dark
matter and just from 4.9% of ordinary matter, we can conclude that it is
almost completely unknown.
Investigation on the Universe composition becomes, then, one of the most
fascinating challenge for modern Cosmology, and for science in general.

1.1 Dark Matter and Dark Energy: experimental

evidences

In this section the experimental evidences which led to hypothesize the
existence of dark matter and dark energy will be described [4].

1.1.1 Galaxy rotation curves

Rotation speed of stars and galaxies gives an estimation of the amount of
matter contained in the Universe [7].
Let consider a spiral galaxy with a matter density ρ(r), its mass:

M(r) = 4π

∫ r

0

ρ(r)r2dr (1.1)

can be obtained, starting from the measurement of the rotation speed v(r),
by using the Virial theorem:

<
GM(r)

r2
>=<

v2(r)

r
> (1.2)
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< v(r) >=

(
GM(r)

< r >

)1/2

(1.3)

where G is the gravitational constant.
Rotation curves of a spiral galaxy were measured for the first time by Vera
Rubin in the mid-1970 and represent the speed of the stars contained in the
galaxy as a function of their distance from the center of the galaxy. They
are obtained by using the Doppler effect. When the galaxy disk moves away
from the observer a red-shifted spectrum is emitted while, when it moves
toward the observer, the emitted spectrum is blue-shifted.
Figure 1.1 shows the rotation curve of the dwarf spiral galaxy NGC6503 [9].
From this curve it possible to see that the central part of the galaxy rotates
as a rigid body, while far away from the center the rotation speed is constant.
The galaxy mass, as it has been discovered, increases with the distance from
the center and its density scales with r−2.
This effect can be only explained if one supposes the existence of a non-
ordinary matter, the dark matter.
Rotation curve also provide a measurement of the dark matter density. Being
ρ(r) ∝ r−2 at high distances and ρ(r) ∝ ρ0 at small distances; then, the dark
matter density distribution can be parametrized as:

ρ(r) =
ρ0

1 + (r/a)2
(1.4)

where ρ0 and a represent the measured [10] local dark matter density and
the size of the galactic center, respectively.
From this consideration one can suppose that Dark Matter has a spherical
distribution around the galactic center and its local density is around ∼ 0.3
GeV/cm3.

1.1.2 Gravitational lensing

As a consequence of General Relativity, a big massive object changes the
trajectory of light, acting as a refractive lens [7]. This effect, called gravitational
lensing, is often used in astronomy to evaluate the intensity of gravitational
fields due to galaxies.
The deflection angle of light ∆Φ, that has an impact parameter b on the
gravitational source with mass M , is:

∆Φ =
4GM

b
(1.5)
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Figure 1.1: Rotation curve of the dwarf spiral galaxy NGC6503 [9]. The
dashed line (disk) is the shape expected from theory, the fitted dots are the
experimental results, while halo is the invisible mass required to match the
experimental results

where G is the gravitational constant. Such effect has been observed for the
first time by the astronomer Eddington in 1919 during a total solar eclipse
[11].
A gravitational lensing phenomena due to a galaxy cluster was observed
for the first time in 1979. A quasar that appears as two images from the
gravitational lensing of the galaxy YGKOW G1, called Twin OSO, confirmed
this effect as due to a galaxy [12]. Moreover, the gravitational lensing
in galaxy clusters or quasars can be explained with a big amount of non
luminuos mass interposed between the object and the Earth. The more the
image of galaxy clusters or quasars is distorted, the higher is the amount
of dark matter. Figure 1.2 shows the scheme of the gravitational lensing
phenomena in the galaxy cluster Abell 2218 [13].
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Figure 1.2: Scheme of gravitational lensing phenomena, where a big massive
object bend the space-time changing the trajectory of the light

1.1.3 Bullet cluster

A collision of two galaxy clusters is called ”bullet cluster” [7]. Since galaxies
are made of stars and hot gasses, during this collision the gravitational
field of the cluster decelerate the stellar component, while the two gaseous
components behave as a collision particle fluid. Most of the baryonic matter
is in form of hot gas, then, by mapping it by the emission of X-rays during
the galaxy collision, it was possible to map the main baryonic component.
Moreover, the distribution of the visible light obtained by the stars in the
galaxies, matches that of gravitational potential from the lensing effect.
However, due to their small mass, stars themselves cannot explain gravitational
lensing; thus, there should be a non-luminous matter in these clusters with
the distribution of mass similar to the distribution of stars.
In 2004, from the collision of the subcluster 1E 0657-558 [14], a discrepancy
between the baryonic matter distribution was observed. It was measured
from the X-ray emission and the gravitational field distribution obtained
from lensing (Figures 1.2 and 1.3). The separation among the two areas can
be explained by the fact that after the collision the hot gas still interact while
the dark matter does not decelerate and just follow inertially its initial path.
It would indicate us that DM has a non-collisional nature and is not in form
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Figure 1.3: Distorted image of the galaxy cluster Abell-2218 [13]

of gas.

1.1.4 Dark energy

In the 1990s, two teams of astronomers pioneered a method to find and use
distant supernovae as standard candles to probe the Universe [1]. What they
found was very startling. A supernova S1a explosion is the final episode in
the life of a binary pair of unequal mass stars. The more massive star in
the pair will evolve faster than its companion, such that by the time it has
evolved to become a white dwarf, its partner is in the red giant phase. The
gravity of the white drarf will strip the red giant of its loosely bound outer
layers, resulting in the increase of its own mass. This cannibalism will only
cease when the mass of the white dwarf approaches the ’Chandrasekhar mass
limit’, which is 1.44MSUN . Above this mass limit, the electron degeneracy
particle pressure, which has been supporting the white dwarf until this point,
will no longer be sufficient to prevent the gravitational collapse of the dwarf’s
core into a black hole. As this event always occurs at the same limiting
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mass, the light emitted by this explosions has roughly the same total energy,
or luminosity L. This is known as a ’standard candle’. If you can find an
SN1a, you can measure the variation of its flux f over time and you can
then calculate distances DL of all the supernovae that you’ve detected:

f =
L

4πD2
L

(1.6)

An alternative method to determine distances to any object in the Universe
is through the measurement of their redshift z, which is defined as:

z =
λ0 − λe
λe

(1.7)

where λe is the wavelenght emitted and λO observed.
On the other hand, Hubble’s law states that there is a linear relationship
between the redshift of the light emitted by galaxies and their distance D.
The greater the distance of the galaxy, the greater its redshift:

z =
H0 ·D
c

(1.8)

where H0 is the Hubble constant, whose currently estimated value is around
67.15 km

s·Mpc
. So, the relationship between redshift and distance depends on

the Hubble parameter H0 that quantifies the rate of the expansion of the
Universe, and on whether the expansion is accelerating or decelerating, quantified
through the named ’deceleration parameter’, q. For a decelerating Universe,
which was the belief before the Supernova results, q > 0. The equation for
the full distance - redshift relation is quite extensive, but for redshifts with
z < 1, a good approximation is given by

DL ≈
c[z − (1+q

2
)z2]

H0(1 + z)
(1.9)

In equation 1.6 we have a method to obtain direct measurements of distances
in the Universe. In equation 1.9 we have a method to obtain an indirect
measurement of distance that depends on the rate of expansion of the Universe.
The supernova data shows that q < 0, and the expansion of the Universe
is therefore accelerating. This discovery led to speculate the existence of
the so-called dark energy. What is dark energy? While the astronomical
community is united in postulating the existence of dark matter, the same
cannot be said about dark energy. Observations that the expansion of
Universe is accelerating are more easily explainded considering extra energy
associated with the vacuum that permeates the Universe. According to
quantum theory, empty space is filled with virtual particles with a wide range
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of masses that can briefly pop in and out of existence. As mass and energy
are equivalent, the growing vacuum within an expanding Universe acts like
a bank of unlimited energy, inflating the whole Universe at an accelerated
speed. Unfortunately, there is a problem. Particle and quantum physicists
can make a theoretical estimate for the energy of a vacuum and they find
that is roughly 60 orders of magnitude larger than the amount of dark energy
determined by supernova result. This discrepancy has opened up a wide
range of dark energy theories including exotic models such as a multiverse
containing many realisations of different bubble universes. Perhaps our
Universe is just one of those bubbles where the value of vacuum energy
is unusually low. Or it could be that the Universe is experiencing a new
period of inflation, akin to the rapid period of inflaction 10-30 s after the Big
Bang, when it is thought that an almost instantaneous expansion created the
cosmological scales in the Universe. Maybe a new fundamental force field has
recently kicked into action, causing this new phase of accelerated expansion.
Some cosmologists believe that the dark energy phenomenon indicates that
we need to look beyond Einstein’s theory of general relativity. By observing
how dark matter structures change over cosmic time, we can investigate how
dark energy evolves and test gravity for the first time on cosmological scales.
Just as Einstein revolutionised our understanding of Newtonian gravity, so
new observations of gravity on cosmological scales may bring about another
revolution in our undertstanding of gravity.

1.2 Anisotropy in CMB spectrum and the

cosmological parameters of the Universe

Another strong experimental evidence of dark matter and dark energy comes
from the measurement of the spectrum of the Cosmic Microwawe Background
(CMB) radiation obtained by means of radio telescopes [7].
The CMB is made of photons from the primordial Universe, when it became
transparent to the radiation. This phenomena happened when the temperature
dropped below 3000 K and electrons recombined with protons emitting photons
that had not enough energy to ionize again hydrogen. Before the primordial
nucleosynthesis, quantum fluctuations caused a matter distribution that wasn’t
uniform. In particular, it was hypothesized that in a first time dark matter
was compressed by gravity, while baryonyc matter was decompressed by the
the pressure of photons, but later, when the gravitational pressure became
higher than the one of photons, the opposite happened. This process had
an influence on the temperature of baryonic matter (increasing with its
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compression), but not on dark matter, that does not interact with photons.
The CMB, at the time of the recombination was in thermal equilibrium with
matter, brings information on the anisotropies through the characteristic
peak structure of its spectrum.
Figure 1.5 [15] illustrates the temperature angular power spectrum. The
amplitude on the CMB do not fit the expectations if we take into account
only the baryonic matter. Assuming that fluctuations in temperature started
much earlier that the baryonic matter ones, inducing higher amplitudes in
the spectrum at the recombination time, the experimental results would fit
the expectations. Then, the hypothesis of the existence of dark matter
is very strong. Moreover, from the size and the position of the peaks in
the CMB power spectrum, it is possible to have information on the so-
called ”cosmological parameters”. Cosmological parameters are the numbers
required to describe the Universe when adopting a model called ”flat ΛCDM”
model, that is, currently, the most accredited model for the dark Universe.
”Flat” means that the global geometry of space-time is flat, ”Λ” means
that dark energy exists in the form of a ’cosmological constant’ and ’CDM’
implies that dark matter is ’cold’ or ’non-relativistic’ [1]. The most important
cosmological parameters are:
• The baryonic matter density parameter: Ωb

• The dark matter density parameter: ΩDM

• The total matter density parameter: Ωm

• The dark energy density parameter: ΩΛ

• The Hubble parameter: H0 = 67.15 km
s·Mpc

(defined before)
In a flat Universe the total density of matter and energy is equal to the density
that gives zero global curvature of space-time, or the ’critical density’, ρcrit,
equivalent to six protons per cubic meter today. The total matter density
parameter, Ωm, is the ratio between the matter density ρm, and the critical
density, Ωm = ρm

ρcrit
, and hence, for a flat Universe, the dark energy density

parameter, ΩΛ = 1− Ωm.
So, from observations of the fluctuations in density of the CMB it results that:

Ωb = 0, 0480+0.0072
−0.0067 (1.10)

ΩDM = 0.253+0.038
−0.036 (1.11)

Ωm = 0.301+0.045
−0.042 (1.12)

ΩΛ = 0.699+0.042
−0.045 (1.13)
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Figure 1.4: Map of the primordial universe, in which the variations of
temperature was measured through the microwaves from CMB.

Thus dark energy constitute about 70% of the Universe while the majority
of the matter content is in the form of dark matter.

1.3 Baryon acoustic oscillations

The acoustic oscillation battle in the early Universe, which causes the hot
and cold spots in the CMB, also imprints a preferred distance scale in the
distribution of ordinary matter. We can use this scale as a ”standard ruler”,
using measurements of the distribution of galaxies at different epochs in time
to track the accelerated expansion of the Universe [1].
To understand the origin of this ruler, picture the early Universe and focus
in on an over-dense region in the plasma of photons and charged particles.
The resulting increasing outward radiation pressure will eventually halt and
reverse the gravitational collapse. The process can repeat, over and over
again, setting up a local oscillator. These oscillations occur on many different
scales throughout the Universe sending waves out into the plasma. This
adds new fluctuations on top of the initial distributions of baryons that was
seeded by the quantum fluctuations before inflation. The more cycles each
oscillator passes through, the more damped these waves become. The biggest
amplitude wave will therefore arise from the largest scale over-density to have
undergone a single compression, sending a single pulse out into the plasma
before recombination.
In the expanding Universe, the plasma density decreases, photons travel
further before scattering off other particles, and athoms form. Having travelled
far from their origin, the crest of all the sound waves become frozen in time
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Figure 1.5: The 2013 Planck CMB temperature angular power spectrum [15].

because the fluid, which they have been travelling through, ceases to exist.
For our largest amplitude wave, and other whose source has also been caught
in the same instant of maximum collapse, their origin hosts a massive over-
density of particles.
Given a cosmological model, the sound speed in the plasma can be calculated
and it is found to be very fast, close to c/

√
3. As the collapse timescale is

fixed by the age of the Universe at recombination, the position of the crest
of our high-amplitude single pulse wave, relative to its origin, can then be
determined.
Using CMB data, this is found to be in a spherical shell of radius ∼ 150Mpc.
This fixed scale-lenghth from the early Universe provides the theoretical
underpinning for our observational standard ruler in the present day.
Completely oblivious to the electromagnetic force battles going on around
it, large-scale dark matter fluctuations will collapse under gravity. But
the rapid, radiation-driven expansion, which occurs before recombination,
prevents the growth in the density of dark matter structures that are smaller
in size than the ’horizon’, which is set by the furthest distance that light
could have travelled at that moment in time.
Post-recombination, the Universe is transparent and the photons are free-
streaming through the expanding Universe. A field of clumpy dark matter
and baryonic particles remains. Forming deep potential wells, the growing
dark matter clumps have been awaiting the epoch of recombination enabling
the gravitational attraction of the baryonic particles. There is memory of
the acoustic oscillations from the first 380000 years.
The Baryon Oscillation Spectroscopic Survey (BOSS) measured the redshift
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and sky position of 1.2 milion of galaxies in the northern skies. Figure 1.6
shows the clustering of those galaxies as a function of their separation in the
Universe, known as the galaxy correlation function. Specifically, it shows the
numbers of galaxy pairs as a function of separation, relative to the number of
pairs you would measure if they were distributed completely randomly. We
expect galaxies to cluster together on small scales, as they live in the same
dark matter haloes (clumps). As the distance between galaxies grows, we
[expect to see the pair count tending towards the random pair count]. Until,
that is, we hit the distance scale of the spherical shell that was frozen into
the baryon distribution at recombination and has been expanding along with
the growing Universe ever since. The presence of these shells can be clearly
seen as an increase in the number of galaxy pairs separated by a ’comoving
distance’ of about 150 Mpc.
A comoving distance is defined as the distance between two objects that
remains constant with time, if the two objects are moving with the Hubble
flow, i.e. the global expansion of the Universe. It’s therefore no surprise that
BOSS finds the comoving distance to be the expected 150 Mpc, [in fact, it
is by design]. In order to carry out this measurement of galaxy clustering,
BOSS needs to assume a cosmological model, for example flat ΛCDM and a
set of cosmological parameters in order to turn the observed galaxy redshift
and positions into distances. Theoretically, we know to expect a bump in
the correlation function at the comoving distance 150 Mpc at all redshifts,
and so the cosmological parameters from BOSS are in good agreement with
those from the Plank CMB experiment.
This observational probe of cosmology has been called Baryon Acoustic
Oscillation (BAO). It is a powerful probe of the expansion rate of Universe,
when used in combination with the CMB. All methods face some challenges,
and for BAO it all depends on whether the galaxies trace the underlying
matter distribution with sufficient accuracy to carry out this measurement;
it is the total matter distribution not the galaxy distribution that carries the
cosmological information. Given the large scales of the BAO signal, however,
this is a fairly safe assumption to make given the current accurancy of the
measurements.

1.4 Redshift space distorsion

In our expanding Universe, every galaxy is moving away from every other
galaxy, following what is known as the ’Hubble flow’. Measuring the resulting
redshift in the emission and absorption lines of galaxy specra then allows
us to calculate distances to each galaxy, given a cosmological model. This
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Figure 1.6: The baryon acoustic oscillation, as seen as a peak in the large-
scale clustering from BOSS. The clustering statistic ζ measures the number of
pairs that you would measure from a purely random distribution of galaxies.
The pinh curve is the theoretical model assuming a flat ΛCDM model, which
provides an excellent fit to the BOSS data (blue dots). Data source: [2]

description is not the complete picture, however, as it misses the impact of
local gravitational distortions that add ’peculiar’ velocities. Take our nearest
neighbour Andromeda as an example. It has a redshift of z = −0.001,
which is actually a blueshift. Andromeda and the Milky Way are moving
towards each other under the gravitational forces of a large-scale dark matter
structure in which our whole Local Group of Galaxies is housed [1].
Figure 1.7 shows a computer simulation of a ΛCDM cosmology. The observer
is at the centre of the diagram looking out at a stripe across the sky. The
quadrant on the left of the images shows the distribution of the galaxies that
would be observed in terms of their true distance from the observer. Blue
dots represents galaxies. You can see that the galaxies are tracing out the
cosmic-web-like structure of the underlying dark matter, where the densest
regions hosts the largest number of galaxies. The quadrant on the right
shows the mirror image, but now plotted using the distances that you would
have inferred from measurements of galaxy redshifts, using equation 1.4. In
this case, we see that the web pattern is now stretched out along the ’line-
of-sight’ (i.e. the direction that the observer is looking in). We see this
effect from the forwards (blue-shifted) and backwards (red-shifted) motion
of galaxies hosted inside massive dark matter structures. The more massive
the structure, i.e. the more dark matter there is, the faster the motion.
This observational probe has been called ’redshift space distorsion’ or RDS.
You then also measure the clustering for galaxies pairs that are relatively close
to each along the line of sight, but are now separated by a certain distance
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across the sky. If there were no peculiar velocities, you would expect to find
the same clustering measurements out to scales of about 10 Mpc.
On larger scales, another interesting effect can be detected with RDS. Over
long distances, galaxies are being gravitationally attracted and drawn towards
over-dense structures. For galaxies housed in different haloes, this effect will
tend to pull them towards each other. For pairs separated along the line of
sight, this additional peculiar velocity will add to the redshift of one member
of the pair, while the other will experience some opposing blueshift. For
galaxy pairs that are separated across the sky, in other words, perpendicular
to the line of sight, these pairs will still be attracted towards each other.
The additional peculiar velocity will, however, be in a direction that is
perpendicular to us as observers, thus making no change to the galaxy
redshifts that we measure. The more massive structures there are in the
Universe, the stronger the difference will be between the two-large scale RDS
clustering measurements.
Members of the BOSS survey have found that their measurements are consistent
with the expectation of the best fitting flat ΛCDM model from the Plank CMB
experiment. All methods face some challenges, and for RSD, just as with
BAO, it all depends on whether the galaxies trace the underlying matter
distribution in a manner sufficiently accurate to enable direct comparison
between data and theory; it is the total matter distribution, not the galaxy
distribution, that carries the cosmological information. Given the distance
scales over which the RSD signal is measured, we don’t yet know if it’s save to
assume a linear relationship between the galaxy distribution and dark matter
distribution. This matter is often referred to as galaxy bias and is a potential
limitation for obtaining accurate cosmology from RSD measurement. When
used in combination with weak lensing measurements to calibrate the galaxy
bias mapping between galaxies and dark matter, this cosmological probe
holds significant promise.

1.5 Future prospects

Currently, we are in a very important phase for observational cosmology
[1]. In the short-term there are lensing teams currently competing to be
the first to reveal the next major leap in our understanding of the dark
Universe. KiDS along with the Hyper-Suprime Camers survey are imaging
1500 square degrees of the cosmos, nearly 5% of the full-sky. The dark
Energy Survey, will cover more then three times that area, and all three
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Figure 1.7: Illustrating redshift space distorsion using a mock galaxy
catalogue of a ΛCDM cosmology. On the left we see the ’real space’
distribution. If we measured the redshifts for all these galaxies and used the
redshifts for all these galaxies and used the redshifts to estimate a distance
to each galaxy, we would infer that the galaxies were distributed as shown
in the ’redshift space’ mirror image universe on the right. In dense regions,
the gravitation introduce additional peculiar velocities, distorting the true
distribution of galaxies, hence the name ”redshift space distorsion”. Data
source: [3]

surveys will conclude their observations over the next few years. Over the
next decade, three new major international projects will work in tandem in
the hopefully final stages of our quest to understand the dark side. The
Euclid satellite [5] will be launched above the atmosphere, providing images
as good as those taken with the Hubble Space Telescope across the whole sky
and near infrared spectroscopy for millions of high redshift galaxies. Getting
above the atmosphere gives us a much clearer view of the Universe, and the
keen vision of the space telescope Euclid [5] will be extremely sensitive to
the weak dark matter distorsion and the baryon acoustic oscillations that
we are trying to detect. The Dark Energy Spectroscopy Instrument will
also measure the spectra, and hence redshift and distance informations,
of millions of galaxies with which to chart the expansion of the Universe
and the growth of structures using both baryon acoustic oscillations and
redshift space distorsions. The Large Synoptic Survey thus allow us to
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chart the evolution of dark matter structures, but this telescope will also
be able to detect killer rocks in our solar system that may one day obliterate
planet Earth! Looking sliightly further into the future, the Wide Field
Infra-Red Survey Telescope (WFIRST) will peer deep into the over a 1000
square degree patch, using weak lensing to resolve dark matter structures
out of a redshift z = 2. The Square Kilometre Array, being built in South
Africa and Australia, will provide high-resolution imaging in the radio part
of the electromagnetic spectrum, with precision redshift and polarisation
observations that will allow us to untangle the lensing alignment signature
of dark matter from naturally arising alignments. In combination, these
surveys will be able to use gravitational lensing to map dark matter and
dark energy over the last 10 bilion years in the history of the Universe, testing
gravity on the largest of scales in space and time. Experimenters hope to find
out something truly ground-breacking and unexpected. Perhaps the current
model of gravity is incomplete and when we finish this puzzle we will have
turned our understanding of the Dark Universe. However, it may happen
that they will not be found deviations from the default flat ΛCDM model that
Plank has already clearly shown to fully explain the Universe right after the
Big Bang. The most solid theoretical reason why ΛCDM should be so small
could be based on a theory that predicts an almost infinite number of multiple
universes. Each of these bubble universes presents a different realization of
the constant that determines the amplitudes of the fundamental forces. We
imagine that our Universe is the only reality, but perhaps the reason why
we exist at all it is because in our realization the fundamental constants,
including ΛCDM , are well-tuned for life. As an observer, this is a hard
concept to accept as it cannot be directly tested. However, further results
are expected from the next generation of CMB experiments [6]scheduled for
the next decades before reaching this conclusion of the multiverse.
In conclusion, all the proposed theories will have to be rigorously compared
based on future experimental results

1.6 The nature of dark matter: possible explanation

and candidates

A plausible solution to describe some of the astronomical measurements
mentioned before is a modification of gravitation laws to accomodate the
observations [24]. Such modified Newtonian dynamic models like MOND [39]
or its relativistic extension TeVeS [40] can, for instance, succesfully describe
rotational velocities measured in galaxies. However, MOND fails or needs
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unrealistics parameters to fit observations on larger scales such as structure
formations or the CMB structure and violates fundamental laws such as
momentum conservation and the cosmological principle [41]. While TeVeS
can solve some of conceptual problems of MOND, the required parameters
seem to generate an unstable Universe [42] or fails to simultaneously fit
lensing and rotation curves [43].
Massive astrophysical compact halo objects (MACHOs) have also been considered
as a possible explanation for large mass to light ratios detected in the astronomical
observations described in the previous section. These objects could be neutron
stars, blac holes, brown dwarfs or unassociated planets that would emit
very little to no radiation. Searches for such objects using gravitational
microlensing [44] towards the Large Magellanic Cloud have been preformed
[45]. Extrapolations to the Galactic dark matter halo showed that MACHOs
can make up about 20% of the dark matter in our galaxy and that a model
with MACHOs accounting entirely for the dark matter halo is ruled out
at 95% of confidence level (34). The baryonic nature of dark matter is
actually also ruled out by Big-Bang nucleosynthesis (BNN). The abundance
of light elements predicted by BNN depends on the baryon density to a
value of Ωb = 0.04 [46] close to the value derived from CMB. An example of
baryonic dark matter, which is not affected by the BNN and CMB constraints
mentioned above, are primordial black holes [47] [48]. Even though a large
part of the viable parameter space is already excluded, for some black hole
masses this explanation is still possible.
A more common ansats is to assume that dark matter is made out of massive
neutral particles featuring a weak interaction. From the known particles
in the standard model, only the neutrino could be considered. Due to its
relativistic velocity in the early Universe, the neutrino would constitute a
hot dark matter candidate. Cosmological simulations have shown, however,
that a Universe dominate by neutrinos would not be in agreement with
the observed dark-matter density in halos [49] [50]. Sterile neutrinos are
hypotetical particles which were originally introduced to explain the smallness
of the neutrino masses [51]. Additionally, they provide a viable dark matter
candidate [52] [54]. Possible masses, which are not yet constrained by X-ray
measurements or the analysis of dwarfts spheroidal galaxies, range from 1 keV
to tens of keV. Given this very low mass, and the low interactions strenght,
the existence of sterile neutrinos is not tested by direct detection experiments.
An indication could, for example, arise from the X-ray measurements of the
sterile neutrino decay via the radiative channel N → Nνγ (N = Nucleus)
[55] .
Models beyond the Standard Model of particle physics suggest the existence
of new particles which could account for the dark matter. If such hypoytetical
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particles would be stable, neutral and have a mass from below GeV/c2

to several TeV/c2, they could be the weakly interacting massive particles
(WIMP). The standard production mechanism for WIMPs assumes that
in the early Universe these particles were in equilibrium with the thermal
plasma [56]. At this freeze-out temperature, when the WIMP annihilation
rate was smaller than the Hubble expansion rate, the dark matter relic
density was estabilished. The cross section necessary to observe the current
dark matter density is of the order of weak interaction scale, It appears
as a great coincidence that a particle interacting via the weak force would
produce the right relic abundance and, therefore, the WIMP is a theoretically
well motivated dark matter candidate. This hypothesis is being throughly
tested experimentally with no unambiguous signal appearing. If the absence
of signals remainss in the upcoming generation of experiments, the WIMP
paradigm might be challenged [57] [58].
Supersymmetry models [59] are proposed as extensions of the Standard Model
of particle physics to solve the hierarchy problem as well as unification of
weak, strong and electromagnetic interactions. In this model, a whole new
set of particles are postulated such that for each particle in the Standard
Model there is a supersymmetric partner. Each particle differs from its
partner by 1/2 in spin and, consequently, bosons are related to fermions
and vice versa. The neutralino, the lighest neutral particle which appears as
a superposition of the partners of the Standard Model bosons, constitutes
an example of a new particle fulfilling the properties of WIMP. The typical
masses predicted for the neutralino range from fev GeV/c2 to several TeV/c2.
A WIMP candidate appears also in models with extra-dimensions. In such
models N spatial dimensions are added to the (3+1) space time classical ones.
They appeared already around 1920 to unify electromagnetism with gravity.
The lightest stable particle is called ’lightest Kaluza particle’ and costitutes
also a good WIMP candidate [60] [61].
Among the non-WIMP candidates, ’superheavy dark matter’ or ’WIMPzillas’
are postulated to explain the origin of ultra-high energy cosmic rays [62]. At
energies close to 1020eV , cosmic protons can interact with cosmic microwave
background and, thus, their mean free path is reduced resulting in a suppressed
measured flux [63] [64]. Experimental results include, however, the detection
of a few events above the expected cut-off, motivating a superheavy dark
matter candidate. Decays of these non-thermally-produced [65] superheavy
particles with masses of 1012−1016GeV/c2 could account for the observations,
being at the same time responsible for the dark matter in the Universe.
Finally, a very motivated particle and dark matter candidate is the axion.
In the Standard Model of particle physics, there is no fundamental reasons
why QCD should conserve P and CP. However, from the experimental bound
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of the neutron electric dipole moment [66], very small values of P and CP
violation can be derived. In order to solve this so-called ’strong CP-problem’
[67], a new simmetry was postulated (56)in 1977. When this simmetry is
spontaneously broken, a massive particle, the axion, appears. The axion
mass and the coupling strenght to ordinary matter are inversely proportional
to the breaking scale which was originally associated to the electroweak
scale. This original axion model is ruled out by laboratory experiments [69].
Cosmological and astrophisical results provide as well very strong bounds
on the axion hypothesis [67]. There exist, however, further ’invisible’ axions
models in which the breaking scale is a free parameter, KSVZ [70] [71] and
DFSZ [72] [73], and still provide a solution to the CP-problem. Invisible
axions or axion-like particles, would have been produced no-thermally in
the early Universe by mechanism like the so called ”vacuum realignment”
(vacuum realignement consists in a modify of the structure of the QCD
vacuum) [74] [75] for example, giving the right dark matter abundance. The
resulting free path lenght would be small and, therefore, these axions are
a ’cold’ candidate. For certain parameters, axions could account for the
complete missing matter [76].
Sterile neutrinos, WIMPs, superheavy particles and axions are not the only
particle candidate proposed. The candidates mentioned above arise from
models that were proposed originally with a different motivation and not
to explain dark matter. The fact that the models are motivated by different
unresolved observations strengthen the relevance of the predicted dark matter
candidate. A more comprehensive review on dark matter candidates can be
found for exemple in [77].
Finally, the most accredited dark matter particle is supposed to be a Majorana
particle, i.e. a particle that coincides with its antiparticle [7]. The DM
particle, like other particles in the early universe, would have found itself in
a thermal equilibrium through the processes of creation and annihilation. As
the Universe expanded as it cooled, the temperature of the particles dropped
below their creation energy (in the case of WIMPs T ∼ 1

20
mWIMP ), so the

particles were not produced anymore. At some point, during the expansion
the annihilation rate of a particle is also suppressed and the abundance of
relics is fixed (freeze− out) to

Ω ≈ G(3/2)T 3
0

H2
0 < σv >

=
3 · 10−27cm3/s

< σv >
(1.14)

where < σv > is the average self-annihilation cross section multiplied by the
velocity of the particle (for WIMP < σv >∼ α2/8πm2

WIMP ). In order to
accomodate the correct abundance of dark matter ΩDM in the Universe, it
should have a cross section in the electroweak scale and a mass in the range of

24



GeV and TeV. Those are exactly the aspects required by a WIMP particle.
Some Standard Model’s extensions predict the existence of particles that
could be dark matter, but there are no experimental result that confirm their
existence. One of these theories, called Supersymmetry (SUSY) [16], tries
to unify the electromagnetic, weak and strong fundamental forces at high
energies. As mentioned in the previous section, the lightest Supersymmetric
Particle (LSP) in several SUSY models is called neutralino, and it would have
a mass in GeV-TeV range, or the same mass and interaction scale expected
for dark matter.
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Chapter 2

Dark matter direct detection
experiments

2.1 Search for dark matter particles

The particle dark matter hypothesis can be tested through three methods:
their production at particle accelerators, indirect search for signals from
annihilation products and direct search from scattering on target nuclei.
Figure 2.1 illustrates a representation of the possible couplings between a
dark matter particle χ and an ordinary matter particle P. While the annihilation
of dark matter particles (downwards direction) could give pairs of standard
model particles, the collision of electrons or protons at colliders could produce
pairs of dark matter particles.

2.1.1 Search of dark matter through their production
at particle accelerators

Since the start of Large Hadron Collider (LHC) at CERN in 2008, CMS [78]
and ATLAS [79] have searched for new particles in proton-proton collisions up
to a center-of-mass energy of 13 TeV [24]. Besides the discovery of the Higgs
particle [80] [81], these experiments have studied a number of new particle
signatures by scanning the parameter space of different supersymmetric and
extra-dimension models. The presence of a dark matter particle would only
be inferred by observing events with missing transferred momentum and
energy. Therefore, events with, e.g, an energetic jet and an imbalanced
momentum transfert are selected for analysis. Reactions like this:
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Figure 2.1: Schematic showing the possible dark matter channels

pp→ χχ+X (2.1)

are probed, where X is a hadronic jet, a photon or a leptonically decaying Z
or W boson. The results obtained so far are consistent with the expectations
of Standard Model (see for exemple [82] [83] [84]) but in next years further
searches will be performed. The derived bounds can be translated into limits
on the cross-section for a given particle mass. Bounds arising from accelerator
searches are mostly constraining below ∼ 5 GeV and ∼ a few hundreds of
GeV for spin-independent and spin-dependent (proton, neutron coupling)
interaction, respectively. However, a direct comparison of these experimental
results to other detection methods is, in general, model dependent.

2.1.2 Dark matter indirect detection

Dark matter particles can gravitationally accumulate in astrophisical objects
such as stars and galaxies [24]. The most favoured sources to search for
indirect signals are the galactic centre and halo, close galaxy clusters of
dwarf galaxies, the so called ”dwarf spheroidal”. The latter are very popular
locations due to their large measured mass to light ratio and their small
background. Due to the increased dark-matter density, an enhanced self-
annihilation, scattering or decay into standard model particles could produce
a measurable particle flux (see [85] for a detailed discussion). This method
based on the detection of these secondary particles is called ”indirect detection”.
A second method of trying to detect dark matter particles is to look for
ordinary matter particles generated by their decay. Two examples of indirect
detection are given by the ecxess of gammas from the galactic center and the
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excess of positrons detected by Pamela [32] and AMS-02 [33]. In contrast to
annihilation processes, where the production rate shows a quadratic dependence
on the dark matter density, decay of dark matter scales linearly. Furthermore,
dark matter particles might be gravitationally captured inside the Sun, and
then the annihilation of captured dark-matter particles can produce neutrinos
which can propagate out of the Sun and might be detectable with Earth-based
neutrino telescopes. The total number of captured particles is less affected
by uncertainties of the dark matter halo because this process lasts for billions
of years and dark matter density variations are averaged out [86].
Charged particles, or cosmic rays produced by annihilation between two dark
matter particles, are deflected in the interstellar magnetic fields loosing the
information on their origin. Due to their charge neutrality, γ-rays can be
affected by absorption in the interstellar medium.
Imaging atmospheric Cherenkov telescopes for TeV γ-rays detection can look
specifically in the direction of objects where a large amount of dark matter
is expected to be. Either a γ-flux from dwarf galaxies or galaxy cluster (as
hypothesizes by Fritz Zwicky in 1933), or mono-energetic line signatures are
searched for.
The energy scale of indirect DM signals depends on the DM mass [25].
On largely model-independent grounds, the DM mass is constrained from
below by quantum effects having to exist on scales smaller than the size
of the smallest gravitationally collapsed objects, and from above from the
requirement that macroscopic DM particles not disrupt the stability of long-
lived structures in the Universe, such as globular clusters and galactic disks.
As a result, the landscape of possible DM masses ranges over more than 90
orders of magnitude, from approximately 10−22 eV up to 1070 eV.
At the lowest mass scale, ”fuzzy” or ”wave” dark matter has spawned numerous
exciting new ideas both in the experiments then in observations of emission
lines. While strong constraints exist from observations of the 21 cm line, the
experimental landscape now includes a number of novel setups as ABRACADABRA
[26], LC resonators, HAYSTAC [27] and MW cavities.
Observations of an unidentified X-ray line at 3.5 keV in the spectrum of
individual and stacked clusters of galaxies as well as in the Galactic center has
spurred much interest, as it could arise from the decay of an approximately 7
keV sterile neutrino to an active neutrino and a photon. Sterile neutrinos are
viable dark matter candidates possibly connected with ordinary neutrinos via
both baryogenesis and leptogenesis. While the 3.5 keV might arise from a
previously unaccounted for de-excitation line of K XVIII (a He-like potassium
ion), observations of Draco with XMM strongly disfavors a sterile neutrino
decay origin. New astrophysical solutions, such as charge-exchange processes,
and new theoretical ideas, including ”fluorescent” dark matter and axion-
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like particle conversions have been proposed. A replacement to the Hitomi
satellite [34], or a X-ray astronomy satellite commissionated by the Japan
Aerospace Exploration Agency (JAXA) for studying extremely energetic
process in the Universe, promises to clarify the observational situation with
significantly improved energy resolution.
There is a new frontier for indirect detection in the MeV range, where
eASTROGAM [28] and ComPair [29] are new instruments that would revolutionize
existing observations. Furthermore, a interesting theoretical question arises
on what the annihilation of MeV DM particles would look like, and how to
evade CMB constraints. Production of photons can also be due to radiative
processes of charged particles, for exemple the decay of hadrons. A new code,
Hazma [30], allows for the matching of UV complete theories onto hadrons via
chiral perturbation theory. A UV complete theory is one whose correlation
functions or amplitudes may be calculated and yield unambiguously finite
results for arbitrarily high energies. Constraints from cosmology strongly
limit the possible ranges for the scattering cross section of MeV and sub-
MeV DM with electrons, and so they strongly limit the new experiments
proposed.
There is an excess of gamma-ray from the Galactic center that seems to
persist despite it continues to rely on probably primitive models for the diffuse
gamma radiation in the Galaxy. It was shown that supposing that a fraction
of the cosmic-ray source are placed in regions of star formation makes the
excess largely disappear. It is interesting to note that there is a similar excess
in the Andromeda galaxy (M31), but in that system cosmic rays are a possible
explanation for the production of gamma rays. There is also an additional
excess in the globular cluster Omega Centauri, although again other sources,
such as millisecond pulsars, are perfectly reasonable counterparts.
Overall, the prospects of establishing a conclusive DM signal from gamma-
ray observations remain weak, although a conclusive detection, for instance
of a gamma-ray line at MeV or TeV energies, remains a distinct possibility.
Furthermore, a startling signal is a rising positron fraction, measured by
HEAT [31], Pamela [32], Fermi [35] and most recently by AMS-02 [33].
Nearby, mature pulsars appear to be likely counterparts, although a recent
observational result from the HAWC telescope [36] has brought this possibility
into question: specifically, the observation of TeV halos from inverse Compton
scattering of CMB photons in the nebulae surrounding two nearby pulsars,
Monogem and Geminga, often invoked as the source of the anomalous positrons,
has shown that diffusion within PWNs is highly inefficient. In this scenario,
positrons of high energy could not travel from those pulsars to Earth, if
diffusion is inefficient throughout. However, the likely responsible is inhomogeneous
diffusion, a possibility that is currently being tested.
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While no excess seems to be present in the spectrum of antiprotons, AMS-02
[33] has reported the possible detection of massive antinuclei such as anti-
Helium-3 and anti-Helium-4. If this is indeed confirmed, DM annihilation
might be invoked as a solution, despite at the expense of stretching the
coalescence picturw that leads to the prediction of the formation of heavy
antinuclei from DM-produced antinucleons.
The detection of gravitational waves led to hypothesize primordial black holes
(PBH) as possible DM candidates. The black holes detected by LIGO and
VIRGO [37] [38] can actually be of primordial origin, as the low measured
spins for most of the recently reported events suggest, although super-radiance
could also be responsible for the low observed spin. The concept of super-
radiance was introduced by R.H. Dicke (1954) to indicate the spontaneous
and coherent emission of radiation, whose power is proportional to the square
of the number N of emitting atoms (or molecules), which however must be
large; the decay time constant is inversely proportional to N. CMB limits
are currently being re-evaluated, but a conclusive evidence for a primordial
origin might lie with the detection of a sub-Chandrasekhar mass merging
BH. The mass of Chandrasekhar is about 1.44 solar masses and it is the
maximum limit for the mass of a star so that at the end of its life it becomes
a white dwarf. Above this mass it will instead become a neutron star. It
was recently been discovered that finite-sized source effects could ease the
microlensing constraints resulting from star observation in the M31 galaxy
with the SUBARU HSC camera. This observation effectively reopened the
possibility of mass PBHs of asteroids as possible contributions to the 100% of
DM in the Universe. PBH with much lighter masses, around 1 ton, could have
evaporated to both dark matter and right-handed neutrinos, a possibility
dubbed melanogenesis. Much lighter objects, around the Planck scale, or the
reference scale that defines the applicability limit of current physical laws,
quantum mechanics and relativity (all the quantities of the Plank scale, or
Plank mass, Plank energy, Plank length,etc. refer to the Plank constant
which is 6, 626 · 10−34) J · s might be stable because of quantum gravity or
extremality, and be stuck with a relic electric charge. In this case, large
neutrino detectors and also the so-called paleo-detectors could soon probe
this possible class of ultra-heavy particle DM candidates.

2.2 Principles of WIMP direct detection

In order to develop experiments capable of directly testing the nature of
dark matter particles, considerable work has been done [24]. The goal is to
identify nuclear recoils produced by collisions between new particles and the
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target nuclei of a detector. The elastic scattering of WIMPs with masses of
(10− 1000) GeV/c2 would produce nuclear recoils in the range of (1− 100)
keV [117].To identify such low-energy interactions unambiguously, detailed
knowledge of signal signatures, particle physics aspects and nuclear physics
modeling is mandatory. Furthermore, for the calculation of event rates in
direct detection experiments, the dark matter density and the halo velocity
distribution in the Milky Way are required.

2.2.1 Experimental signatures of dark matter

The signature of dark matter in a direct detection experiment consists of a
recoil spectrum of single scattering events. Given the low interaction strenght
expected for the dark matter particle, the probability of multiple collisions
within a detector is negligible. In case of a WIMP, a nuclear recoil is expected
[118]. The differential recoil spectrum resulting from dark matter interaction
can be written, following [117], as:

dR

dE
=

ρ0

mχ ·ma

·
∫
v · f(v, t) · dσ

dE
(E.v)d3v (2.2)

where mX is the dark matter mass and dσ
dE

its differential cross section. The
WIMP cross-section σ and mX are the two observables of a dark matter
experiment. The dark matter velocity v is defined in the rest frame of the
detector and mA is the nucleus mass. Equation 2.2 shows explicitly the
astrophisical parameters, the local dark matter density ρ0 and f(v,t), which
accounts for the WIMP velocity distribution in the detector reference frame.
This velocity distribution is time dependent due to the revolution of the Earth
around the Sun. Based on equation 2.2, detection strategies can exploit the
energy, time or direction dependencies of the signal.
The most common approach in direct detection experiments is the attempt
to measure the energy dependence of dark matter interactions. According to
[117] equation 2.2 can be approximated by

dR

dE
(E) ≈ dR

dE 0
· F 2(E)exp(− E

E0

) (2.3)

where (dR/dE)0 denotes the event rate at zero momentum transfer and E0 is
a constant parametrizing a characteristic energy scale which depends on the
dark matter mass and target nucleus [117]. Hence, the signal is dominated
at low recoil energies by the exponential function. F 2(E) is the form-factor
correction which will be described in more detail in the next section.
Another possible dark matter signature is the so-called ”annual modulation”.
As a consequence of the Earth rotation around the Sun, the speed of the
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dark matter particles in the Milky Way halo relative to the Earth is maximal
in June 2nd and minimal in December 2nd. Consequently, the amount of
particles able to produce nuclear recoils above the detectors’ energy thresold
is also largest in June [119]. As the amplitude of the variation is expected to
be small, the temporal variation of the differential event rate can be written,
following [120] as

dR

dE
(E, t) ≈ S0(E) + Sm(E) · cos(2π(t− t0)

T
) (2.4)

where t0 is the phase which is expected at about 150 days and T is the
expected period of one year. The time-averaged event rate is denoted by
S0, whereas the modulation amplitudes is given by Sm. A rate modulation
would, in principle, enhance the ability to discriminate against background
and help to confirm a dark matter detection.
Directionality is another dark-matter signature which can be exploited for
detection as the direction of the nuclear recoils resulting from WIMP interactions
has a strong angular dependance (cfr. equation 2.5) [121]. This dependence
can be seen in the differential rate equation when it is explicitly written as a
function of the angle γ, defined by the direction of the nuclear recoil relative
to the mean direction of the solar motion

dR

dEdcosγ
∝ exp

−[(vE + vSUN)cosγ − vmin]2

v2
c

(2.5)

In equation 2.5, vE represents the Earth’s rotation motions around the Sun,
vSUN the velocity of the Sun around the galactic centre, vmin the minimum
WIMP velocity that can produce a nuclear recoil of an energy E and vc the

halo circular velocity vc =
√

3
2
vSUN . The integrated rate of events scattering

in the forward direction will, therefore, exceded the rate for backwards scattering
events by an order of magnitude [121]. An oscillation of the mean direction
of recoils over a sidereal day is also expected due to the rotation of the Earth
and if the detector is placed at an appropriate latitude. This directional
signature allows to discriminate potential backgrounds [122]. A detector
able to determine the direction of the WIMP-induced nuclear recoil would
provide a powerful tool to confirm the measurement of dark matter particles.

2.2.2 Cross-sections and nuclear physics aspects

To interpret the data of the dark matter experiments, it is necessary to make
further hypotheses on the specific model of particle physics and on the physics
processes involved. This subsection summarizes the most significant possible
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interactions between dark matter particles and target nucleons. However,
interactions with electrons are also possible. The latter are very important
for checking low-energies dark matter models.
For spin-independent WIMP interactions, it is assumed that, due to the
conservation of the isospin, neutrons and protons contribute with the same
weight to the scattering process. For a sufficiently low momentum transfer
q, the scattering amplitude of each nucleon adds up in phase and results in
a coherent process. For spin-dependent interactions, only umpaired nucleons
contribute to scattering. Therefore, only nuclei with an odd number of
protons or neutrons are sensitive to these interactions. In this case, the
cross section is dependent on the spin content of the nucleon quark with
components coming from both proton and neutron couplings.
When the momentum transfer is such that the particle wavelenght is no
longer large compared to the nuclear radius, the cross section decreases with
increasing q. The form factor F accounts for this effects and the cross
section can be expressed as σ ∝ σ0 · F 2, where σ0 is the cross-section at
zero momentum transfer. In general, the differential WIMP-nucleus cross
section, dσ/dE shown in the equation 2.2, can be written as the sum of a
spin-indipendent (SI) contribution and and a spin-dependent (SD) one.
The form factor for SI interaction is calculated assuming the distribution
of scattering centres to be the same as the charge distribution derived from
electron, scattering experiments [117]. Commonly, the Helm parametrisation
[124] is used to describe the form factor. Recent shell-model calculations
[125] show that the derived structure factors are in good agreement with the
classical parametrizations.
For spin-dependent interactions, the form factor is written in terms of the
spin structure function whose terms are determined from nuclear shell model
calculations.
In the physical processes illustrated in this section dark matter particles
scatter the target nucleus producing nuclear recoils. Other types of interactions
are possible, but we won’t talk about them.

2.2.3 Distribution of dark matter in the Milky Way

The dark matter density in the Milky Way at the position of the Earth and its
velocity distribution are astrophysical input parameters, needed to interpret
the results of direct detection experiments. In this subsection are illustrated:
the parameters of the standard halo model used to derive the properties of
dark matter interactions, their uncertainties and the differences in modelling
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the dark-matter halo itself.
In most cases we assume a local dark matter density of 0.3GeV/cm3 which
results from mass modelling of the Milky Way, using parameters in agreement
with observational data [126]. However, depending on the profile model used
for the halo, a density range from (0.2 − 0.6)GeV/cm3 can be derived (see
[127] for a review on this topic).
The profile of dark matter velocity is commonly described by an isotropic
Maxwell-Boltzmann distribution

f(v) =
1√
2πσ
· e−

|v|2

2σ2 (2.6)

truncated at velocities exceeding the escape velocity and where σ =
√

3
2
vc.

A standard value vc = 220 km/s is used for the local circular speed. This
value results from an average of values found in different analyses. More
recent studies using additional data and/or different methods, find velocities
ranging from (200 ± 20) km/s to (279 ± 33 km/s [126]. Finally, the escape
velocity defines a cut-off in the description of the standard halo profile. The
commonly used value of 544 km/s is the likelihood median calculated using
data from the RAVE survey. RAVE survey is a spectroscopic astronomical
survey of the stars in the Milky Way using the 1-2 meters UK Schmidt
Telescope of the Australian Astronomical Observatoty (AAO) [129]. The 90%
confidence interval contains velocities from 498 km/s to 608 km/s. These
large ranges of possible values for the dark matter density, circular speed
and escape velocity illustrate that the uncertainties in the halo modelling are
significant [130]. Modelling the halo itself show uncertains, too
The dark matter density profile can only be indirectly observed (e.g. rotation
velocities of stars), therefore, numerical simulations have been performed in
order to understand the structure of halos. These simulations contained,
traditionally, only dark matter [135] [136] [137] [138] and showed triaxial
velocity distributions [134]. The resulting haloes feature, however, cusped
profiles with steeper density variations towards the centre of halo, while
observations favoured flatter cored-profiles. Moreover, the simulations predict
a large amount of substructure, i.e. large number of subhaloes, in contradiction
with the few haloes present in the Milky Way. These issues, currently under
investigation, might challenge the validity of the ΛCDM model and different
possible solutions are discussed. One solution could be related to the nature
of dark matter or its properties [139]. A warm dark matter candidate with a
larger free-steaming length could, for instance, modify the halo density profile
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resulting in the observer cored-type profile and suppressing the formation
of small structures. Another possibility is to consider candidates with weak
interaction with matter but strong self-interaction [140]. The elastic scattering
of these particles in the dense central region could modify the energy and
momentum distribution resulting in cored dark matter profiles. Probably, the
solution could be related to the absence of baryonic matter in the simulations.
Nevertheless even with large simulations containing baryons, uncertaines in
the dark matter halo remain and, thus, direct detection experiments generally
use the common assumption of an isotropic Maxwell-Boltzmann distribution
using values for astrophisical parameters as introduced before.

2.3 Background sourced and reduction techniques

In order to identify unambiguosly interactions from dark matter particles,
ultra-low background experimental conditionns are required. This section
illustrated the various contributions to background in direct dark matter
experiments: external radiation by γ-rays, neutrons and neutrinos (common
for all experiments) and internal backgrounds (solid-state and liquid detectors).
The main strategies to suppress these backgrounds are also discussed.

2.3.1 Environmental gamma-ray radiation

Radiation from gamma-decays originates mainly from natural uranium and
thorium decay chains and from decays of isotopes e.g 40K, 60Co and 137Cs
present in the surrounding materials. The uranium (238U) and thorium
(232Th) chains, have a series of alpha and beta decays accompanied by the
emission of several gamma rays with energies from tens of keV up to 2.6 MeV
(highest γ-energy from the thorium chain). The interaction of γ-rays with
matter include the photoelectric effect, Compton scattering and e+e− pair
production [142]. While the photoelectric effect has the highest cross-section
at energies up to few hundreds keV, the cross-section for pair production
dominates above several MeV. For the energy in between, the Compton
scattering is the most probable process. All these reactions results in the
emission of an electron (or electron and positron for the pair production)
which can deposit its energy in the target medium. Such energy depositions
can be at energies of a few keV affecting the sensitivity of the experiments
because this is the energy region of interest for dark matter searches.
Gamma radiation close to the sensitive volume of the detector, that is the
volume of the detector in which the interactions can be detected, and the
fiducial volume, that is the region whose ”noise”, or the number of expected
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spurious events, is comparable to the number of signal events, can be reduced
by selecting materials with low radioactive traces. Gamma-specrtometry
using high purity germanium detectors is a powerful tecnique to select radiopure
materials. Other techniques are also used [143].
Analysis tools can be used to further reduce the rate of background interactions.
Given the low probability of dark matter particles to interact, the removal
of multiple simultaneous hits in the target volume can be, for instance, used
for background-event suppression.
Finally, detectors able to distinguish electronic recoils from nuclear recoils can
reduce the background by exploiting the corresponding separation parameter.
In Chapter 3 we’ll talk in detail about how this technique is exploited in the
XENON experiment.

2.3.2 Cosmogenic and radiogenic neutron radiation

Neutron can interact with nuclei in the detector target through elastic scattering
producing nuclear recoils. In most cases, there is also a gamma emission
which can be used to tag these events. Cosmogenic neutrons, with energy up
to several GeV, are produced through spallation reactions of muons on nuclei
[145] and are moderated by the detector surrounding materials. Radiogenic
neutrons are instead emitted in (α,n) and spontaneous fission reaction from
natural radioactivity [146]) and they have lower energies of around a few
MeV.
Dark matter experiments are typically placed at underground laboratories
in order to suppress as much as possible the cosmic rays and background
connected to them, such as neutrons originated by muons spallation, and
gammas. The deeper the location of the experiment, the lower the muon
flux. Figure 2.2 shows the muon flux as a function of depth for different
laboratories hosting dark matter experiments. The effective depth is calculated
using the parametrisation which is represented by the black line in the figure.
The muon flux for each underground location is taken from the corresponding
reference of the list below.

• Waste Isolation Pilot Plant (WIPP) [147] in USA
• Laboratoire Souterrain a’ Bras Bruit (LSBB) [148] in France
• Kamioka observatory [145] in Japan
• Soudan Underground Laboratory in USA
• Yang Yang Underground Lab (Y2L) [149] in Corea
• Boulby Underground Laboratory [145] in UK
• Laboratori Nazionali del Gran Sasso (LNGS) [145] in Italy
• Laboratoire Souterrain de Modane (LSM) in France
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Figure 2.2: Muon flux as function of depth in kilometres water equivalent (km
w.e.) for various underground laboratories hosting dark matter experiments.
The effective depth is calculated using the parametrisation curve (thin line)
from [145].

• Sanford Underground Research Facility (SURF) in USA
• SNOLAB [145] in Canada
• Jin-Ping laboratory [151] in China

The background particles from radiogenic unstable elements can be reduced
by means of selection of detector material. Materials with low uranium
and thorium content give lower α- and spontaneous fission rates. Detector
shielding can also be used to reduce the external neutron flux [152]. Active
vetoes are used to record interactions of muons. In chapter 4 we’ll talk in
details about how this is realized in the XENON experiment. The data
acquired in the inner detector simultaneously to the muon event is discarded
in order to reduce the muon-induced neutron background. Plastic scintillator
plates are, for example, used for this purpose [144] [153]. This can be
improved further by the use of water Cerenkov detectors [154] [155] as they
provide a high muon tagging efficiency (full coverage), are efficient in stopping
neutrons and, for sufficiently large tickness, the external gamma activity is
also reduced. To tag directly the interactions of neutrons, shielding using
liquid scintillators can be used [156].
Finally, the analysis techniques described in the previous sections can also be
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applied to reduce the neutron background. The multiple scattering tagging is,
for instance, particularly effective with growing size of targets. The fiducial
volume selection can also be used, however, it has a smaller effect in the
reduction of background for neutrons than for gamma interactions because
of the larger mean free path of neutrons.

2.3.3 Neutrino background

With increasing target mass approaching hundreds of kilograms to tons,
direct dark-matter detectors with sensitivity to keV energies start being
sensitive to neutrino interactions. Neutrinons will become, therefore, a significant
background contributing both to electronic and nuclear recoils. Solar neutrinos
do elastic scattering with electrons: νe through interaction of charged current
and neutral current, other neutrino flavours only through the interaction
of neutral current [157]. Due to their larger fluxes, pp-and 7Be-neutrinos
would be the first neutrinos which could be detected. The resulting signal
is a recoiling electron in contrast to the nuclear recoil resulting from WIMP
interactions. Therefore, neutrino-electron scattering is an important background
mainly for experiments which are not able to distinguish between nuclear and
electronic recoil. Here, we consider neutrino-induced reactions as background
but the measurement is interesting on itself as it can confirm the recent pp-
neutrino measurement by the Borexino experiment [158], testing in real time
the main energy production mechanism inside the Sun.
Neutrinos can also undergo coherent neutrino-nucleus elastic scattering producing
nuclear recoils with energy up to few keV [159]. Although this process has not
been measured yet, it is expected to be accessible in the experiments planed
to run in the next couple of years. Dark matter detectors could be, hereby,
the first to measure this process. Coherent scattering of solar neutrinos
would limit the sensitivity of dark matter experiment for low WIMP masses,
the coherent scattering of atmospheric neutrinos would limit dark matter
searches at ≈ 10−49 cm2 [160] [161] [162]. In case of a positive signal at
these cross-sections, in principle, the modulation of the signal along the year
could be considered in order to distinguish WIMPs from neutrinos. While
the WIMP rate should peak around June 2nd, the rate of solar neutrinos
should peack around January 3rd due to the large solid angle during the
perihelion. The rate of atmospheric neutrinos also peaks around January due
to the chanages in atmospheric density resulting from seasonal temperature
variations.
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2.3.4 Internal and surface backgrounds

Unlike external background which is common to all types of detectors, internal
background depends on the target state.
Crystalline detectors as germanium or scintillators are grown from high
purity powders or melts. During this process remaining impurities are rejected.
In this way, their ionic radius does not necessarily match the space in the
crystalline grid. So, the crystal growing process itself reduces internal contaminations,
for instance with radium, uranium or thorium (in figure 2.3 are illustrated
three examples of radioactive chain that involve these nuclei) [164] [165] [166]
[167]. A common problem is that the surface is contaminate with radon decay
products. Either α-, β-decays or nuclear recoils associated to the latter can
enter the crystals depositing part of its energy. The incomplete collection
of the signal results in events close to the region of interest, where nuclear
recoils from WIMP interactions are expected. To identify events happening
close to the surface, new detector designs have been developed over last years.
Furthermore, cosmic activation of the target or detector surrounding materials
before the detector is placed underground must be considered. One of the
most important processes in the production of long-lived isotopes is the
spallation of nuclei by high energy protons and neutrons. As the absorption of
protons in the atmosphere is very efficient neutrons dominate the activation
at the Earth’s surface for energies below GeV [171]. Exposure time, height
above sea level and latitude affect the yield of isotopes, therefore, by minimising
the time at surface and avoiding transportation via airplane, the isotope
creation can be reduced. Since these precautions can not always be taken,
tools of studies targeted to quantify the background due to cosmogenic
activation are required (see for exemple [171] [172] [173] [174]).
For noble gases, a contribution to the internal background originates from
cosmogenic-activated radioactive isotopes generated in the material. For
argon (ex. DarkSide experiment [175]), 39Ar with an endpoint energy, or
the maximum energy that these nuclei can reach, at 565 keV has a large
contribution to the internal background originated from cosmic-ray activiation
at a level of 1 Bq/kg in natural argon. In order to reduce it, argon from
underground sources is extracted. In this way, the activity is reduced by a
factor of 1/400 [176]. In Xenon, cosmic activation produces also radioactive
isotopes, all rather short-lived. 127Xe has the longest lifetime with 36 d
which is still short enough to decay within the start of the experiment
[177]. Xenon also contains a double beta decaying isotope, 136Xe, however
its lifetime is so large, 2.2 · 1021 y [178], that it doesn’t contribute to the
background for detectors up to few tons mass. If necessary, this isotope
can be removed relatively easily by centrifugation. In addition, decays from
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Figure 2.3: Three possible radioactive chains that involve Uranium, Thorium
and Radium

the contamination of the target with krypton and the radon emanation
from the detector materials contribute to the internal background. The β-
decaying isotope 85Kr is produced in nuclear fission and it is released to the
atmosphere by nuclear fuel reprocessing plants and in tests nuclear weapons.
Krypton can be removed from xenon either by cryogenic distillation [179]
or using chromatographic separation. Both methods have been proved to
work at the XMASS/XENON and LUX experiments [180] [181], respectively.
Besides the reduction of krypton in the target, techniques to determine the
remaining krypton contamination are necessary in order to precisely quantify
its contribution the remaining contamination. Recently, detections in the ppq
(parts per quadrilion) regime of natural Kr in Xe have been achieved [182].
Another possible method is the use of an atom-trap trace-analysis system
[183]. Radon is emanated from all detector materials containing traces of
uranium ot thorium. Once radon is produced in these decay chains, it slowly
diffuses througout the material and can be then dissolved in the liquid target.
An approach to reduce radon is to use materials with low radon emanation
[184] [185]. Furthermore, methods to continuosly remove the emanated radon
are being investigated [186] [187] [188].
For both solids and liquids, the characteristics of the surface are very important.
For exemple, radium accumulated at the surfaces of the target or in the
materials in contact with the liquid can contribute to the background i.e.
surfaces background and radon emanation. Surface treatment with acid
cleaning and electropolishing have been proven to be effective in removing
radioactive contaminants at the surfaces [189].
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Chapter 3

XENON experiment at LNGS

Among the various experimental strategies for direct detection of WIMPs,
detectors using liquid Xenon are currently the most sensitive. This is the
case of the experiments realized by the XENON collaboration [190].
Initilally the aim was the realization of a two-phase detector with liquid and
gaseous Xenon, on the kg scale [192]. However the results obtained in 2007
favored the design of a larger detector, XENON100 [193], with the same
operating principle. Both detectors were placed in the interferometric tunnel
at the Gran Sasso National Laboratories (LNGS) under a 1400 m layer of
rock. The following phase of the project was XENON1T [194] [195], which
redueced significantly the background noise and with a target mass 30 times
greater. To further improve sensitivity and possibly confirm the results, the
collaboration is working on a new phase of the project: XENONnT [213].
The construction of this new detector began in 2019 and is expected to be
completed by the fall of 2020. The first test runs are expected to start before
the end of this year, probably in October. This experiment is the main topic
of this thesis work, in particular the Neutron Veto, which will be discussed
in detail in chapters 4 and 5.

3.1 Xenon properties

Detectors of XENON project are made with a double phase Time Projection
Chamber (TPC), containing Xenon in both the liquid phase (LXe) and in
Gaseous one (GXe) [190]. The choice of LXe as an active target for direct
detection of Dark Matter presents many advantages such as:

• Emission of 5·104 photons with λ = 177.6 nm and creation of 6·104 electron-
ion pairs per MeV ”trasmitted” to Xenon nuclei by scattering with other
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particles. The experiment mainly exploit this property by simultaneously
measuring the ionization and scintillation signals from elastic interactions,
and from these it identifies the nature of the particle, discriminating between
WIMP and background events.

• Transparence to its own scintillation light and high mobility of ionization
electrons in the medium, so it is possible their drift and the measurement of
all the charge signal when an external electric field is applied [7]

• Shielding from external noise sources thanks to the large athomic number
(Z = 54) and the high density (ρ ≈ 2.86 g/cm3 ), so the outer regions of
the xenon volume absorb much of the external γ radiation, leaving the inner
volume with a strongly reduced background [7].

• Optimization of the interaction rate thanks to the dependence of the cross
section from A2

• Presence of predominantly stable isotopes and isotopes with non-zero spin
which allows studying the cross section dependence on spin

• Higher condensing temperature than other noble gases

• Scalability, thanks to which the expected WIMP interaction rate increases
linearly with the target mass and there is a reduction of the run time required
to achieve a given sensitivity

Natural Xenon has nine stable isotopes and two of them (129Xe and 131Xe)
have odd spin component. A summary of the various isotopes of Xenon,
their abundances and their half-lives is shown in Table 3.1 [17] [18]. Thanks
to this property it is possible to detect spin-dependent interactions of dark
matter particles. Furthermore, Xenon is the second element (the first is Tin)
with most stable isotopes and has no long-lived radioisotopes, besides 136Xe,
which undergoes double beta decay (half life of 2.17 · 1021y) [19]. The second
longest-lived radioisotope is 127Xe with a half-life of 36.3 d. The absence
of intrinsic radioactivity from xenon isotopes is one of the properties that
makes this noble gas the best choice as a detection medium for rare events
experiments.
Figure 3.1 illustrates the phase diagram of Xenon.
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Figure 3.1: Phase diagram of the Xenon element

Isotope Natural abundance Half-life
124Xe 0.10 % 1.8 · 1022 years
125Xe synthetic 16.9 hours
126Xe 0.09 % 36.4 days
127Xe synthetic stable
128Xe 1.91 % stable
129Xe 26.4 % stable
130Xe 4.08 % stable
131Xe 21.2 % stable
132Xe 26.9 % stable
133Xe synthetic 5.24 days
134Xe 10.4 % stable
135Xe synthetic 9.10 hours
136Xe 8.9 % 2.36 · 1021 years

Table 3.1: Natural abundances and half-lives of Xenon isotopes
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Figure 3.2: Left: working principle of a dual phase TPC. Right: waveform of
a NR event (top) and ER event (bottom), whose S2/S1 ratio is the basis for
event tipology separation. This separation can also be useful for the rejection
of background events.

3.2 The dual phase Time Projection Chamber

(TPC)

For a dark matter direct search detector an essential feature is the presence of
a dual-phase TPC (liquid and gaseous phase), mostly filled by noble liquids,
in this case Xenon, and a smaller layer of noble gas in the top part. In Figure
3.2 is illustrated a schematic view of the Xenon dual phase TPC.
A particle can interact with the liquid Xenon (LXe) target in two ways:
through scattering off the Xenon nuclei (neutrons or WIMP particles), also
called nuclear recoil NR, or off the atomic electrons (γ rays or electrons),
also called electron recoil ER. The recoils produce excitation and ionization
of the nucleus (with the possibility of subsequent recombination), in case of
NR part of the energy goes into heat; the partition into different channels
depends on the type of the recoil and so it is possible to discriminate between
nuclear and electron recoil. The resulting scintillation signal from excitation
and recombination is called direct, or primary signal (S1). An electric field
is applied across the LXe volume, drifting the ionization electrons surviving
the recombination away from the interaction site. Electrons which reach
the liquid-gas interface are extracted into the Xenon gas, where a stronger
electric field of ≥ 10.3 kV/cm is generated between the gate at ground
potential and the positively biased anode and cause an avalanche of several
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hundred electrons. Then, at lower strength of the electric field, the multiplied
electrons that collide with xenon nuclei excite the atoms, and consequently
there is an emission of linear electroluminescence (linear means that there
is a linear dependence between the number of de-excited electrons and the
number of photons emitted) with a gain factor of approximately 5 photons per
electron. The produced scintillation light is called secondary, or proportional
scintillation signal (S2).
In both the signals, S1 and S2, the scintillation light comes from the de-
excitation of Xe∗2 dimers. A detailed description of the Xe2 molecule and its
energy levels is given in [20]. The TPC is arranged by a top and a bottom
array of PMTs, in direct contact with GXe and LXe, respectively. LXe has
a higher index of refraction than GXe (n = 1.69 [21]), so it happens that
the direct scintillation will undergo total internal reflection at the liquid-gas
interface, then it is mostly detected by the bottom PMT array.
The vertex of the interaction can be 3-dimensionally reconstructed. The (x
- y) position is reconstructed by the pattern distribution of the proportional
scintillation in the PMT array. Since the S2 signal is generated at a well
defined spot in the liquid-gas interface, very close to the top PMT array,
the light is collected here by few PMTs while it is more homogeneously
distributed over the bottom PMT array; then, in order to improve the
position resolution to some millimeters, it is preferable to consider the signal
from the bottom array only, that we call S2b . The z coordinate (along the
drift field) is obtained from the time difference between the signals S1 and
S2, provided the electron drift velocity in the liquids is known with about an
uncertain of few %.

3.3 The problem of background signal

Background events are the main problem in direct detection of Dark Matter
[190]. To obtain precise measurement for the cross section of the WIMP-
Nuclei interaction it is necessary to reduce and, where possible, eliminate all
possible sources of background signals. There are essentially three types of
background [7]:

• internal background : this background is caused by the radioactivity
contained in the materials used for building the detector; it mostly induces
ER. It essentially consists of γ rays by 238U , 232Th, 40K and 60Co decay
chains. It is reduced by suitably choosing the materials used for the construction
of the TPC, or by choosing materials with a low content of radiative components
of the type mentioned. Steel is mainly chosen. Furthermore, most of the
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materials which are in contact with the Xenon, namely all component of the
TPC, the inner vessel of the cryostat and the connection pipes, the cryogenic
and purification system were additionally selected for a low 222Rn emanation
rate. Screening facilities [22] are used to measure the intrinsic background
and predict the overall rate.

• intrinsic background : is caused by Xenon contamination from the
radioactive 85Kr. In fact, Krypton has an isotropical abundance of 85Kr/natKr
∼ 10−11 and decays via beta-decay with an endpoint of 687 keV and with a
half-life of 10.76 y. Commercial xenon gas is caracterized by a concentration
of natKr at the ppm level. As an example, for the 85Kr induced background
to be subdominant it was necessary to reach a concentration in XENON1T
of natKr/Xe ∼ 0.36± 0.06 ppt (part per trillion) [23]. The Kr concentration
in xenon is reduced by using a distillation system that takes advantage of the
different boiling temperature of xenon and krypton (respectively 165 k and
120 K at 1 atm). The volatile Kr is collected at the top of the distillation
column, while the Kr-depleted xenon at the bottom.
In conclusion, considered as background, 85Kr is source of ER events.

• external background : is caused by the radioactivity coming from the
rock and the muon-induced neutrons; they mostly induce NR. A shield of
water can be used to suppress the neutron and gamma flux coming from the
rock radioactivity.

XENON1T experiment boasts the achievement of the lowest noise level;
with the XENONnT upgrade we want to achieve the required background
reduction. While it is possible keep under control the background due to
ER events, the background due to neutrons (NR events) is not negligible
also when the fiducial volume is increased. In fact, there are some neutrons,
called sneaky neutrons, which scatter only once near the surface and then
leave the TPC. To further increase sensitivity it is necessary to identify them.
For this purpose a Neutron Veto is introduced in parallel with the Muon Veto.
Anyway, thanks to the Muon Veto, within a fiducial mass of 1 ton of LXe,
it was obtained a background of 0.01 events per year from muon-induced
neutrons (as results from Monte Carlo estimates).

3.4 Phases of the project before XENONnT

In this Section are briefly described the detectors gradually implemented in
the XENON experiment, with their achieved performance and their reached
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background levels. The solutions to increase performance and reduce background
are also described. Table 3.2 shows the fiducial mass of the detector and the
background level for each phase of the experiment.

Experiment Fiducial mass (kg) Background level (events/year)
XENON10 5.4
XENON100 20
XENON1T 1000 2.08
XENONnT 4000 1.15

Table 3.2 Fiducial mass of the detector and background level for each phase
of XENON experiment.

3.4.1 XENON10

The XENON 10 experiment constituted the first prototype and it was installed
in 2005, being active until 2007. It was designed to test the XENON performances
and verify achievable energy threshold, background rejection power and sensitivity.
The TPC dimensions were 20 cm in diameter and 15 cm in heigh and
contained 15 kg of Xenon for a fiducial mass of 5.4 kg. From the analysis of
the data collected between October 2006 and February 2007, the upper limit
of the WIMP-Nuclei cross section indipendent from spin 8.8 · 10−44cm2 was
found to be at 90% of the confidence level for WIMP mass of 100 GeV/c2

and 4.5 · 10−44 for a mass of 30 GeV/c2 [192].

3.4.2 XENON100

The second phase of the project, XENON100, began in 2008. Compared to
the previous one, the XENON100 detector was made up of 161 kg of LXe
for a fiducial mass of 65 kg. The sensitivity was increased by two orders of
magnitude with respect to XENON10 thanks to the choice of appropriate
materials and to an increase in the shielding LXe. In fact, liquid Xenon
has shielding power thanks to its high density, about 3 g/cm3, or 3 times
greater than the density of water. The cryostat consists of two shells: the
inner one, where the LXe and TPC are housed, and the outer shell. The
two are separated by an insulation vacuum and a super-insulation blanket.
The external one acts as a shield for the internal one. Thanks to these
improvements, a lower limit was obtained for the cross section of elastic
interactions, indipendent of spin, WIMP-nucleus for WIMP mass 50 GeV/c2

equal to 1.1·10−45 cm2 (90% of confidence level). For the spin dependent case,
it was obtained a minimum of 2.0·10−40 cm2 in the neutron case and 53·10−40

cm2 for a WIMP mass of 50 GeV/c2 in proton case (90% of cconfidence) [193]
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Figure 3.3: Representation of XENON1T TPC inside the cryostat (left) and
of the XENON1T experimental area in Hall B of the Gran Sasso National
Laboratories

3.4.3 XENON1T

XENON1T represents the third phase of the project and was active until
January 2019. The detector uses a mass of 3500 kg, of which 2000 kg
constitute the active mass. From the Monte Carlo simulations carried out
under these conditions, a lower limit was envisaged for the cross section of
1.6 · 10−47 cm2, achievable thanks to a reduction of background events of
two orders of magnitude compared to the previous configuration. Another
fundamental characteristic acquired in this project is a muon detector (Muon
Veto) which consists of a cylindrical structure filled with water and equipped
with photomultipliers (PMT). The final results of the XENON1T experiment
were presented in 2018. The result did not highlight the presence of events
linked to WIMP interaction; nevertheless allowed to set the limit, for the
cross section of WIMP-nuclei interactions indipendent from the spin, with
minimum at 4.1 · 10−47 cm2 for a WIMP mass of 30 GeV/c2 at 90% of
confidence level. [194] [195]. The characteristics of XENON1T detector are
illustrated in Section 4.1

3.5 XENONnT phase

As underlined by the rapid success in the area of direct DM experiments [219]
[222] [220] [218] [226], [221] and as mentioned in the previous sections of this
chapter, dual-phase LXe TPCs is one of the best performing technologies to
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cover the parameter space still unexplored, especially for massive WIMPs.
LXe is intrinsically radio-pure, is capable of powerful self-shielding, and is
sensitive to low-energy NRs with good energy resolution. The simultaneous
detection of both ionization signals even from single electrons together with
scintillation signals down to a few keV, enables dual-phase TPCs with 3D
position sensitivity making possible the reconstruction of the event position,
and so the selection of events taking place on the edge from those happening
in the core of fiducial volume (fiducialization). Given the redundant information
for each event, surface events and detector artifacts can be eliminated in
offine analysis [223]. Particularly attractive is the scalability of a LXe TPC
to contain a homogeneous target of several thousand of kilograms. For such
large detectors, even neutrons are distinguishable from WIMP-induced NRs
due to their interaction multiplicity. This makes LXe TPCs unique in that
they potentially allow a positive identification of dark matter-induced signals
or, if not, to approach the ”plateau” in the parameter space represented by
the irreducible neutrino background.
In both cases, an experiment with sensitivity of another order of magnitude
higher was necessary to extend the accessible parameter space. XENON1T
was built with the ability to increase its sensitive target, further reducing
the background from intrinsic sources. With XENON1T working as designed,
the Collaboration decided to pursue this detector upgrade, called XENONnT
[213]. XENONnT started by mid-2019, ahead of other experiments at similar
scale [217]. The expected XENONnT sensitivity is shown in Figure 3.4.
XENONnT has a solid potential to be the first DM experiment to detect
NRs from coherent neutrino-nucleus scattering [215]. Although an interesting
signal in its own right, these events represent an irreducible background to the
DM search because this signal is indistinguishable from a signal eventually
produced by the DM scattering. Neverthless, as shown in Figure 3.4, these
background should limit the sensitivity to very light WIMPs and do not
impede the potential of XENONnT to probe the most relevant WIMP-mass
range.
XENONnT was designed with the vision to enable a new inner detector
meaningfully larger than the previous ones, in the same water shield and
serviced by the same systems and infrastructures. The increased target
mass, together with a further reduction in intrinsic background, mainly
achieved by active Rn-removal, improved detector/veto design and more
efficient self-shielding, will allow an order of magnitude improvement in
sensitivity, expanding the physics reach and discovery potential of the XENON
program, ahead of competition.
The XENONnT detector support structure was built for a heavier TPC to
be placed in the same cryostat, replacing just the inner vessel. Similarly,
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Figure 3.4: The expected sensitivity of XENONnT for spin-independent
WIMP-nucleon interactions is shown, together with the finally results from
XENON1T (2.0 t·y) [226] and other experiments.

the Xenon cryogenics and purification systems as well as the recovery system
were designed to handle a target mass scale-up to about 8 tons of LXe of
which 6.0 tons are active. The design of XENONnT follow closely that of
the old one, with a modest 0.4 scale-up in diameter and drift lenght. The
new TPC is described in subsection 4.2.2.
Three new systems are installed to achieve the required background reduction
compared to XENON1T. The first is an online Rn removal system, which is
based on XENON ground-breaking distillation technology as for removing
the krypton from Xenon, but in a ”reverse mode”. The achievable reduction
in the Rn concentration due to the sources inside the cryostat depends
essentially only on the purification cycle time with respect to the Rn lifetime,
that is, on being able to remove the Rn faster than it can decay. It is
therefore highly beneficial to have an online Rn removal system installed on
a fast purification loop such as that of the cryogenic LXe purification system.
The structure of the cryostat and the cryogenic purification system will be
discussed in more detail in Chapter 4.
The second new system is a veto detector to tag neutrons which first scatter
inside then exit the TPC, so producing a single-scatter nuclear recoil signal.
The Neutron Veto is realized using water doped with gadolinium and is
equipped with 120 additional photomultipliers placed 1 meter from the cryostat
on an approximately cylindrical surface, with reflective foils of TPFE that
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optically limit the light collection region, placed behind the PMTs. The
details of the design and performance are discussed in Chapter 4.
A third new system is an additional storage system for the large amount of
Xenon used in XENONnT physics program. This system has been operative
since mid 2019, after a period of intergation and commissioning of about 6
months. The fast-paced schedule, outlined in detail in Chapter 4, is based
on our expereience with XENONnT phase.
The fast upgrade to XENONnT allow the XENON program to lead the direct
detection field in the next few years with a sensitivity to dark matter cross
sections down to 10−48 cm2. Figure 3.4 shows, as function of calendar year,
the projected sensitivities to spin-indipendent WIMP-nucleon interactions
for a 50GeV/c2 WIMP. The time scale assumes an 80% livetime fraction for
all experiments. For XENONnT, we refer to the schedule described in details
in Chapter 4.
For XENONnT and LZ [214], it is reported in Table 3.3 the values assumed
for the various parameters. The dominant background comes from internal
sources 85Kr and 222Rn. For XENONnT, levels of 222Rn and 85Kr of 1µBq/kg
and 0.02 ppt of natKr/Xe are required. The 222Rd requirements is achieved
by the online radon reduction tecnique and by improving the cleanroom used
for assembly, to reduce contributions from particulates. Combined with the
emanation studies performed in-situ (before filling the TPC) and dedicated
studies, XENON collaboration has identified strategies to further reduce the
impact of radon (see Chapter 4). As far as 85Kr is concerned, operations
of distillation of the column has demonstrated the capability to efficiently
reduce krypton down to natKr/Xe < 48 ppq (parts-per-quadrilion, 10−15) at
90% confidence level. [228].

XENONnT LZ
Fiducial volume (tons) 4 5.6
Exposure (ton · year) 20 15
Livetime fraction 80% 80%
WIMP Erange (keVnr) 4-50 6-30
NR Acceptance 40% 50%
ER rejection 99.75% 99.5%
Bkg rate (evt/year) 1.15 2.35

Table 3.3: Assumptions for the projected sensitivity to spin-independent
interaction shown in Figure 3.4. The background rate is defined as the
rate of NR and ER falling into the defined WIMP search box, after having
accounted for acceptance and rejection, respectively. Numbers for LZ are the
”goal” values extracted from [231].
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Figure 3.5: A comparison, as function of calendar year, of the projected
sensitivity to spin independent WIMP-nucleon interactions for a 50GeV/c2

WIMP for XENONnT (4 ton fiducial mass), and LZ (5.6 ton fiducial mass).
Curves in this plot have been calculated using the official values that each
experiment has estimated for WIMP energy range, NR acceptance, ER
rejection and background. See text for comments on the comparison of the
various curves.
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Chapter 4

The detector

This chapter describes the detector in detail. We start from the descrition of
the cryostat and the TPC, at first we described as they were structured
in XENON1T and then the improvements made to them in XENONnT
are discussed. Then, we briefly described the Muon Veto, which has not
undergone essentially changes in the upgrade from XENON1T to XENONnT,
and finally we described the Neutron Veto, absent in XENON1T and introduced
only in XENONnT.

4.1 Cryostat and TPC in XENON1T

The XENON1T dual phase TPC was installed inside a double-walled vacuum
cryostat, in the center of a large water tank. The water tank served a passive
shield as well as a Cerenkov muon veto. A three-floor building accomodated
all auxiliary systems (see next subsections for details) [195]

4.1.1 Time projection chamber

This subsection describes the design of XENON1T TPC, the photomultipliers
(PMTs) and the systems that handle the ∼ 3.2 t of xenon in double-phase
form. All materials and components constituting the TPC were selected for
a low intrinsic radioactivity.
The cylindrical TPC was 97 cm in lenght and 96 cm in diameter and contained
an active LXe target of 2.0 t, in which the light and the charge signals from
each interaction were detected, see figure 4.1. There were 24 interlocking
and light-tight PTFE (polytetrafluoroethilene, Teflon) panels which enclose
TPC; their surfaces were treated with diamond tools in order to optimize the
reflectivity for vacuum ultraviolet (VUV) light [198]. Thanks to the rather
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large linear thermal expansion coefficient of PTFE, its length was reduced
by about 1.5% at -96 ◦C, the operation temperature. An interlocking design
allowed the radial dimension to remain constant while the vertical lenght was
reduced.
To ensure the omogeneity of drift field, the TPC was surrounded by 74 field
shaping electrodes, connected by two redundant chains of 5 GΩ resistors
that connected each chain to the cathode. The resistor settings, as well as
the electrical transparency of the TPC electrodes (gate, anode and screening
electrode on top, and cathode and screening electrode on bottom), were
optimized by means of electrostatic simulations, using finite element (COMSOL
Multiphysics [199]) and boundary element methods (KEMField [200]). Figure
4.1 shows the high voltage configuration realized during science run 0. As
already mentioned in Chapter3, there are two types of signals, S1 and S2,
produced the first in the liquid phase of the Xenon, the second in the gaseous
one. Most S1 light is detected by the photosensors below the target. The
electrodes were thus designed for S1 light collection by optimizing the optical
transparency of the gate, the cathode and the bottom screening electrodes.
The details are summarized in table 4.1. The circular stainless-steel frames
supporting the electrodes were electropolished and optimized for high-voltage
operation. The etched meshes were spot-welded to the frames, while the
single wires were pre-stretched on an external structure and fixed by wedging
them between the upper and lower parts of the frames. Gold-plated wires
were used to increase the work function of the metal.
The cathode was negatively biased using a Heinzinger PNC150000-1NEG
high-voltage supply via a custom-made high-voltage feedthrough. The latter
consists of a conducting stainless-steel rod inside an ultrahigh molecular
weight (UHMW) polyethylene insulator cryofitted into a 25.4 mm diameter
stainless-steel tube to make it vacuum tight. Before installation, the feedthrough
was successfully tested to voltages exceeding ∼ 100kV . The total length of
the feedthrough was about 1.5 m, out of which 1.2 m were located inside
the cryostat. This ensures that the connection point to the PTFE insulated
metal rod, which supplies the voltage to the cathode frame, is covered by LXe.
The anode was positively biased by a CAEN A1526P unit via a commercial
Kapton-insulated cable (Accuglass 26AWG, TYP22-15). The gate electrode
was kept at ground potential and the screening electrodes were biased to
minimize the field in front of the PMT photocathodes.
A ”diving bell” made of stainless steel, directly pressurized by a controlled gas
flow, was used to maintain a stable liquid-gas interface between the gate and
anode electrodes. It enclosed the top PMT array. The height of the liquid
level inside the bell was controlled via a vertically adjustable gas-exhaust
tube. Possible tilts of the TPC are measured by means of four custom-made

54



parallel-plate capacitive level meters installed inside the diving bell. They
cover a dynamic range of 10 mm and have a precision of ∼ 30µm. Two
cylindrical level meters of 1360 mm length measure the LXe level during
filling and recovery from below the cathode to above the bell, with 2 mm
precision.

TPC electrode Type Material Wire diameter
Top screen hex etched stainless steel 178 µm
Anode hex etched stainless steel 178 µm
Gate hex etched stainless steel 127 µm
Cathode parallel wires Au plated stainless steel 216 µm
Bottom screen parallel wires Au plated stainless steel 216 µm

TPC electrode PichCell opening Transparency Position
Top screen 10.2 mm 96.5 % 63 mm
Anode 3.5 mm 89.8 % 5 mm
Gate 3.5 mm 92.7 % 0 mm
Cathode 7.75 mm 97.2 % -969 mm
Bottom screen 7.75 mm 97.2 % -1017 mm

Table 4.1 : Specifications of the five TPC electrodes. The bottom screening
electrode featured a single wire installed perpendicularly mid-way to all
others to minimize elastic deformation of the frame. The last column indicates
the vertical position of the electrodes inside the TPC. The distance between
the top (bottom) screen to the top (bottom) PMTs was 11 mm (12 mm).

4.1.2 Photomultipliers

A total of 248 Hamamatsu R11410-21PMTs of 76.2 mm diameter were used
to record the signals from the TPC. They were radially installed in the top
array (127PMTs) to facilitate radial position reconstruction, and packed as
tightly as possible in the bottom array (121PMTs) to maximize scintillation-
light collection efficiency. They had an average quantum efficiency of 34.5%
at room temperature and at 178 nm (bialkali-LT photocathode) [201], a
high photoelectron collection efficiency of 90% and were designed to operate
stably in gaseous and liquid Xenon at cryogenic temperature [202] [203]. The
low-radioactivity PMT version was jointly developed by Hamamatsu and the
XENON collaboration [204]. Six 25.4 mm square-window Hamamatsu R8520
PMTs, were installed in the LXe region outside of the TPC, next to the
upmost field-shaping electrodes, for detector calibration studies [205].
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Figure 4.1: Illustration of the XENON1T TPC. It was built from materials
selected for their low radioactivity, e.g., OFHC copper, stainless steel and
PTFE. The top and bottom PMT arrays were instrumented with 127 and
121 Hamamatsu R11410-21 PMTs, respectively

All installed R11410-21 PMTs were screened for their intrinsic radioactivity
levels in batches of typically 15 tubes [204] and tested at room temperature
and under gaseous nitrogen atmosphere at ∼ 100C. All PMTs were subject
to at least two cooling cycles prior to installation. A subset of 44 tubes was
additionally tested in LXe (2-3 cooling cycles). The PMTs feature a peak-to-
valley ratio of ∼ 3, a single photoelectron resolution of 27% for gains above
3 · 106 and a transit time spread (TTS) of 9.1± 1.3 ns [201].
Based on the measured performance and the specifications provided by the
manufacturer, the PMTs were placed in the two arrays. Both arrays consist of
a massive OFHC copper support plate with circular cut-outs for the PMTs.
A single PTFE plate holded the individual PMTs and a PTFE reflector-
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plate covered the areas between the PMT windows.Both PTFE plates were
attached to the copper support in a self-centering way to ensure that all
PMTs moved radially inward upon cool-down to LXe temperatures while
the support plate, which was connected to the remaining TPC structure,
stays in place.

4.1.3 Cryostat and support frame

This subsection describes the XENON1T cryostat, which contained the TPC
with the LXe target,and the cryogenic system for gas liquefaction and compensating
for heat losses.
The TPC was installed inside a double-walled, cylindrical stainless-steel
cryostat made of low-radioactivity material [208].The inner vessel was 1960
mm high and 1100 mm in diameter. Its inner surface, in direct contact with
the liquid xenon, was electro-polished in order to reduce the emanation of
radon. It was enclosed by an outer vessel of 2490 mm height and 1620 mm
diameter, large enough to accomodate the detector of the upgrade stage
XENONnT as well. The inner vessel was metal-sealed (Helicoflex) and
thermally decoupled from the outer one by polyamid-imid (Torlon) spacers.
Thirty layers of superinsulation (RUAG Space Austria) reduced static thermal
losses to ∼ 75W . The cryostat was installed in the center of the water
Cherenkov detector (see figure 4.2). The connections to the outside were
made through a double-walled cryogenic pipe (406 mm external diameter;
254 mm inner diameter) enclosing all the connections to the cryogenic system
(cooling, purification, fast emergency recovery, diving bell pressurization)
and the cables for the PMTs and auxiliary sensors. A separate, single-walled
pipe carried the high voltage cable to the TPC cathode feed through.

4.1.4 Cooling

XENON1T followed the ”remote cooling” which allows for installation of the
cryogenic system far away from the TPC, along with maintenance while the
detector is in operation. The Xenon gas inside the XENON1T cryostat was
liquefied and kept at its operating temperature T0 = −96 ◦C thanks to a pair
of redundant pulse-tube refrigerators (PTRs [209], Iwatani PC-150), each of
which provided ∼ 250W of cooling power at T0. Each PTR was connected to
a copper cold finger reaching into the xenon volume such that the PTR could
be removed without exposing the inner vessel. The PTR insulation volumes
were separated such that one PTR could be serviced while the other was in
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Figure 4.2: The stainless-steel cryostat of XENON1T containing the LXe
TPC was installed inside a 740 m3 water shield equipped with 84 PMTs
deployed on the lateral walls. The cryostat was freely suspended (dark
yellow) on a stainless-steel support frame, which could be converted into
a cleanroom around the cryostat. The cryostat was connected to the outside
by means of two pipes. The large, vacuum-insulated cryogenic pipe carried
all gas/LXe pipes and cables. A small pipe (yellow) was used for the cathode
high-voltage. Also shown is the system for calibrating XENON1T with
external sources installed in movable collimators attached to belts (blue,
red).

operation. The measured total heat load of the system was 150 W, hence
one PTR was sufficient to operate the detector. The xenon pressure inside
the cryostat was kept constant by controlling the temperature of the active
PTR cold finger using resistive heaters. A proportional integral-derivative
(PID) controller (Lakeshore 340) read the temperature at the cold finger and
controls the power supplied to the heaters.
The cryogenic system was interfaced with the cryostat through the vacuum-
insulated cryogenic pipe. Xenon gas from the inner cryostat vessel streams
to the cryogenic system, was liquefied by the PTR, collected in a funnel and
flows back to the cryostat vessel, driven by gravity, in a pipe that runs inside
the cryogenic tube. Another pipe carried LXe out of the cryostat, evaporated
it in a heat changer, and was fed sit to the Xenon purification system. The
purified xenon gas was liquefied in the same heat exchanger and flows back to
the cryostat. The pipe that carried the purified LXe back to the cryostat was
also used during the cryostat filling operation. Figure 4.3 shows a view of the
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different components of the XENON1T cryogenic system and its interfaces
to other systems.

Figure 4.3: The cryogenic system of XENON1T: cooling was provided by
means of three redundant cold heads (two pulse-tube refrigerators (PTR),1
LN2, installed on individual cooling towers located outside of the water shield.
The liquefied xenon run back to the main cryostat in a 6 m long vacuum-
insulated cryogenic pipe, through which all connections to the TPC were
made with the exception of the cathode bias voltage which is not shown in
the figure. The connections to the systems for xenon purification and storage
(ReStoX) are also shown. Figure not to scale

4.1.5 Xenon purification

While the TPC enclosed a LXe target of 2.0 t, a total of 3.2 t was required
to operate the detector. The additional Xenon load was contained in the 60
mm layer between the cathode electrode and the bottom PMTs, in the 58
mm layer between the TPC field-shaping electrodes and the cryostat wall,
in between and below the bottom PMTs, in the gas phase and in the gas
purification and storage systems described below.
The total Xenon inventory included research-grade gas with a low concentration
of impurities, especially natural Kr. The impurity level was measured in sets
of four gas bottles by gas chromatography [210]. In case a higher level than
specified was detected, the bottles were purified using the distillation system
before adding the gas to the storage system.
Electronegative impurities, such as water or oxygen, absorb scintillation
light and reduce the number of ionization electrons by capture in electron
drift time dependent fashion. These impurities were constantly outgassing
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into the xenon from all detector components. Therefore, the gas must be
continuously purified to reduce the impurities to the 10−9 O2-equivalent level
(ppb). Driven by gas transfer pumps, LXe was extracted from the cryostat
its bottom, next to the LXe condensate inlet from the cryogenic system. The
LXe was evaporated in a heat exchanger system, made from a concentric tube
in combination with a plate heat exchanger, which also cools the return gas
from the purification system [211]. It was 96% efficient and reduced the heat
input into the cryostat to only 0.39 W/slpm (standard liters per minute).

Figure 4.4: The gas-handling system of XENON1T consisted of the cryogenic
system (cooling), the purification system (online removal of electronegative
impurities), the cryogenic distillation column (natural Kr removal), ReStoX
(LXe storage, filling and recovery), the gas bottle rack (injection of gas into
the system) and gas analytics station (gas chromatograph). The cryostat
inside the water shield accomodated the TPC.

4.1.6 Background Source and suppression

The science goals of XENON1T required an unprecendented low background
level [197]. The main background sources are summarized in table 4.2,
divided into ER and NR (see Chapter 3). The latter are most significant for
the WIMP search, as single-scatter NR signatures from neutrons or neutrinos
are indistinguishable from WIMP signals.
Besides background suppression by shielding, material selection and active
removal of radioactive isotopes, backgrounds were effectively reduced in the
data analysis: multiple scatter signatures are rejected based on the number of
S2 peaks, ER-like events were identified based on the events S2/S1 ratio, and
external backgrounds, e.g., from radioactive decays in the detector construction
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materials or from muon-induced cosmogenic neutrons, were reduced by fiducialization,
i.e., the selection of an inner detector region. However, fiducialization was not
effective for target-intrinsic sources, such as the noble gases 222Rn and 85Kr,
or the two-neutrino double-beta decay (2νββ) of 136Xe T1/2 = 2.17 · 1021y
[212] with a 8.9% abundance in natXe). It is also not effective for solar
neutrino-induced backgrounds.

Background Source Type Rate Mitigation Approach
222Rn (10 µBq/kg) ER 620 m.s from Rn-emanation - ER rej.
solar pp and 7Be νs ER 36 ER rej.
85Kr (0.2 ppt of natKr) 31 4-50 cryogenic distillation; ER rej.
2 νββ of 136Xe ER 9 mat sel., ER m.scat. rej., fiducialization
Radiogenic ν NR 0.55 mat.sel., m.scat. rej., fiducialization
CNNS (mainly solar 8B-ν) NR 0.6 -
Muon-induced neutrons NR < 0.01 act.Cerenkov veto; m.scat. rej., fid.

Table 4.2: Summary of the sources contributing to the background of XENON1T
in a fiducial target of 1.0 t and a NR energy region from 4 to 50 keV
(corresponding to 1 to 12 keV ER equivalent). The expected rates are
taken from the Monte Carlo simulation-based study [197] and assume no
ER rejection. CNNS stands for ”coherent neutrino nucleus scattering”

4.2 Cryostat and TPC upgrades in XENONnT

4.2.1 Cryostat

In XENONnT, TPC was dimensioned to use the XENON1T outer cryostat
vessel 30 cm higher compared to its XENON1T version, in order to allow for
a fast upgrade of the detector and maximize the use of systems already
built and operative [213]. In particular, the cryogenics pipe connecting
the detector to the subsystems (e.g., cryogenics, purification, DAQ) in the
XENON building, remain in place. The new inner cryostat vessel hosts a
total Xenon mass of about 8 t, with an active, instrumented mass of about 6
t. Figure 4.5 shows the design of the new inner vessel. It has a height of 1.87
m and a 1.46 m inner diameter. It has been attached to the already existing
outer-vessel dome through three dedicated support wings. These are designed
to maximize the inner vessel’s diameter. To minimize background, the wall
is made of 5 mm thick, low-radioactivity stainless steel (SS). Samples of steel
from various suppliers were screened. As in XENON1T, a HELICOFLEX
[232] spring-energized seal is used and ensure vacuum integrity.
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The cryostat’s inner and outer vessels feature a vacuum-insulated liquid
Xenon feedthrough that serve as a liquid connection to the cryogenic LXe
purification system to be located on the ground floor next to the XENON
building, through a vacuum-insulated pipe that bring the LXe out of the
water shield. The addition of this extra port represents the only modification
on the existing outer vessel. The dome of the inner vessel is equipped with
several flanges corresponding to those already present on the flange of the
outer vessel. These are dedicated to liquid filling from ReStoX, gaseous
Xe purification, signal and high voltage cable routing, and for the high
voltage feedthrough. While the signal and high voltage cables for about
150 additional PMTs have been installed in the cryogenic pipe already, the
cables for another ∼ 100 channels have been then added for XENONnT. A
40 mm diameter single-wall pipe has been added to one unused flange on
the cryostat, to route the extra cables to the XENON building. The pipe
has been mechanically decoupled from the existing system thanks to flexible
bellows and will run in parallel to the cryogenics pipe.
The structure installed in the water shield which was supporting the XENON1T
cryostat support also the XENONnT detector and thus does not require any
modification. In order to allow for leveling the TPC the cryostat is suspended
on three threaded rods, whose diameter have been increased from M20 to
M24.

4.2.2 Time projection chamber

The design of the XENONnT TPC, shown in Fig. 4.6, follows the XENON1T
one and implements a few new technical solutions aiming to address some of
the issues observed during the XENON1T operations [230]. It maintains a
similar aspect ratio as the XENON1T TPC which has proven to be optimal
for light collection efficiency. The active volume is laterally defined by thin
PTFE panels, arranged in an interlocking polygonal geometry to compensate
for thermal contraction. The lateral PTFE walls form a cylinder with approximately
1340 mm in diameter. The active volume of 6.0 t of LXe is instrumented with
476 R11410-21 Hamamatsu 3” PMTs, assembled in two arrays of 223 (top)
and 253 (bottom), to detect both primary and secondary Xe scintillation
light. The cathode grid and gate mesh delimit a 1500 mm long drift region,
surrounded by copper field shaping rings placed behind the PTFE reflector
to ensure a uniform electric drift field. As in XENON1T, electron extraction
and electroluminescence are achieved by means of an anode electrode, located
5 mm above the gate electrode and 2.5 mm above the liquid/gas interface.
Additional TPC electrodes are located in front of the two PMT arrays to
screen them from the electric field. Twenty-four vertical pillars, made of
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Figure 4.5: Technical drawing of the two-vessel cryostat system. The outer
vessel has been reused from the XENON1T phase, the inner one has been
constructed for XENONnT. The flange ”HV Xenon1T” is used for the new
single-wall cable pipe to route extra PMT cables to the counting room.

non-conduting material such as Torlon (PAI) or PEEK, are used to provide
structural stability and to interlock the various components of the TPC. The
liquid level between gate and anode is kept at a constant and well-definde
level by means of a diving bell that, as in XENON1T, encloses the top PMT
array.
In order to guarantee full electron extraction at the liquid/gas interface,
the anode and the gate electrodes are maintained at +5 kV and ground,
respectively. The cathode will be negatively biased to operate the TPC at
a nominal electric field of a few hundred V/cm. Successfull operation of
XENON1T indicated that the ”typical” field requirements could be relaxed,
allowing to bias the cathode at about -30 kV to achieve an electric field
of about 200 V/cm. The optimization of the TPC’s high voltage divider
chain for lower (and easier achievable) bias voltages reduce the effects of fiels
distorsion as already observed in XENON1T [230]. The same high voltage
(HV) feedthrough developed for XENON1T, with low-radioactivity SS tubing
and ultra-high-moleculat-weight polyethilene, is re-used fot XENONnT.
For the TPC electrodes for XENONnT, we follow the succesful implementation
of the XENON1T ones. Due to the larger diameter of the electrodes and thus
more stringent mechanicals requirements, the design of electrode support
frames with wires or meshes has been optimized before manufacturing. In
order to achieve a higher cathode voltage performance of different combinations
of wires and treatments (e.g. electro-polishing, surface treatments) is studied
in dedicated Lxe setups to minimize the risk of discharges.
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Figure 4.6: Technical drawing of the XENONnT TPC, installed inside
the new inner cryostat vessel. It largely follows the successful XENON1T
design and improves the known shortcomings. The primary and secondary
scintillation signals are observed by a total of 476 Hamamatsu R11410-21
PMTs, installed in arrays above (left) and below (right) the active target.

4.2.3 Material Selection and cleanliness

The material selection and screening campaign has started using the collaboration’s
HPGe spectrometers operated at three underground locations (LNGS, Vue-
des-Alpes at 620 m.w.e. and in a shallow depth lab at MPIK Heidelberg).
The overall γ-screening capacity has been enlarged compared to XENON1T.
First groups of materials suitable for the construction of the TPC and the
inner cryostat have been identified and the campaign to screen PMTs and
to find more low-background materials is ongoing. Our capacity for Rn-
emanation measurements has been increased considerably with the development
of the Auto-Ema at MPIK, which allows for an automated emanation measurement
and features two new emanation vessels. All γ-screening and Rn-emanation
activities, together with the efforts to reduce material outgassing, Rn-mitigation,
surface cleaning and offline analytics (RGMS, GC, APIX, etc.) have been
pursued within the newly established Cleanliness working group.
The XENON cleanrooms for TPC construction, assembly and installation
have also been upgraded in order to achieve the stringent background requirements.
The already existing (class ISO6) cleanroom, installed aboveground in Lab2,
remain essential to clean all components according to the specifications, using
solvents, acids, detegents etc. The removable 4.5 · 4.5 m2 cleanroom around
the cryostat in the water shield has been upgraded with hard walls and a
proper cleanroom floor, to improve its performance. A new cleanroom is
required underground, next to the XENON water shield door, to assemble
the new TPC. It features a Rn-abatement system to minimize plate-out for
222Rn progenies on the TPC walls. The same system also supply Rn-free air
to the cleanroom inside the water shield. Using well-established procedures
from XENON1T, the TPC has been transported safely, protected by a Rn-
tight enclosure and kept under N2 atmosphere.
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4.2.4 Purification system upgrade

The time required for removing impurities from the LXe is increased due to
the larger volume of LXe to be purified. In order to reduce the time scale to
achieve the required electron lifetime of at least 1 ms, two upgrades have been
made to the purification system: 1) replacement of the gas circulation pumps
and associated components to enable higher gas flow; 2) implementation of
a liquid purification system.

Gas-phase purification

The QDrive pumps on the already existing gas purification system have been
replaced with pumps with more stable long term performance and lower
radon emanation. These magnetic piston pumps are custom-built based on
the successful design used in the EXO-200 experiment [233]. The pumps use a
permanent magnet welded in an ultra-pure stainless steel cylinder to serve as
a piston, driven by an external ring-magnet outside of the cylinder. Only very
clean materials are in contact with the Xenon gas, allowing for a low radon
emanation, and the motion is very simple, resulting in a stable performance
with maintenance intervals longer than a year. For XENONnT, a scaled-up
version of the pump is needed to reach the pressure and flow requirements.
In collaboration with nEXO members at Stanford, two prototypes were
developed and tested. Recent tests have validated the new pump performance,
achieving the required differential pressure of 1.3 bar at a flow rate of 120
Standard Liter Per Minute (SLPM) with an inlet pressure of 1.4 bar. In
addition, the tubing and the valves in the main flow path of the purification
system have been upgraded to a larger diameter, and to models with larger
orifices in the case of the valves, to reduce the flow resistance and increase
the maximum achievable purification speed.

Liquid-phase purification

In order to purify the ∼ 8 t of Xenon in a reasonable time, the gas-phase
purification may not be sufficient. A preliminary analysis of the time evolution
of the concentration of electronegative impurities in XENON1T indicated
that the majority of impurities are being released directly in the liquid
phase, while the gaseous volume above the liquid can be cleaned relatively
much faster. At a time much longer than the purification cycle time, the
impurity concentration in the active liquid volume is proportional to the rate
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of release of impurities and inversely proportional to the purification speed.
The much larger density of LXe compared to that of gaseous Xe, by a factor
of about 200, means that we can dramatically increase the purification speed
by adopting a liquid circulation system, employing an appropriate cryogenic
filtering technology. This yield a much shorter initial purification time to
reach nominal operating conditions.
The cryogenic liquid purification system was designed to operate in parallel
with the gas one. It is installed outside of the water shield on the ground
floor next to the XENON building (see Fig. 4.7, and is composed of a
cryogenic liquid pump and two custom-made redundant filter units, installed
in independent vacuum-insulated enclosures to allow in-situ regeneration or
replacement of one unit while the other is operational (see Fig. 4.8. Fig.
?? shows the entire cryogenic system in its final version. The cryogenic
liquid pump selected is commercially available [234], satisfies the multiple
requirements of the experiment: cleanliness, efficiency, low heat influx, and
liquid flow rate of several liters per minute; and has been used by large volume
liquid argon and liquid Xenon experiments [235] [236] A single vacuum insulated
tube provides liquid flow from the cryostat to the cryogenic purification
system while an existing tube in the cryostat cryopipe is used for the liquid
return path. Specifically, the XENON1T LXe recovery tube between the
cryostat and ReStoX is re-purposed as a liquid return to the cryostat, minimizing
the modifications required on the existing cryogenic infrastructure and simplifying
the new cryostat design. This design choice also has the added benefut
of simplifying the XENONnT LXe recovery procedure compared to that of
XENON1T.
ReStox is an original cryogenic system designed for experiments that make
use of high quantities of liquid Xenon. It allows to store the total amount
of Xenon in gaseous or liquid phase and to fill into the detector vessel under
high purity conditions. This system will be described in more detail in next
section.
Several materials capable of trapping electronegative impurities at cryogenic
temperatures [237] [236] [238] have been tested in a dedicated purity monitor
and cryogenic liquid Xenon purification test facility at Columbia University.
One technology (see e.g., [238], [239]) that appears promising for a low
background experiment to permanently capture oxygen, by far the most
prevalent electronegative impurity in LXe detectors, is based on the oxidation
reaction 2Cu + O2 → 2CuO. Using copper as a filter material allows
regeneration through the reduction reaction CuO+H2 → Cu+H2O, typically
by flowing an Argon/Hydrogen mixture through the filter. Some tests have
been carried out for the optimization of the filter geometry, filter material,
filter mass and other parameters for the final XENONnT system.
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Figure 4.7: Integration of the cryogenic liquid purification system (bottom,
center) with the existing cryogenic infrastructure: cryostat (right), ReStoX
(left), cryogenic system (top)

4.2.5 Radon Mitigation Strategies

The background induced by dissolved 222Rn in XENONnT is reduced by a
factor 10 with respect to XENON1T. This is achieved by a combination of
several complementary 222Rn mitigation strategies.

Radon Sources and possibility for Radon Removal

The best strategy to reduce 222Rn-induced background is to avoid 222Rn
sources as much as possible. This can only be achieved by a thorough
screening of all materials in contact with the liquid xenon. For this purpose,
the radon screening facilities at MPIK were significantly upgraded. Two
new large-volume emanation vessels were purchased to enhance our ability
to measure several samples simultaneously. More importantly, we developed
a fully automated emanation system (Auto-Ema) able to extract, purify and
concentrate radon from samples completely self-acting. Auto-Ema allows
more samples to be processed in a given time and the reproducibility of the
results is also improved. The effort to avoid 222Rn sources right from the
beginning is accompanied by measures to reduce surface contaminations as
much as possible. This does not only imply working in a dust-free environment,
but also the application of dedicated surface cleaning procedures and more
sophisticated approaches like surface coating with a clean 222Rn barrier.
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Figure 4.8: Design of the cryogenic liquid purification system. A cryogenic
liquid pump (motor shown in purple) circulates the LXe from the cryostat
through a pair of redundant cryogenic filters in independent vacuum-
insulated enclosures (section), isolated with cryogenic actuated valves
(green).

Detailed 222Rn emanation studies were carried out in XENON1T and a
thorough understanding of the location and distribution of all 222Rn sources
achieved. Fig. 4.6 shows that the dominant contribution to the 222Rn budget
comes from the QDrive recirculation pumps (in purple). In XENONnT, we
have replaced those either by commercial ultra-high-speed compressors or
by magnetically coupled piston pumps developed within our collaboration
(see Section 4.3). First 222Rn emanation tests suggested that both solutions
would dramatically reduce the 222Rn emanation rate making the remaining
fraction less important.
All green sources in Fig. ?? are in contact with gaseous (warm) Xenon.
By a smart way of extracting gaseous xenon simultaneously from several
ports, we have merged these contributions to an overall xenon flow of not
more than 5 SLPM. When the cryogenic distillation column [228] built for
XENON1T have removed the 85Kr contamination to the required level, this
distillation column would no longer be needed for 85Kr removal. It has then
been switched to ”reverse mode” in order to remove 222Rn out of this special
gaseous Xenon stream continuously. We demonstrated with XENON1T that
such an ”online distillation” reduces the 222Rn emanating out of the cables
and the cryogenic pipe. The possible cryogenic distillation column flow is
large enough for this special task. Thus, a technical solution for the removal
of the green colored fraction in the 222Rn pie chart also exists.
Most problematic are the sources located in the inner vessel and in the
TPC as they emanate directly into the liquid xenon. The only chance to
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Figure 4.9: The entire cryogenic system in its final version

purify them before they contribute to the background is to extract them on
a timescale shorter than the 222Rn mean life (τ222Rn = 5.5 d). This can only
be achieved by an enhanced Xenon recirculation speed or a reduced Xenon
recirculation time τcirc yielding a reduction factor k [226] of

k = 1 +
τ222Rn

τcirc
(4.1)

At the same time, the high Xenon gas flow rate demands a dedicated highflow
222Rn removal system based on cryogenic distillation. As shown below, we
believed that such a column could be built. It has reduced the sources
from TPC and moreover has provided a safety margin for the other sources
which have also be reduced by the high-flow column. The combination of
all the discussed mitigation strategies guaranteed that the desired 222Rn
concentration in XENONnT of < 1µBq/kg has been achieved (see Fig. 4.10)
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Figure 4.10: The different contributions to the overall 222Rn budget in the
XENONnT experiment

Design parameters of the dedicated Radon Removal System

We aimed at τcirc < τ222Rn to gain a reduction factor k > 2 for the 222Rn
directly emanating into the LXe target. Therefore we needed a minimal
throughput of 200 SLPM or 72 kg/h. We have integrated this system into
the LXe purification circuit, receiving the Xenon feed and put out Xenon in
the liquid phase. This requires vacuum insulated lines as well as a location
near the liquid purification system. Although the radon removal system
did not need to achieve a large 222Rn reduction factor it required at least
6 distillation stages (see Fig. 4.11) to make use of our novel method to
accumulate the Radon at very high concentrations in the reboiler section of
the distillation column where the Radon gets stored and decays. This design
required a package column of 1.5 m height and 20 cm diameter. On the
other hand, such a Radon removal system could operate with a moderate
reflux ratio of r = 0.5. This required a cooling power of 1000 W inside the
distillation column at the condenser and another 2000 W cooling power to
liquefy the Xenon at the output. Both numbers are valid for the envisaged
flux of 200 SLPM. An industrial cooling machine provide a cooling power of
2000 W inside the distillation column whereas a heat exchanger inside the
reboiler provide most of the cooling for the liquefaction of the Xenon at the
output. This provides enough contingency to allow for a reduction of the
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Figure 4.11: Design of the Radon removal system based on cryogenic
distillation following the McCabe Thiele method. The input, output and
storage concentrations are chosen exemplary to be 10µBq/kg, 0.1µBq/kg
and 10µBq/kg. The throughput is 72kg/h and the reflux ratio is set to r =
0.5.

222Rn sources emanating directly into the active LXe target with k > 2. A
possible improvement is to use a dedicated Clausius Rankine cooling machine
to pump the heat from both the condenser and a liquefaction station at the
output to the reboiler. Fig. ?? shows a sketch of the system.

4.3 Muon Veto System

The residual muon flux reaching the experimental hall is (3.31± 0.03) · 10−8

µ/(cm2s) with an average energy of ∼ 270 GeV . Figure 4.13 is the result of a
simulation showing the absorption of neutrons and γ from rock radioactivity
and of muon-induced neutrons as a function of the water shield thickness.
A few meters of water constitute an effective shield against gammas and
neutrons produced by rock radioactivity. The only residual background after
4 meters of water is given by muon-induced neutrons, which are produced
through direct muon spallation of nuclei or through electromagnetic and
hadronic cascades generated by muons. A conservative estimate of the muon-
induced neutron flux in the LNGS cavern is ∼ 7.3 · 10−10 n/(cm2s) for
En > 10MeV , that is about 3 orders of magnitude lower than that of
neutrons from concrete radioactivity, but their energy spectrum extends up
to tens of GeV. They may constitute a dangerous background since they can
cross the water shield and scatter elastically off the target nuclei leaving a
WIMP-like signal. This fact motivated instrumenting the water tank (WT)
as an active muon-veto to detect the Cherenkov light that charged particles
produce as they cross the water. The aim is to identify events in which a
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Figure 4.12: (a) Sketch of the Radon removal system based on cryogenic
distillation with an enhanced throughput of 200 SLPM. The total height of
the column is around 3 m. To have enough reserve both heat exchangers
(condenser and liquefier) will be enlarged in transversal directions. (b)
Schematics for the custom made magnetically coupled piston pump

muon directly crosses the WT, and also events in which a muon is outside
but the particles constituting the electromagnetic or hadronic cascade enter
the WT.

4.3.1 Muon Veto design

The ”ingredients” of the XENON1T water Cherenkov Muon Veto are the
WT, ∼ 10 m heigh and ∼ 10 m in diameter, a certain number of PMTs,
with a certain geometrical arrangement and working with an appropriate
trigger condition, and a reflective foil [241].
The selected PMT is the high quantum efficiency (HQE) 8” Hamamatsu
R5912ASSY, already provided with a water-proof enclosure. These PMTs
have a bialkali photocathode and borosilicate glass window. Ten dynodes
provide a typical gain of 107 at a working voltage of ∼ 1500 V. The quantum
efficiency is about 30%, averaged over the Cherenkov light wavelength distribution,
in the range [300-600] nm (see figure 4.14), and the collection efficiency is
85%, as declared by the manufacturer [242].
The reflective foil chosen is DF2000MA by 3M, which provides a very good
reflectivity (more than 99% between ∼ 400 and ∼ 1000 nm, as declared by
the manufacturer [243] and consistent with what obtained with dedicated
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Figure 4.13: Fraction of survived particles as a function of the thickness
of the water shield surrounding the detector. Circular dots for the muon-
induced neutrons, squared dots for the gammas from rock radioactivity and
triangular dots for neutrons from rock radioactivity.

experimental measurements, as shown in Fig. 4.15), and allows for a shift in
the wavelength of the UV Cherenkov photons toward the blue region in order
to better match with the PMTs wavelength sensitivity. A similar study was
carried out in the GERDA experiment, using the same reflective foil by 3M
[244].

Figure 4.14: Quantum efficiency of one of the HQE Hamamatsu PMTs
R5912ASSY

73



Figure 4.15: Specular reflectivity measurements of DF2000MA in different
positions on the surface of a square shaped foil sample

4.4 Other subsystems

The fast and ambitious realization of XENONnT relies on the fact that a large
number of subsystems can be re-used [213]. This does not only reduce the
time and efforts required for their design and construction, but also greatly
speeds up the commissioning phase of the new detector. In this section
we quickly summarize which systems will be kept (almost) unchanged from
XENON1T, for details see [230].

4.4.1 Water shield, Building

The water tank was installed in Hall B of LNGS acts both as an active Muon
Veto (see Section 4.3) and as a passive shield. This system are re-used for
the XENONnT phase. The same holds for the XENON building installed
next to it.

4.4.2 Cryogenic System. ResStox-1 and ReStox-2

As mentioned above, the outer cryostat as well as the large-diameter cryogenic
pipe connecting the cryostat to the XENON building are also used for XENONnT.
Especially the pipe with its complicated inner structure and the delicate
connection to the cryogenic system remained in place during the transition
period and for XENONnT. The cryogenics system cools down the Xenon gas
by means of two redundant coldheads using pulse-tube-refridgerators (PTRs)
and an additional LN2-based coldhead. The system provides sufficient cooling
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power also for XENONnT.
A Xenon-storage system, ReStoX-1, based on a new concept, was developed
for XENON1T in order to increase the recovery speed of LXe compared to
previous systems based on bottles.
ReStoX-1 is a 2.1 m diameter sphere made of stainless-steel. With a volume of
5 m3 , it can store up to 8 t of LXe. The minimized thermal contact between
the outer and the inner cryostat spheres reduces the external heat-load to
50 W. The sphere is cooled with 16 LN2 lines welded to the inner sphere.
In normal operation, while storing Xenon in liquid state, a condenser/heater
system, mounted at the center of the vessel, controls the pressure precisely
and ensures that the pipe where LXe flows does not get blocked by frozen
Xenon. ReStoX-1 is connected to the detector for filling and fast recovery
and to the purification system via an independent heat exchanger.
This system has worked very well during the entire phase of XENON1T and it
will be in operation as part of the new liquid circulation loop for XENONnT.
Given the larger size of the XENONnT detector, a bigger storage system is
necessary. The new system, which is complementary to ReStoX-1, is called
ReStoX-2 and has a capacity of 10 t.
Just like its predecessor, ReStoX-2 has been designed to withstand pressures
from vacuum up to 70 bar. This allows for keeping the whole Xenon inventory
safe even at ambient temperature, thanks to 33 mm thick stainless steel
walls and dedicated cryogenic gate valves. ReStoX-2 is a cylindrical vessel
with 1.45 m diameter and 5.5 m height. It has an LN2-based inner cooling
system made of a parallel-plate heat exchanger. While the ReStoX-1 cooling
principle was to cool down Xenon efficiently but without freezing it, the
ReStoX-2 approach is more aggressive: Xenon is recovered by crystallization,
with a target recuperation flow of one ton per hour.
The installation of ReStoX-2 started at the beginning of spring 2018, when
it was connected to ReStoX-1, the detector cryostat and the rest of the
cryogenic systems through a piping system (see Fig. 4.16). The filling of the
cryostat from ReStoX-2 was done by passing through ReStoX-1, which has
a sophisticated system that regulates the pressure at high precision.
The recovery from the cryostat to ReStoX-2 works directly and can be done
both in a controlled mode, with a dedicated gate valve, and in emergency
mode, with a rupture disk regulated at the cryostat pressure of 2.5 bar to
prevent Xenon losses from any possible accident of the cryostat. Such fast
recovery is triggered also in case of vacuum losses of the cryostat insulation,
ensuring prompt reaction and extra safety.
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Figure 4.16: Diagram of the new ReStox-2 storage system and how it
integrated into the existing XENON1T cryogenics

4.4.3 Cryogenic distillation Column

Radioactive 85Kr is removed from the Xenon gas via cryogenic distillation.
The 5 m-tall distillation column designed and constructed for XENON1T
has already demonstrated a separation factor above 6 · 105 and a natKr/Xe
concentration of < 0.026 ppt [228]. This is sufficient for XENONnT.

4.4.4 Calibration System

We mostly re-use the existing infrastructure for the calibration of XENONnT.
A deuterium-deuterium (DD) neutron generator and an AmBe source are
used for the nuclear recoil calibration. m83Kr are used for detector uniformity
and energy calibration. A 220Rn source, developed for XENON1T [226], are
used for electronic recoil band calibration. PMT gains are calibrated with
the LEDs in a similar way as done in XENON1T [230]. Other external γ-
sources are used to validate high energy response and position reconstruction
performance near the edge of detector.
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4.4.5 Slow control system

The XENON1T slow control system was based on General Electric (GE)
industry standard components. It monitored a large number of operation
parameters, controls the cryogenics and purification systems, and was used
to send automated alarm notifications in case parameters fall out of their
pre-defined range. The slow control system of XENON1T has been updated
in order to integrate the new detector XENONnT performances.

4.4.6 Data acquisition (DAQ)

The DAQ system was designed in a modular and parallel fashion [230]. This
allows inclusion of the additional TPC channels easily without affecting the
readout speed. The trigger decision for the TPC is taken in software; to
ensure its performance given the increased number of channels, we have
upgraded the event-builder machines running the code. The Muon Veto
is already read using the same programs and the new Neutron Veto system
can be implemented.
XENONnT directly benefit from the well-established raw data processing,
data analysis and signal simulations platforms already developed for XENON1T

4.4.7 Computing

For XENON1T, the collaboration has opted for a flexible, distributed computing
model, using different sites including GRID resources; for XENONnT more
sites have easily been added once they become available. The expected
increased data rate (mainly caused by the increased number of TPC and
nVeto channels) is partly compensated by using dedicated data reduction
strategies, e.g., by deleting the raw data of non-interesting events outside
the region of interest in calibration runs. We have planned to cope with a
total of 1.5 PB/y for a duration of 5 years. Connection to the LHCOne
network has been required to cope with the XENONnT data volume.

4.5 Neutron Veto System

Once the background from Rn is reduced by a factor 10 with respect to
XENON1T using the techniques described in section 4.2, the NR background
from radiogenic neutrons (from α, n reactions and spontaneous fission) starts
to become relevant for the final sensitivity of the experiment and, in particular,
for its potential to discover WIMPs [213]. The expected neutron background
in the new TPC, predicted through a full Monte Carlo simulation as described
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in [225], is∼ 5.5 events in a 4 t fiducial volume for the nominal 20 t·y exposure
required to reach the XENONnT sensitivity goal.
With the goal of reducing the radiogenic neutron background and maximize
the liquid Xenon fiducial volume in XENONnT, it is under constrution,
almost completed, a Neutron Veto (nVeto) surrounding the outer cryostat
as closely as possible. Since the most dangerous neutrons are the so called
”sneaky” neutrons, those which scatter just once into the LXe and then
leave the cryostat, the nVeto has to watch for neutrons just around the
cryostat. A solution with Gadolinium directly dissolved into the water of
the Muon Veto (but optically separated from it), where also the cryostat is
immersed, has been adopted (see Figure 4.17). Thanks to the isotopes 157Gd
and 155Gd, Gadolinium has the highest n-capture cross section of all stable
elements. Neutrons are thermalized in the wather and eventually captured
on gadolinium, releasing a γ-ray cascade with a total of ≈ 8 MeV. More
details about this detection process are illustrated in next Subsection.
The γ-s from the neutron capture will be detected by 120 photomultipliers
(PMT) supported by a stainless steel cylindrical structure, where they are
organized in 15 columns and 8 rows around the cryostat, at about 1 m
distance from it. Reflector foils wrapped around the cryostat and put behind
the PMT support structure, with a reflectivity of about 99%, will enclose the
nVeto region, which results in a cylindrical corona of inner radius 1 m, outer
radius 2 m and hight of 5 m [247].

4.5.1 Neutron detection with Gd

Isotope Abundance (%) σ (b)
152Gd 0.2 735
154Gd 2.18 85
155Gd 14.8 60.9 · 103

156Gd 20.47 1.8
157Gd 15.65 25.4 · 104

158Gd 24.84 2.2
160Gd 21.86 1.4

Table 4.4 : Thermal neutron capture cross sections of the various Gd isotopes
that can be found in nature. Their abundance in natGd is also reported. The
two isotopes which are exploited for their high (n, γ) cross section are the
155Gd and 157Gd

Gadolinium (A64Gd) is a rare element on Earth [254]. Its natural composition
consists of 7 isotopes. Their abundance ratio and the corresponding neutron
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Figure 4.17: Schematic view of nVeto. Gd-water is loaded in the whole
volume of the Muon Veto tank. Optical separators installed in the backside
of the nVeto-PMTs are shown in light gray.

capture cross sections are shown in Tab. 4.4. The Gd, in particular the
155Gd and the 157Gd isotopes, has a resonance state in the thermal energy
region in the neutron capture reaction (Fig. 4.18). The capture process
is resolved in the excitation of the Gd, which returns to the ground state
emitting approximately 3-4 γ [255]. The process for the 155Gd reads:

n+155 Gd→156 Gd∗ →156 Gd+ γ′s (4.2)

Thus the γ-ray energy can be calculated via mass difference (in natural units,
c=1):

Eγ = M(155Gd) +Mn −M(156Gd) = 8.54MeV (4.3)

where Mn is the neutron mass, while M(155Gd) and M (156Gd) are the mass
of 155Gd and 156 156Gd, respectively. Similarly, for the process involving the
157Gd isotope, the γ energy is 7.94 MeV.
The techinique of adding Gd to the water to tag neutrons, was first proposed
by Beacom and Vagins [256] for use in the Super-Kamiokande (SK) water
Cherenkov detector which was very successful in observing solar, atmospheric,
and accelerator neutrinos. Their proposal aimed at increasing the detector
sensitivity to inverse beta events by delayed coincident detection of fast
Cherenkov signal and neutron capture on Gd [247]. The required water
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purification technology was developed and proven at the EGADS experiment
(Japan), which maintained excellent Gd-water quality over more than two
years of stable operation without loosing Gd.
In the XENONnT nVeto, Gadolinium is added in water by dissolving Gd
ultrapure salts like GdCl 3, Gd(NO3)3 and Gd2(SO4)3. Since the chlorine in
GdCl3 causes unwanted corrosion and the nitrate in the Gd(NO3)3 tends to
absorb part of the Cherenkov light spectrum, the Gd-sulphate Gd12(SO4)3

results to be the best candidate when it is octahydrate (Gd2(SO4)3·8H2O), to
enhance its solubility. It is used a concentration of Gd2(SO4)3 of 0.48% which
corresponds to about 0.2% concentration in mass of Gd. Figure 4.19 shows
the fraction of neutron capture on Gd as a function of the concentration of
gadolinium sulphate [257]. With a 0.2% concentration, the ≈ 90% of the
neutrons are captured by the Gd, while the remaining part relies on the
capture in water.
The XENONnT nVeto will employ that concentration of Gd sulphate in
order to reduce the NR background rate coming from the detector materials
as shown in Fig. 4.20. In addition to a sufficiently high concentration of
gadolinium, which is necessary for the detection and capture of neutrons, is
required to reach a neutron tagging efficiency ≥ 85%, which can be obtained
by requiring a 10-fold PMT coincidence (Fig. 4.21).
The amount of background induced by the materials that make up the nVeto
was obtained from MC simulations and these studies are illustrated in more
details in next Subsections.

4.5.2 Overview of Gd-loaded water nVeto systems

Parameter
Density 1,01 g/cm2

pH 2.9
Radiopurity 238U a few
mBq/kg (Gd2(SO4)3) 232Th a few
See also Fig. 4.22 and Fig. 4.23 235U < 1

Table 4.5 : Characteristics of 0.6% weight Gd(S04)3 +8H2O solution planned
for Super-Kamiokande Gd project

The Gd-loaded water for the Super-Kamiokande Gd project has been studied
by the Super-Kamiokande collaboration for many years on the physics of the
n-tagging, operation including water purifications, impacts on detectors and
environment, etc. By borrowing the results of this work, it was possible
to propose for XENONnT a realistic approach to use 0.2% wt gadolinium,
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Figure 4.18: Trend of various cross section of the process involving neutrons
and 1H/ 155Gd/157 with respect to the neutron kinetic energy. The neutron-
H interaction can occur as elastic scattering (green line) or as (n, γ) (yellow
line). On the other hand the dominant process with the Gd isotopes is the
(n, γ) (blue and red lines). The cross section for the Gd decreases with the
energy but for values O(eV) presents some resonant states.

or 0.6% wt gadolinium sulfate octahydrate (Gd2(SO4)3 · 8H2O) as an actual
chemical compound. Typical gamma-ray emissions from the n-capture on Gd
gives about 8 MeV in total with a multiplicity of∼ 6 (see [250]). Characteristics
of 0.6% weight Gd2(SO4)3·8H2O solution planned for SK-Gd are summarized
in Tab. 4.5.
It was used the official XENONnT simulation package (nVetoDevelopment)
for the experimental geometry, where the Okayama-model implemented for
the Gd-related physics. The Cherenkov photons were simulated with G4
Optical Physics built in GEANT4.10.3.
The final configuration of the nVeto, called ”whole tank Gd-Water configuration”,
includes the following components: gadolinium loaded water, nVeto PMTs
(typically 1208” PMTs), Gd-water circulation system including appropriate
purification filters and tanks for Gd capture. The masses of water, Gd2(SO4)3·
8H2O and gadolinium are 700 tons, 4.2 tons and 1.4 tons, respectively. It’s
important to underline that the amount of Gd would impact also on the total
cost for the water system and for process/disposal of Gd-loaded water at the
discharge.
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Figure 4.19: Fraction of neutron capture on Gd as a function of the
Gd2(SO4)3 concentration. With a 0.2% concentration, which correspond
to a ≈ 0.1% in mass of Gd, the ≈ 90% of neutrons are captured by the Gd,
while of the remaining 10%, the 6.5% are captured by protons of hydrogen
in water, while the 3.5% are not detected. To reach the required neutron
tagging efficiency in the nVeto, this concentration of Gd has to be loaded in
water.

Regarding the problem of radioactive background produced by the Gadolinium
salt, Super-Kamiokande group has developed low-radioactiveGd2(SO4)3 powders.
Fig. 4.22 shows the state-of-the-art materials available. On the other hand,
one of the candidates for the nVeto PMTs is Doble-Chooz PMT (R7081);
there are two results on the background measurement of R7081. The results
are shown in Fig. 4.23. Discrepancies, especially the 238U activity, are seen
and further investigations are on-going.

4.5.3 Whole tank Gd-Water configuration

In this final configuration, nVeto replaces the pure water for the Muon Veto
with Gd-loaded water. The main advantage is simplicity and high efficiency,
thanks to an almost 4-pi coverage of TPC with no water-displacer.
As mentioned before, the total mass of the water loaded with gadolinium is
700 ton with 4.2 ton of Gd2(SO4)3 · 8H2O and 1.4 ton of Gd. The largest
risk is corrosion of materials directly exposed to the Gd-loaded water, which
might be managed by ”covering” target materials. Another potential but
critical risk is 1.4 ton of Gd which should be appropriately managed for
water circulation and discharge. Relatively low yields of Cherenkov photon
can be manageable thanks to an enough photo-coverage (∼ 8%) and high
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Figure 4.20: (Left) Nuclear recoil background reduction that will be achieved
in XENONnT with the Neutron Veto in operation (blue line). Considering a
4 t fiducial volume, the reduction factor is about 6. (Right) Diagram of the
contributions to the NR background due to the detector materials. These
are dangerous source since the emitted neutrons can give a WIMP-like signal
inside the TPC [258]

reflectivity of reflectors (> 90%).
Another interesting feature of this configuration is that it is possible to start
with pure water without gadolinium which still show a moderate neutron
tagging efficiency. It is possible to move into Gd-loaded water phase after
the confirmation that the system is working as designed.
It should be noted that this configuration brings minimal interference with
the outer calibration source delivery system, as the sources are moved from
top to position them next to the TPC. A slit in the Tyvek roof of the optical
separator between nVeto and Muon Veto will allow these sources to pass in
and out of the nVeto region without significant loss of light. In particular,
this configuration does not need a gap for neutron calibration system in the
azimuthal nVeto coverage around the TPC. This configuration also keeps the
potential to perform calibrations at various positions in the water volume.

Installation, maintenance, and calibration

As mentioned before, Neutron Veto System is equipped with 120 PMTs
. They are water-proof and equipped with support structures. A highly
reflective optical separator between nVeto and Muon Veto (Tyvek or Gore-
Texa’s) is used to shield the nVeto from light induced by external gammas
and neutrons entering the Muon Veto from the outside. This allow for a

83



Figure 4.21: Neutron tagging efficiency as a function of the PMT coincidence
for several nVeto configurations: (blue triangles) pure water nVeto, (red
triangles) 0.02%Gd loaded nVeto and (black dots) 0.2% Gd loaded nVeto.
With a 10-fold coincidence in the third configuration, the efficiency stands
at ≈ 85% which is the requirement for the XENONnT purposes. In all the
cases simulated the PMT threshold for the signal is at 0.5 photoelectrons.
Thus it is important to study the characteristics of the PMTs such as the
dark rate with this threshold.

further efficiency boost as it allows to relax the coincidence requirement
for nVeto triggering. Being made of Tyvek sheets stitched together with
stainless steel staples as in SK this optical barrier is easy to remove and
to re-install. Support structure for optical reflector/separator behind the
nVeto PMTs (is the PMT holding structure itself). nVeto PMTs background
level requirements are discussed later.
An optical reflector for the outside of the cryostat has been first installed.
Then the PMT holding structures has been built. These structures were
wrapped with reflectors in advance. Additional reflectors have been installed
after the structures was built. PMTs and optical separator have been also
installed. The tank will be filled with water. We can dissolve gadolinium
when things are ready and increase the tagging efficiency. Water quality
needs to be monitored continuously and the water should be filtered properly.
At the scheduled drain or emergency discharge, the tank is drained and
the Gd-water needs to go through the Gd-capture resin and the gadolinium
should be removed from the water.
As for calibration, it comes naturally with the neutron generator or 241Am
Be as a source as it is deployed inside this nVeto volume.
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Figure 4.22: Radioactivities in Gd2(SO4)3 (from [248])

Figure 4.23: Radioactivities in the PMT glass. The data refer to PMT
samples from two different companies. A decision will be made considering
the respective advantages and disadvantages

The transparency of Gd loaded water is a key point for efficient operation of
Neutron Veto (and Muon Veto), consequently the water recirculation/filtration
system plays a key role [247]. A specific system has been implemented in the
EGADS experiment (200 tons of water, ≈ 240 PMTs and 0.2% Gd2(SO4)3

to keep Gd-water clean, it is based on a molecular band pass filtering system,
where the water first passes through an Ultrafilter which retains and drain
impurities larger than Gd2(SO4)3, then through a Nanofilter which separates
the Gd2(SO4)3 and allow it to bypass the deionization (DI) resin, while singly
charged ions are allowed to pass. These ions are then absorbed in a DI resin
bed and finally the clean water is reunited with the bypass stream and the
Gd2(SO4)3 again. This delicate and technologically sophisticated system
will also be implemented in XENONnT for nVeto operation. Given the
complexity, it puts high demand on the Slow Control to monitor pumps,
temperature sensors, flow meters and other devices. Radiopurity of the Gd
salt needs to be measured in order not to add background that hampers the
detector performance.
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4.5.4 MC study - Method 1: request of n-fold coincidences
with a window of 300 ns

A MC study shows a reasonable tagging efficiency of 85% for neutrons from
the outer cryostat (the so called ”sneaky neutrons” or ”dangerous neutrons”)
with 7-fold coincidence as shown in Fig.4.24 (See details in [251]).
The average number of generated Cherenkov photons per event is ∼ 720
photons, and ∼ 40 photoelectrons are generated in the nVeto PMT arrays,
corresponding to a light collection efficiency of ∼ 5.6 %. For each events,
typically ∼ 30 PMTs can see at least one photoelectron as shown in Fig.4.25.
Inefficiencies of this design basically originats from following reasons;
• Neutrons are captured in LXe below the bottom PMT array PTFE, shaper
rings, or inner/outer cryostat (See Fig.4.26)
• Then, all the emitted gamma-rays lose energy somewhere in the inactive
volume (See Fig.4.27).
• Preliminary study shows that it might be possible to recover 3 − 4 %
efficiency by introducing Etot below PMTs cut, which requires additional
PMTs there.
Pure-water results are compared with Gd-loaded results in Fig. 4.28 and 4.29.
A moderate tagging efficiency of 74 % is expected with pure water case. Time
difference between the TPC events and nVeto PMT hits are investigated.
The mean times are 19 µs and 33 µs for the Gd-water and pure water case,
respectively (Fig. 4.30). Background rate from the inner-PMT glass was
evaluated and results are shown in Fig. 4.31; at least 7-fold coincidence is
needed to suppress the background rate below 100 Hz.Here 42 Bq/120 PMT
from 232Th, 131 Bq/120 PMT from 238U , 129 Bq/120 PMT from 40K are
assumed. Finally, background rate from Gd2(SO4)3 was evaluated; it was
expected to be between 2.9 Hz and 1.4 Hz for 2.1 mBq/kg of 238U and 1.0
m Bq/kg of 232Th, respectively.

Figure 4.24: Tagging efficiency as a function of N-fold coincidence
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Figure 4.25: Histogram of the number of PMTs with hits

Figure 4.26: Neutron capture position in r-z plane for ”dangerous neutron”
events

4.5.5 MC study - Method 2: comparison of the spatial
and time distribution of the nVETO Cherenkov
photons between background and ”sneaky neutrons”

In the MC studies discussed in previous Subection, the detection efficiency
of the nVeto, or the ability to identify ”sneaky neutrons”, was given by
an x-fold coincidence between the nVeto PMTs. Using this method, even
a request of 10-fold coincidence with a window of 300 ns results at present
unsatisfactory because of an high amount of ”false positives”, or coincidences
of 10 PMTs that do not correspond to any signal (neither ”sneaky neutrons”
nor background), in relation with neutron tagging efficiency. However, spatial
and temporal information are thought to help lower the level of coincidence.
This innovative MC study [253] has two objectives: show that the spatial
time distribution is different for background events from nVeto PMTs and
”sneaky neutron” capture events and find a method to reduce the background
detection efficiency while leaving the tagging efficiency of neutrons .
One possible idea is to build ”probability maps” for background events and
”sneaky neutrons” events. It was set a threshold of 0.5 p.e. for all simulated
hits and the arrival time of Cherenkov photons was calculated starting from
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Figure 4.27: Gamma-ray interaction position in r-z plane for non-tagged
events

Figure 4.28: Comparison of the neutron tagging efficiency between pure
water and Gd+water as a function of N-fold coincidence. (Black: pure-
water design. Red: Gd-water design. 0.5 p.e. threshold is considered for
both cases.)

the arrival time of the first Cherenkov photon detected. Probability maps are
used to build log-likelihood ratio maps. Each simulated event is compared
with the log-likelihood ratios map and a ratio value R is obtained as:

R =
∑
s,t

log10|
Ls,tn
Ls,tb
| (4.4)

where Ls,tn and Ls,tb are the likelihood functions for the event being analyzed
in relation to the probability distributions in the case of a sneaky neutron
and background event respectively, for each PMT position s and for each
arrival time t of the Cherenkov photon. Since the 120 PMTs are placed in 15
columns and 8 rows, it was set set s = 0 for the columns in which the arrival
of the first photon occurs, s < 0 for the 7 columns placed on the left of this,
s > 0 for the 7 columns placed on the right. It was considered arrival times t
from 0 to 30 ns with a binning of 2 ns, corresponding to the time resolution
of the PMTs.
It is clear that if R < 0 the event in question is ”more background alike”, if
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Figure 4.29: Number of PMT that exceed the 0.5 p.e. threshold for a neutron
capture event. (Black: Whole-tank pure-water design. Red: Whole-tank Gd-
water design. 0.5p.e. threshold is considered for both cases.)

Figure 4.30: Timing distribution of the neutron veto events. Time difference
from the TPC events are shown. Red and blue histograms show Gd-water
and pure water options, respectively.

R > 0 the event in question is ”more sneaky neutron alike”, while if R ≈ 0 is
difficult to identify the event as a sneaky neutron event or as a background
one. In this way, by simulating a large number of events, it is possible to
determine the efficiency of this method for identifying ”sneaky neutrons”.
An exemple of ”probability maps” for an event, summed over all the 8 rows
of PMTs, is illustrated in Fig. 4.32, Fig. 4.33 and Fig. 4.34. In Fig. 4.32 is
illustrated the ”probability map” of the event in relation to sneaky neutrons,
or the map of Ls,tn ; in Fig. 4.33 is illustrated the ”probability map” of the
event in relation to background, or the map of Ls,tb ; finally in Fig. 4.34 is
illustrated the ”ratio map” of the event, or the map of R. As you can see, in
this case, by adding the values of R on all the PMTs and on all the possible
arrival times, a total value of R < 0 is obtained, in conclusion this event
must be considered ”more background alike”, precisely ”more gamma alike”,
where a ”gamma” are a particular type of bakground events which will be
discussed in the next Subsection.
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Figure 4.31: Background rate from the inner-PMT glass. (Whole-tank Gd-
water design)

Figure 4.32: Example for probability maps summed over all PMT rows -
Summed hit pattern neutrons

Production of MC simulated neutron events

Event Selecting: 250k sneaky neutrons, originating from the cryostat and
internal and external TPC, were simulated. All events were selected requiring
their capture in the water on the lateral side of the tank, or beteween -1700
mm < z < 500 mm (see Fig, 4.35).
Background events, or events originated by the PMTs of the Neutron Veto
(the amount of this events is illustrated in Fig. 4.23), were also simulated.
There are two types of background events from PMTs: the so called ”gammas”,
i.e. monoenergetic photons of 2.6 MeV originated from the last decay of 232Th
chain, that can produce more electrons above the Cherenkov threshold, and
the so called ”betas”, i.e. electrons originated by 40K decay with a pseudo-
beta energy spectrum (see Fig. 4.36)
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Figure 4.33: Example for probability maps summed over all PMT rows -
Summed hit pattern gammas background

Ratio map gammas and beats: The map of the ratio R was defined
for each row of PMT, with a 2 ns binning. Since the measured p.e. value
could not be implemented, a PMT is considered ”on” if at least one photon
arrives, so each hit was counted. The maps show a clear pattern. In Fig.
4.37 and Fig. 4.38 are illustrated ratio maps for an event, considering gamma
and beta as background, respectively, separately for all the 8 rows of PMTs.

Discriminate with R value: Before calculating R for each individual
hit two more requirements are checked:
1) classical X-fold coincidence level
2) tight level threshold (m photons within 30 ns).
Values which do not satisfy the condition 1) were never detected, hence
R = −10 is assigned. Instead, if the condition 2) is not fulfilled R = 10 is
assigned.
In Fig. 4.39 the distribution of R for sneaky neutrons events is shown in
comparison with the distribution of R for gammas background events, with
the condition 1) = 4 and 2) = 3. These distributions show that R can then
be used to discriminate between sneaky neutron and background signals, in
this case gammas. Above a certain threshold R value, which depends on the
conditions 1) and 2) set, the signal can be identified as a sneaky neutron
event, while below this value it can be considered as a background event.
It was also defined a ”detection efficiency” τ for backgrounds and neutrons.
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Figure 4.34: Example for probability maps summed over all PMT rows -
Ratio map

This ”detection efficiency” is not directly comparable to ”tagging” efficiency
defined previously for the method 1. It was defined as ”surviving number
of events divided by all events which had at least 1 nVETO PMT hit”,
where ”surviving number of events” is the number of events that satisfy the
conditions 1) and 2).

Results of the study and conclusions

By adopting the method just described, a lot of information in the space-
time distribution of the Cherenkov photons was obtained. Time and space
distribution of the Cherenkov photons can help to improve the discrimination
power. The information is encoded in the very first 10 to 20 ns; thanks to
this method, it was obtained a detection efficiency for sneaky neutrons up
to 90% with 7-fold coincidence, a reduction of background from ”betas” (at
least for 40K) up to 95% while for ”gammas” it is more difficult to give a
satisfying judgment.
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Figure 4.35: Lateral neutron capture events

Figure 4.36: Pseudo 40K Beta spectrum

93



Figure 4.37: Implementation Ratio Map Gammas. All the 8 rows of PMTs
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Figure 4.38: Implementation Ratio Map Beats. All the 8 rows of PMTs
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Figure 4.39: Example of the gammas background and neutron R distribution,
with condition 1) = 4 and 2) = 3
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Chapter 5

Data analysis

This chapter describes the tests carried out on the nVeto PMTs and the
results obtained from the relative data analysis. Firstly, the working principle
and the structure of the PMTs are discussed, then the quantities that characterize
these instruments are illustrated; secondly the PMTs used in the Neutron
Veto are described in more detail, and finally the tests carried out on the
latter are illustrated.

5.1 The physics of photomultipliers

Photomultipliers (PMTs) are devices that convert a light signal into a measurable
electric current. They are extremely sensitive and are often associated with
scintillation detectors in nuclear and high energy physics [190]. A photomultiplier
captures a flare of light, even a single photon, converting it into electrons,
which are accelerated into a suitable electric field and then collide with
metal electrodes and multiply. This last process is repeated many times thus
producing an important electric current, that is an electric signal, which is
collected on a suitable electrode. The working principle of PMTs is based on
two physical phenomena: the photoelectric effect and the secondary emission.
The first consists in the emission of electrons from a surface of a material
when this is reached by light radiation. The second is the phenomenon
observed when an electron hits an electrode causing the emission of other
electrons. Such an electrode, where therefore a multiplication of electrons
takes place, is called a dinode [191].
In this section the main characteristics of PMTs will be discussed, while in
the next their use in the XENONnT Neutron Veto system will be discussed.
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5.1.1 Photoemission

The phenomenon of photoemission, or photoelectric effect, can be divided
into three phases (Fig. 5.1):

a) the absorbed photons transfer energy to the electrons in the material

b) the electrons diffuse into the material and lose part of their energy

c) some electrons reach the surface with energy enough to leave the material.

A photon of frequency ν and wavelength λ, which hits a material having
extraction potential Λ, emits an electron with energy given by Einstein’s
formula:

Ec = hν − Λ (5.1)

Not all photons incident on the photoemissive material cause photoelectric
effect; the probability (or efficiency) of photoelectric conversion varies with
the wavelength (λ) of the incident light and depends on the composition and
thickness of the photoemissive material. The ratio:

n(λ) =
ne
nγ

(5.2)

where ne is the number of electron released and nγ is the number of photons
incident of the cathode, is called Quantum Efficiency (QE) and represents
a fundamental parameter for photomultipliers. Since when the photon loses
energy its frequency decreases, after a certain time it can no longer have a
photoelectric effect. So, QE in always < 1.

Absorption of photons

When light hits a layer of photoemissive material, only a fraction of photons
transfers energy to the electrons of the material; the remaining are reflected
by the plate and do not contribute to the photoemission process. Metal
surfaces are highly reflective in the visible region of the spectrum, while
semiconductors have a low reflection coefficient.
In the study of the rate of absorbed photons, both the reflection coefficient of
the material and the absorption coefficient must be considered; the latter, in
addition to being dependent on the energy of photons, shows a dependence
on the band structure of the material. In metals (Fig. 5.2) the conduction
band, at low temperatures, is filled up to the Fermi level EF while the higher
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Figure 5.1: Photoemission

energy levels are mostly empty. In this case it is possible that the electrons
of the conduction band are excited by the photons and then emitted in a
vacuum; this phenomena is possible if the energy of the photons is greater
than the energy separation between the Fermi level and the vacuum energy
EV .
In semiconductors and insulators, the Fermi level is in the prohibited band
and the occupation of the conduction band, even at room temperature, is
still too low to guarantee an appreciable photoelectric effect. Electrons can
only be emitted from the upper levels of the valence band.
In a layer of thickness dx, the number of electrons ne excited by the transfer of
energy is proportional to the rate of absorbed photons Φp(ν, x) as a function
of the distance from the surface of the plate and the energy of the photons:

dn

dx
= −αe ·

dΦp(ν, x)

dx
(5.3)

Where αe represents the fraction of absorbed photons that excite electrons;
tipically for visible light αe = 1

Diffusion of electrons

The diffusion of electrons within the material differs if it is a metal or a
semiconductor. The probability that an excited electron is emitted depends
mainly on the processes that cause a loss of energy and characterizes the
passage to the surface. In metals the conduction band is partially occupied
by free electrons, in thermal equilibrium with the crystal lattice; excited
electrons lose energy through collisions with other free electrons and return
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Figure 5.2: Energy bands in: (a) metals, (b) semiconductors, (c) insulators

to a state of equilibrium after traveling a relatively short distance. Since
electrons require some energy to be able to leave the surface, only those that
are excited near it can contribute to the photoemission process. The spatial
region occuped by these electrons is called escape depth and is of the order
of a few nanometers.
In semiconductors the conduction band is almost empty and the probability
that excited electrons collide with other free electrons, during diffusion in
the conduction band, is negligible. The loss of energy is mainly due to the
interaction with the crystal lattice (with the creation of phonons) and is
negligible due to the mass difference. Therefore excited electrons can travel
long distances through the material before returning to thermal equilibrium.
Once in thermal equilibrium, they travel equally long distances before recombining
with the gaps and returning to the valence band.
The existence of the energy barrier on the surface makes the emission of
electrons at equilibrium impossible, as in metals. Only electrons with excess
of energy can escape. Since the energy loss through electron-phonon collisions
is about 0.05 eV and the average free path between two collisions varies
between 2.5 and 5.0 nm, the escape depth is a few tens of nanometers. It
is possible to modify the energy barrier of certain semiconductors in order
to achieve a negative electronic affinity and allow even electrons at thermal
equilibrium (therefore having energy of a few kT beyond the lowest level of
the conduction band) to be emitted. In this way, the escape depth becomes
equal to the electron diffusion length at thermal equilibrium, reaching a size
of a few micrometers.
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Potential gap

To understand the mechanism by which electrons are emitted in vacuum,
we can first consider the case of metals. In the conduction band all energy
levels above the Fermi level are mostly empty (Fig. 5.3). The potential
energy E0 of an electron in vacuum exceeds the Fermi level EF by a value
Wth (thermoionic work function):

Wth = E0 − EF (5.4)

To make the emission possible, an electron occupying the highest energy level
in the metal must gain enough energy to overcome the potential barrier. The
excess of energy can come from a temperature rise or from a photon. In the
second case, the function Wth must be equal to the threshold energy of the
photoelectric effect Wth. In a metal, therefore, photoemission occurs only if:

hν ≥ Wth (5.5)

For most metalsWth is greater than 3 eV; only for alkali metals it is sufficiently
low to allow photoemission in response to visible light.
Let us now consider the case of semiconductors. The valence band, having
upper limit Eν , is completely full while the conduction band, having lower
limit Ec, is empty. Therefore, a high emission efficiency can only be achieved
by imparting sufficient energy to the electrons of the valence band to overcome
the gap between the bands Eg and the electronic affinity EA of the conduction
band:

Eg = Ec − Ev (5.6)

EA = E0 − Ec (5.7)

Therefore in a semiconductor the reaction threshold is:

Wpg = Eg + EA (5.8)

always greater than Wth = E0 + EF .
The semiconductors generally haveWth between 5-6 eV being therefore sensitive
to wavelengths of the order of 300 nm. It is also possible to reduce the
work function by appropriately treating the surface of the semiconductor:
for example, it is possible to absorb alkaline metals. In fact, there is a local
change in the occupation of the energy levels due to the absorption which
causes a ”curvature” of the bands especially in the lower levels (Fig. 5.3). In
case the semiconductor is also doped, the level minimum conduction can be
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brought above the vacuum energy: we speak of apparent negative electronic
affinity. It is therefore possible to excite the electrons to thermal equilibrium
and cause their emission, since the threshold energy coincides with the energy
of the gap (Wph = Eth). By appropriately choosing the semiconductor and
the surface treatment, it is possible to produce photosensitive materials even
at multiple wavelengths and have an efficiency of higher emission. The
Schottky effect is also often exploited whereby an external electric field
reduces the potential barrier thus influencing the photoemission efficiency.

Figure 5.3: Energy bands for materials with (a) positive and (b) negative
electronic affinity

5.1.2 Secondary emission

Secondary emission is a process that occurs following the absorption of
electrons. Just as in the case of photoemission we can distinguish the three
steps of absorption, diffusion and emission. The energy range of interest in
this case is a few hundred eV. Primary electrons can lose energy according
to three different processes:

• ionization of atoms in the lower energy levels: these are all the elastic
and inelastic collisions between atoms and electrons

• X-ray emission in the filling of the internal shell; these can partly be emitted
and partly excite other electrons

• excitation of electrons of the levels of the valence band.

The depth of penetration R into the material is given by:

R =

∫ Ep

E0

dE

|dE/dx|
(5.9)
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The energy loss of the primary electrons of energy Ep (for low energy electrons)
can be roughly described by:

dE

dx
= −Ep

R
(5.10)

Instead, the density of free electrons can be assumed proportional to the
energy loss of the incident photon, according to:

dn

dx
=

1

ε
|dE
dx
| (5.11)

where n is the number of free electrons and ε is the average energy required
to generate the electron-hole pair.
The released electrons then migrate to the surface. When doing so, they
lose some of their excess energy by collisions with other electrons and by
interactions with the lattice. Only the electrons that reach the surface
with energy greater than the potential barrier contribute to the secondary
emission. The closer the excited electrons are to the surface, the greater is
their possibility to escape. In addition, the number of total excited electrons
increases proportionally to the initial energy of the primary electrons. The
ratio between the number of secondary electrons emitted and the number of
primary electrons is called ”secondary emission coefficient” δ.
The characteristics of the metals for photoemission are also found in the
secondary emission mechanism: they have a low escape depth (3 nm) and an
equally low secondary emission coefficient.
Semiconductors and non-conductors, which have low potential barriers, are
instead good secondary emitters.

5.2 Outline of PMTs structure and functioning

Figure 5.4 shows the most important elements that make up a photomultiplier
[190]. Among them we note:

• a photocathode made of a photosensitive material which converts a photon
flow into an electron flow

• an electron collection system that focuses and accelerates electrons

• an anode that collects electrons and produces the output signal

When a photon, coming for example from a scintillation phenomenon, hits

103



the photocathode, an electron is emitted by photoelectric effect. At the
ends of the phototube there is a potential difference distributed between the
various dinodes (Fig. 5.5); for this reason, the emitted electrons goes to the
first dinode after being focused and accelerated. Here, following the collision,
the secondary emission takes place and the generated electrons are in turn
accelerated towards the second dinode and so on. This generates a cascade
of electrons that reaches the anode where it is collected to produce a current.

Figure 5.4: A schematic view of a photomultiplier tube (PMT)

5.3 PMTs operating parameters

In the use of photomultipliers, reference is often made to a series of parameters
that summarize their efficiency and operation in the different lighting regimes.
In this section the most common parameters will be defined [190].
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Figure 5.5: Voltage partitor in a PMT

5.3.1 Gain

In a photomultiplier, the ratio between the number of electrons collected
at the anode and the number of photoelectrons emitted at the cathode is
defined as ”gain”. The amplification factor of a dinode is also known as the
secondary emission factor δ; the latter represents the number of secondary
electrons emitted as a result of interaction with the primary electron from a
previous dinode. The secondary emission factor is proportional to the voltage
between the two dinodes according to:

δ ∝ (Vd)
α (5.12)

Where α is a corrective factor, typically 0.65 ≤ α ≤ 0.75

If the number of photoelectrons hitting the first dinode is nk and the gain
of the dinode is δ1, then the number of secondary electrons will be nkδ1; if
the second dinode has a gain of δ2 there will be nkδ1δ2 electrons and so on
up to the anode; if N is the number of dinodes then the number of electrons
collected at the anode is

nanode = nk = ΠN
i=1δi (5.13)

The amplification factor is simply given by the ratio between nanode and nk,
i.e. the product of the gains of the single dinodes:

G = ΠN
i=1δi (5.14)

Assuming that the emission factor is the same for all dinodes, we have:
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G = δN = [A(Vd)
α]N =

AN

(N + 1)αN
V αN ∝ V αN (5.15)

with A proportionality constant and V supply voltage of the phototube
which, being distributed between the dinodes (Fig. 5.5), holds V = (N+1)Vd
Most PMTs contain 10 to 14 dinodes with an overall gain of the order of 107.
It is now necessary to justify the assumption of uniformity of the secondary
emission factors of the various dinodes in (5.14): ideally, the electron multiplier
should provide a constant gain, fixed energy, for all electrons that enter in
the dynode; in practice this does not happen due to the statistical nature
of the secondary emission process. Electrons having the same energy and
interacting with the dinodes will produce different numbers of secondary
electrons and therefore a fluctuation in gain.
In order to estimate the intensity of the fluctuations, the single electron
spectrum is used; this represents the spectrum of the output signal from the
PMT in response to the entry of a single electron into the multiplier. It can
be obtained by lighting up the PMT with weak light so that the probability
of producing more than one photoelectron is negligible.
For each single electron event there will be different waveforms. By integrating
each current pulse we obtain the total charge and therefore the gain of each
event. Analytically the single electron spectra (Fig 5.6) are represented by
the Polya distribution (also called negative binomial).

Figure 5.6: Single electron spectra
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5.3.2 Linearity

The linearity of a PMT strongly depends on the configurations of the dinodes
and on the current in the tube. In general, the electron flow of the previous
step is required to be completely collected in the next one, in order to
maintain a proportionality with respect to the initial cathode current. The
collection of the flux also depends on the voltage between the various electrodes:
the functional dependence of the anode and cathode currents as a function
of the voltage for various illuminations is shown in Fig. 5.7).
The current grows as the voltage applied increases up to a saturation level,
which is reached when all the current is collected. The initial dependence on
the potential is due to the formation of a charge accumulation around the
electrode; this electronic cloud tends to shield the field of the region and is
attenuated only by increasing the applied voltage.
We can assume that the cathode, dinode and anode current is, in conditions
of use of the device, in the saturation region of the characteristic curve. In
keeping these voltages, however, attention must be paid to the trend of the
current in the tube. The resistivity of the photocathode, for example, is a
very important factor: it is normally high, in the order of a few tens of MΩ;
for this reason, the emission of small currents of photoelectrons can cause a
large variation in the potential of the photoemissive membrane, changing the
potential difference with the first dinode and altering the collection efficiency.
Another problem is represented by the presence of the load resistance connected
to the anode, which causes that the voltage decreases as the current increases;
this would cause a variation in the potential difference between the last
dinode and the anode. To prevent these phenomena it is necessary to work
in certain current and voltage ranges.

Figure 5.7: Current-voltage characteristics of the cathode and anode in a
PMT under different illuminations
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5.3.3 Response Time and Resolution

There are two main factors that influence the temporal resolution of photomultipliers:

• changes in the transit time of the electrons in the phototube

• fluctuations due to statistical noise

The first factor can arise from both the difference in the path that the
photoelectrons make to reach the input system, and from the energies with
which they are emitted.
The difference in the path is also enhanced by possible asymmetries of the
dynode, so the difference in transit time is related to the geometry of the
system.
One way to solve this phenomenon is the use of spherical cathodes in order
to equalize the distances. Alternatively, you can think of applying a variable
electric field that grows as the distance from the phototube axis increases.
In addition to the geometric effects, variations depending on the energy and
direction of the emitted electrons may occur. This effect, different from the
previous one, is independent of the position in which the photoelectrons are
emitted and depends only from the initial speed expressed as the sum of the
two components in the directions perpendicular and parallel to the axis:

v‖ + v⊥ (5.16)

The time difference can be expressed as:

∆t =

√
2meW

e2E2
(5.17)

where me = 9.1 · 10−28g is the mass of the electron, and e = 1.6 · 10−19C is
the charge of the electron, E is the modulus of the electric field [V/m] and
finally W is the kinetic energy associated with the component of the normal
speed at the photocathode, that is v⊥/2me. For some typical values E = 4
kV/m, W = 0.4 eV , ∆t = 0.5 ns.

5.4 PMTs noise

In this Section will be illustrated possible phenomena that could interfere
with current and voltage mesaurement, limiting their accuracy. These phenomena
are the Dark Current, the Afterpulses and the statistical noise [190].
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5.4.1 Dark current

The Dark Current is the current that passes through the anode circuit when
the voltage is applied to the photomultiplier, in the absence of light. It has
two components: the first is continuous and is due to dispersion on the glass
and non-conducting surface, the second is discontinuos and consists of pulses
of a few nanoseconds. The Dark Current varies both according to external
conditions (applied voltage, gain, temperature, humidity, etc.) and according
to the past use of the PMT (past lighting conditions, etc.). In some cases
these are temporary effects, while others may be permanent. The latter are:

• Leakage currents

• Thermoionic emission

• Radioactive contamination

• Light phenomena

of which thermal noise is the main component.

The contribution of the thermionic emission is described by the Richardson’s
equation:

I = AT 2 · e
−eΦ
kT (5.18)

where A is a constant, T is the temperature, k is the Boltzmann constant
and Φ is a constant that has the dimensions of an energy for unit of charge
and is linked to the threshold energy of the photoelectric effect. Clearly the
decrease in temperature involves a reduction of this component.
The radioactive materials of which the glass or the support are made can
cause the emission of electrons in the photocathode or in the dinodes. The
so produced radiation can either directly hit the electrodes or cause the
fluorescence of the glass. In both cases a small current is measured. In
general, when referring to the Dark Current, we refer to currents of the order
of some nanoampere.

5.4.2 Afterpulses

Afterpulses, as the name suggests, are signals that appear in the wake of a
real pulse. Afterpulses have two main causes:
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• Light reactions

• Ionization of residual gases

which can be distinguished according to the time that separates the Afterpulse
from the real signal.

Light reactions

An electrode hitted by electrons emits photons. Although the luminous
efficiency of these phenomena is very low, in some tubes it is possible that
the light emitted, even in the final steps of the multiplication chain, may go
back reaching the photocathode and originating the Afterpulse signal. The
latter will be delayed with respect to the real signal by the sum of the transit
time of the electrons and the time of photoemission process (typically it is
20-100 ns).

Ionization of residual gases

To ensure that the cascade of electrons does not lose energy by interacting
with air, a vacuum is maintained in the photomultiplier. However, it may
happen that residual gases inside the phototube are ionized by electrons in
their motion, causing an afterpulse signal. These traces are for example due
to emissions of the materials that make up the structure. The ions generated
(usually H+

2 , He+ or CH+
4 ) go to the cathode where they can cause the

emission of other electrons. The time difference between the real signal and
the afterpulse is given by the transit time of these ions; the latter depends
both on their mass and on the electric field present within the PMTs).

5.4.3 Statistical noise

The statistical nature of the phenomena that chartacterizes the physics of the
photomultipliers represents the main cause of noise, which cannot be reduced.
For a given photon flux the number of emitted photoelectrons, as well as
that of secondary electrons, fluctuates over time; as a direct consequence,
the current to the anode will fluctuate around an average value (Fig. 5.8).
The intensity of the noise is measured by the variance of the fluctuations of
the anode current around the average value.
Statistical fluctuations in a PMT can originate in the photocathode or dinode
system. In the first case they are related to the statistical nature of the
photoelectric effect; the fluctuations can then be calculated by assuming a
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Poisson distribution for the number of photons hitting the photocathode in
the time interval τ and a binomial distribution for the number of photoelectrons
released. To this noise are added the fluctuations originated in the multiplier:
these are not only due to the statistical nature of the secondary emission,
but also to the differences in the transit time of the electrons and in the
non-uniformity of the secondary emission factor. The intensities of these
fluctuations can be estimated by taking into account the single photo-electron
spectrum. In any case, the latter component is negligible, contributing only
10% to the statistical noise.

Figure 5.8: Fluctuations in the current signal

5.4.4 External factors

Some sources of external noise can be attenuated with a correct use of the
photomultiplier in the right external conditions. In addition to exposure to
external light, attention should also be paid to the presence of magnetic fields
and external temperature.

5.5 Neutron Veto PMTs

The Neutron Veto photomultipliers are the key components of a part of
the XENONnT experiment necessary to complete the radiogenic background
mitigation. Indeed, the Neutron Veto will be instrumented with 120 high-
QE low-radioactivity Photomultiplier tubes (PMTs) to detect the Cherenkov
light emitted after the neutron capture on gadolinium and water. 125 PMTs
were bought in order to have at least 5 spare PMTs [254]. So, PMTs used
for the Neutron Veto are 120 in total. Of these, 115 are ”standard” PMTs,
while the remaining 5 are called ”Reference PMTs” (we will see later why
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they are called so). These PMTs were produced by the Hamamatsu company
and they are 8” PMTs, R5912-100-10. PMTs used for the Neutron Veto are
essentially the same PMTs also used for Muon Veto (MV), with the exception
of some improvements: that is, it has been used as a low radioactivity and
waterproof glass material, and in addiction there are two coaxial cables, one
for signal and one for HV, each with its own shielding system even if they are
connected together. Not only that: some modifications have also been made
to the resistive chain: in fact, 100 Ω discharge resistors and a protection
resistance of 10 kΩ have been used [260]. In Fig. 5.9 are reported the main
sources of radioactivity for nVeto PMTs.

Figure 5.9: Main sources of radioactivity for Neutron Veto PMTs

5.5.1 Small water tank

nVeto PMTs are are contained within the so-called Small Water Tank (SWT).
The SWT is a cylindrical polypropylene light-tight tank of 1 m height and
1.7 m diameter (see Fig. 5.11) with the inner surface covered by a black
PVC layer for the light absorption. On the lateral side of the SWT there
were several feed-through (Fig. 5.11 on the right), used to pass both the 30
m PMTs’ cables and the optical fibers for the LED calibration. In addition,
in the middle of the tank cover, there was a feed-through for the diffuser ball
(see section 5.2.2). The SWT was also supplied with a connection for the
filling/emptying of ultra-pure water; the latter was stored in the blue tank
visible in Fig. 5.11.

5.5.2 Calibration setup

The calibration setup for the measurements of the spectral response of the
PMTs exploits a Diffuser Ball paired with a LED box (emitting blue light
with λ ≈ 470 nm). The diffuser ball is a 50 mm diameter PTFE hollow
sphere filled with micro-glass bubbles (Fig. 5.12); this property allows for a
homogeneous diffusion of light inside the Small Water Tank. To make the
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Figure 5.10: Photo of the Small Water Tank with the zoom on the feed-
through (right) used to pass the PMTs cables.

Figure 5.11: Drawings of the Small Water Tank with the PMT structure
inside

PMTs to receive the same amount of light, the diffuser ball was hanging in
the middle of the structure. For the sake of measurement redundancy, an
optical fiber bundle was installed (see Fig. 5.13), consisting in 8 optical fibers
installed on 8 PMTs using the interface shown in Fig. 5.14: a stainless steel
(SS) rod holds the optical fiber and at the edge, a PTFE reflector focuses
light toward the PMT photocathode.

5.5.3 Electronics and DAQ

The electronics system used for the tests, illustrated in Fig. 5.15, consisted of:

• Pulser BNC Model 588 which provided both the signal for the LED and
the external trigger for the DAQ. It also sets the amplitude and width
configurations for adjusting the light intensity of the LED
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Figure 5.12: Scheme of the diffuser ball. A PMMA optical fiber goes inside
the sphere and the light coming out from the fiber is diffused by micro-
glass bubbles. It is possible to distinguish two areas of different bubble glass
density

- 2 LED boxes (1 kΩ internal resistor, positive supply voltage)

• One Mainframe CAEN Power Supply SY4527
- One Board A1535SP which provided 24 SHV Channels

• HP PC Server with 2.2 TB storage disk

• VME Crate
- one VME Crate controller through optical link card CAEN mod. A3818
- Four 8-channels Digitizer CAEN mod. V1751

In Fig. 5.16 is summarized the electronic setup. The pulser (green on the top
left) with its 8 programmable channels provided both the triggers to the LED
boxes (connected to the two calibration systems) as well as the trigger for the
DAQ. The TTL signal was first connected to a TTL-NIM converted module
and the NIM output inserted in the TRG-IN channel of the first digitizer
(Board 0 - Master Board). Thus the daisy chain of the TRG-OUT/TRG-IN
distributed the trigger to the other boards. Even the internal clock of the
Master Board is distributed through a daisy chain to the Slave Boards (board
1-3). Each board featured 8 channels; since we had 24 PMTs for each bunch,
three board (0-2) would have been enough. However, in order to study the
trigger delay/jitter between the boards, a fourth digitizer was employed. Its
channels were filled with the trigger signal. All the boards were connected
via an optical link (grey lines) to the PC server. It should be noted that,
although this scheme was used for the main measurements, in some cases,
e.g. the study of the PMTs’ time characteristics, it was employed a slightly
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Figure 5.13: The optical fiber bundle

different setup.

5.5.4 nVeto PMT tests

As already mentioned before, nVeto set consists of 125 PMT in total, divided
into 6 groups, called bunches, of 24 PMT each used individually in different
stages of the analysis, with the addition of 2 PMT used as a reference for
the entire analysis period; in the last group we tested again some PMTs and
installed a shield for the magnetic field. The sequence of operations was like
the following:

• 1 week: unmounting/mounting + cabling, turning ON the DAQ. PMTs
set at nominal HV

• 1.5 days: gain + DR + afterpulse + gain/DR with different HV (7 points).
Measurements in air

• 0.5 day: filling SWT with water

• 1 day: gain + DR + afterpulse. Measurements in water
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Figure 5.14: Drawings of the nVeto PMT with the polyethylene supports
(white/grey) and the SS rod for the optical fiber (blue). At the end of the
bar is located a small PTFE reflector (light blue) used to focus the light from
the fiber on the PMT photocathode (orange)

• 2 days: gain + DR + afterpulse + gain/DR with different HV (7 points).
Measurements in water with PMTs at same gain

• 2 days: gain monitoring and/or repeat some measurements

NV PMT test was finished in 3 months, from April to June 2019

5.6 Results of Data Analysis

In this Section are illustrated the results of the tests that have been carried
out to characterize the R5912 Hamamatsu PMTs’ response, in view of their
future installation inside the Neutron Veto. By characterization of PMTs
the main operating parameters (see Section 5.1) have been measured, such
as:

• the gain and its stability over the time

• the dark counts rate at different thresholds

• the transit time difference between the PMTs and its spread

• the monitoring of the afterpulses

116



Figure 5.15: The Electronic System

As already mentioned before, the 125 Neutron Veto’s PMTs are divided into 5
groups, called bunches, of 24 photomultipliers each. There are also 5 PMTs,
called ”reference PMTs”, which are moved from one bunch to another in
order to verify that the data external conditions do not change as the bunch
changes. For each bunch, various ”runs” of data taking were carried out,
of different types, depending on the parameter measured. These runs were
performed in different data-taking conditions, depending in particular from
the voltage to which the PMTs are subjected and from the type of calibration
used. In the data analysis discussed in this thesis only the runs with the type
of calibration ”with diffuser ball” have been considered, with two different
ways of choosing the voltage of the PMT, or ”nominal voltage” (NHV), that
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Figure 5.16: Schematic of the electronic setup employed for the main
measurements in the SWT test

is the voltage that are on the data-sheet of PMTs, and ”voltage at the same
gain”, that is for the latter choosing for each PMT the voltage applied in
such a way that all the PMTs have the same gain, or 6.24 · 106. For each run
and for each PMT some events were produced. Each event was produced as
follows: a light pulse was generated with the LED, this pulse is sent to the
PMT, then an acquisition window (of duration depending on the type of run
considered), is opened, slightly ahead of the light pulse. The digitizers then
digitize everything the PMT sees, or its signal.

5.6.1 Gain measurements

The gain is a key parameter for the characterization of the PMTs’ behavior.
The gain measurements for every PMT were oriented to monitor the stability
of this parameter and to check possible variations in water, in view of the
installation in the long term final configuration inside the Neutron Veto. The
high voltage dependence of the gain was also studied and the calibration
curves measured; the latter will be very useful during the PMT installation
in the final setup [254].
The LED runs dedicated to the gain measurements was called ”single photoelectron
runs”. These runs were characterized by an illumination such that only one
photoelectron is emitted at the photocathode. The illumination was provided
by the diffuser ball. The acquisition characteristics were the following:
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• Acquisition window of 1 µs

• Trigger Rate of 1 kHz

• 100k Events

• No Zero Length Encoding suppression

For each event the waveform was produced; a typical single p.e. waveform
is shown in Fig. 5.17. From the integration of the signal in the expected
region, one obtains the charge of the event. The integration is made starting
from the calculation of the baseline obtained averaging 100 samples before
the signal integration region (red line in Fig. 5.17). In this way, we got rid
of the low-frequency environmental noise that was constantly present in the
Assembly Hall area. Since we knew the light pulse timing (from a check
with the oscilloscope), it was easy to define a window for the peak finding
algorithm: the peak was defined as the minimum value of the waveform
inside a specially chosen range. Thus the integration window was defined as
a specially chosen range starting from the minimum (from -10 ns to +64 ns).
An exemple of distribution of the integrating charge for 100k events, i.e. a
single p.e. spectrum is shown in Fig. 5.18. Every single p.e. spectrum
was fitted by a proper function; it consists mainly of a gaussian noise,
called pedestal, centered in 0 pC and of a second gaussian centered around
the single p.e. charge value. With growing illumination, it is possible to
distinguish also a third gaussian peak that takes into account the double
photoelectrons contributions and whose parameters are constrained by the
ones of the single pe function. Finally, the exponential function takes into
account the sub-amplified electrons’ contribution. Usually, it is associated
with the photoelectron energy loss for the inelastic scattering on the first
dynode; the electrons produced have low energy, causing a sub-amplified
signal at the end of the chain. A similar effect is also caused by the photoelectrons
that skip one dynode of the chain. The composed fit function reads:

f(x) = Apede

−(x−µped)2

2σ2
ped + (e−p0x+p1 + Aspee

−(x−µspe)2

2σ2
spe )Θ(x) + Adpee

−(x−µspe)2

2
√

2σ2
spe

(5.19)
where:

•Aped , µped and σped are the normalization constant, mean value and standard
deviation of the pedestal
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•Aspe , µspe and σspe are the normalization constant, mean value and standard
deviation of the single p.e. peak

• p0 and p1 are the exponential parameters

• Adpe , 2µspe and 2σspe are the double p.e. parameters, of which only the
first one is a free parameter

• Θ(x) is the Heavidse function

The gain values are obtained from the fit parameters, in particular from
the µspe and the µped:

G =
µspe − µped

e
(5.20)

where e is the electron charge. The error associated is given by the error
propagation:

∆G =

√
(
∂G

∂µspe
∆µspe)2 + (

∂G

∂µped
∆µped)2 (5.21)

The distribution of the gain values for the 125 PMTs at their NHV is shown
in Fig. 5.19
The PMT characterization in terms of gain foresaw also the measurement
with a different HV value, i.e. the voltage for which the PMTs are expected
to have the same gain. In particular, we wanted to check the settings to have
a gain equal to 6.24 ·106 , which is the value of a single p.e. centered in 1 pC.
To obtain the high voltage values that fulfill this condition, the Gain-High
Voltage curves were needful.
The relationship between Gain and HV was also studied from gain measurements
with different applied voltages. Thus, 7 points starting from the NHV and
subtracting/adding 150 V, 100 V, and 50 V, were collected. The Gain-HV
curves for one bunch of PMTs are shown in Fig. 5.20; the trend is in correct
agreement with the expected function:

ln(G) = ln(k) + αln(V ) (5.22)

thus, the trend was verified by a linear fit function. Instead, the HV values in
order to have a gain of 6.24 · 10equation were calculated reversing the previous
equation:

HV (SameGain) = exp(
ln(G)− ln(k)

α
) (5.23)
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where ln K and α are the parameters of the linear fit function.
Another important feature that the PMTs must satisfy is their performance
stability. The gain stability was checked with several runs (called ”Gain
monitoring” runs) automatically acquired during the night and the weekends
when a regular data taking was not necessary scheduled. Each PMT was
tested at least for 9 days; so for most of the PMTs only the short-terms
stability was checked.

Figure 5.17: Typical signal waveform of one PMT recorded with a single
p.e. run. The duration of each event was 1 µs. On the y-axis are reported
the ADC counts but since we know that for the digitizer employed 1 ADC
Count ≈ 1 mV it is easy to find the corresponding voltage value. On the x-
axis instead should be reported the sample number, but since we had a time
resolution of 1 ns, one sample corresponds to 1 ns; thus the time is reported.
The red line indicates the mean baseline which is used for the integration
algorithm

5.6.2 Dark rate measurements

Dark counts are the signals generated by the PMTs in the absence of light
[254]. At room temperature, the thermionic emission of electrons is the
major source of dark counts. In the experiments where the expected event
rate is very small, knowing the dark counts rate is important to predict the
fake coincidence rate. The dark rate (DR) depends on a threshold which in
turn is expressed in a fraction of photoelectrons. During the SWT test we
performed measurements of the dark rate on runs without illumination and
with the following characteristics:

• Acquisition window of 10 µs
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Figure 5.18: Fit of the charge spectrum of an spe run for a PMT shown as
a reference. The red curve is the fit function, convolution of the function
reported with the colored dashed lines. The distribution shows at least two
peaks. These are the spe peak, fitted with the black gaussian function,
and the pedestal (noise) peak which is linked to the integration of the
events without signals. The pedestal is fitted with the green gaussian
function. Sometimes a third peak appears; it is linked to events where
two photoelectrons are emitted from the photocathode, instead of one. The
fitting function is again a gaussian highlighted in blue. In addition, there is
an exponential function (defined for Charge ≥ 0) colored in pink, to account
for the sub-amplified electrons. All the fit parameters and the χ2 are also
reported

• Trigger Rate of 0.5 kHz

• 100k Events

• Zero Length Encoding ±1 ADC count

The acquisition window was longer with respect to the one employed for
the gain runs; this was decided in order to have enough statistics and thus
a reasonable error from the counting (∼ 10%). Another difference from the
gain runs is the presence of the Zero Length Encoding suppression of all the
samples of the waveforms inside the Baseline ± 1 ADC count threshold.
The usual way to measure the dark rate is just to count the waveform peaks
over an ADC threshold and eventually with a Time-Over-Threshold (TOT).
However due to a low resolution in terms of vertical axes of the waveforms
(i.e. ADC Counts) it was decided to also exploit the charge spectra 3 rather
than counting the peaks directly from the waveform. This idea is based on
the fact that the dark rate pulses coming from thermionic emission are of
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Figure 5.19: Distribution of the gain values at NHV for the 125 PMTs tested.
The mean gain is (8.22± 0.07) · 106

single p.e. nature [259]. Thus the analysis procedure was divided in:

• setting a DAQ threshold for the peak finding (see Fig. 5.21)

• integration of the waveform peaks

• fit of the charge spectrum obtained with a single Gaussian function. The
mean value represents the charge of 1 p.e.; thus the charge of its fractions
are also known

• counting of the entries above the software threshold; the corresponding
error is the square roots of the counts.

In particular, with DAQ threshold we refer to the ADC Count and TOT
set as shown in Fig. 5.21, while we call software threshold the one of the
single p.e. fractions to calculate the DR.
To carry out the dark rate measurement, a peak-finding algorithm was developed,
using a DAQ threshold of 3 ADC counts, A TOT of 3 ns and an integration
time from Uptime -10 ns (Uptime) to +64 ns (Downtime) and finally a
software threshold of 0.5 p.e.. Furthermore, 128 ns were skipped after each
peak. It was measured a mean DR over 125 PMTs of ∼ 2.5 kHz. In Fig.
5.22 is illustrated the Dark Count Rate measured for 25 PMT of Bunch 1,
as a reference.
For each PMT, it was also studied the dark rate varying the software threshold.
The dark rate values for each threshold for PMTs of bunch 1 are reported as
reference in Fig. 5.23
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Figure 5.20: Plot of the Gain-HV characteristics of 24 PMTs of the first
bunch, shown as a reference

5.6.3 TT/TTS measurements

Hits’ timing information could be useful to discriminate between neutron
capture signal and background in Neutron Veto. Thus, the relative timing
difference among the PMTs needs to be taken into account [254] [260]. The
availability of fast digitizers, as well as of a laser, allowed us to perform these
kinds of measurement; in particular, we focused on the relative difference in
Transit Time, its dependency on the HV and the Transit Time Spread of the
125 PMTs. First of all, before making any kind of timing measurements it
was necessary to correct effects like the trigger jitter between the digitizers.
In fact, the trigger signal inside the digitizer is generated synchronized to the
125 MHz internal clock. Thus, with respect to the trigger input, the response
shows temporal fluctuations of ±8 ns events by events, the so-called jitter.
Since several digitizers were used, whose trigger was transferred from one
digitizer to another in daisy chain, a trigger delay between the boards was
also induced. Therefore, to obtain precise timing information these effects
need to be corrected, according to the equation:

t′ = t− Ttrigger + 8ns ·∆chtd + Tdelay (5.24)

where t’ is the time after the correction, t is the time before the correction,
Ttrigger is the threshold crossing time, ∆chtd is the time difference between
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Figure 5.21: Schematic draw of the peak finding algorithm used to define
a peak within the dark rate analysis. A peak is defined by giving an ADC
threshold (for the analysis this was set equals to 3 ADC counts) and a TOT
of 3 samples (3 ns)

two near digiters, and Tdelay is the time difference between the digiters in
question and the so-called ”Master” digiter, or a reference digiter.
After making this correction, it was possible to analyze the timing characterization
of the PMTs. It was therefore determined the the SPE pulse timing distributions
and they were fitted by an asymmetric gaussian:

y =
p0√
2xp2

2

exp(−x− p
2
1

2p2
2

) (5.25)

for x ≥ p1

y =
p0√
2xp2

3

exp(−x− p
2
1

2p2
3

) (5.26)

for x < p1

In Fig. 5.24 is illustrated an example of this distribution with the double
gaussian fit curve.
It was also measured the so-called Transit Time Spread (TTS), that is linked
to the FWHM of this distribution:

FWHM =
√

2ln2 · (p2 − p3) (5.27)

The results of the analysis for TT and TTS for 8 PMTs taken as reference
are illustrated in Fig. 5.25 and in Fig. 5.25. You can see that if the PMTs
are set at the same HV (black line), the TT becomes the same within 1 ns,

125



Figure 5.22: Dark counts rate for 25 PMTs of bunch 1, with ADC threshold
= 3 counts and TOT = 3 ns

while if the PMTs are set at the same gain (yellow line), the difference in
TT among the PMTs becomes ≈ 5 ns. On the other hand, you can also see
that the mean TTS is ≈ 3.7 ns

5.6.4 Afterpulse measurements

As mentioned in previous Section, the so-called ”afterpulses” are further
pulses that can occur in addition to the Main Pulse, which identifies an
event. Afterpulses are principally due to the impact of the photoelectrons
produced by the Main Pulse with the molecules of the residual gas present in
the photomultiplier (see also Subection 5.4.2). These pulses, although they
are signals, do not identify any event but are linked to the previous event,
that is the one that produced the Main Pulse. Therefore it is necessary
to estimate their amount in relation to the Main Pulses, as well as their
characteristics, so that they can be identified and treated as a background.
There are some runs specially dedicated to the study of this phenomenon.
These runs, called ”Afterpulse runs”, are caracterized by an acquisition
window of 10 µs; the Main Pulse occurs always within the first µs while
in the following 9 µs other pulse, the ”afterpulses”, can occur, as illustrated
in Fig. 5.27, relative to the first 1000 events of a PMT taken as reference.
For each run and for each PMT 100k ”events” were produced and the pulses
that occur in these ”events” were statistically analyzed. The pulses produced
are ”negative” pulses and start from a non-zero adc signal value, called
”baseline”, which is different for each ”event”. In order to define the signal as
positive and to have a physical comparison ”at par” between all the pulses,
the ”baseline” was calculated for each event and the ”amplitude” (positive)
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Figure 5.23: Dark counts as function of DAQ threshold for the PMTs of
Bunch 1

was defined for each pulse as the difference between the baseline and the
minimum value of the adc signal reached. Two ”thresholds” were then
defined, the ”signal threshold” or the minimum difference between baseline
and adc signal that the pulse must have in all its duration to be considered
in the counting of pulses, and the ”amplitude threshold”, or the minimum
size that the pulse must have to be considered in the count. The first was set
at 3 mV while the second was made to vary. The representation of a pulse
associated with the various quantities just mentioned is shown in Fig. 5.28.
It is very important point out that when the amplitude threshold is too low
within the first µs there are many pulses and not a single pulse as one would
expect, this means that in addition to the ”real” Main Pulse there are other
pulses which constitute the ”noise”. If we consider the scatter plot ”duration
VS amplitude” Main Pulses and noise are separated quite well and therefore
we thought of isolating the first by imposing the condition:

∆t > a ·∆V + b (5.28)

where ∆t is the ”duration” (in seconds) of the pulse considered, ∆V is its
amplitude (in mV), a and b are variables chosen appropriately for each PMT
and for each run so as to obtain the ”best separation” between Main Pulses
and noise; in practice it is necessary that they in the scatter plot must stand
above this ”separation line”; then imposing this same condition also for the
signals after 1 µs, the pulses were counted in the two cases and therefore,
from their ratio the percentage of afterpulse with respect to the Main Pulses
was obtained. Fig. 5.29 shows an example of this for a single PMT. In the
tables from Tab. 5.1 to Tab. 5.10 it is therefore reported, for each PMT, for
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Figure 5.24: Example of SPE time distribution with the double gaussian fit

each run and in the two conditions considered (PMT at NHV and at the same
gain): the ”goodness” of the separation line, or how well the main pulses and
noise are separated in the scatter plot, the number of Main Pulses (i.e. the
number of signals within the first µs), the number of afterpulses (i.e. the
number of signals in the remaining 9 µs) and the percentage of afterpulses
in relation to the Main Pulses. Let us then discuss the results obtained by
grouping the PMTs in the 5 bunches and for each bunch, in the two different
data taking conditions (PMTs at NHV and PMTs at the same gain). The
names of the respective PMTs and the voltages to which they are subjected
are also shown in the tables.

BUNCH 1: for this first group of PMTs there is no run with PMTs at
the same gain, so it was analyzed only a run with PMTs at NHV. For PMTs
of this group the separation between Main Pulses and noise is at least good
for all PMTs, and for many of them it is very good or even excellent. The
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Figure 5.25: Transit time measured for 8 PMTs taken as reference

Figure 5.26: Transit time spread measured for 8 PMTs taken as reference

percentage of afterpulses varies from about 1% to about 7%.

BUNCH 2: even for this group of PMTs there are only runs with PMTs
at NHV, so it was analyzed only one run of this type. Also for PMTs of this
group the separation between Main Pulses and noise is good for all PMTs
even if on average it is worse than for PMTs of BUNCH 1. The percentage
of afterpulses varies from about 2% to about 8%.

BUNCH 3: for this group of PMTs both run with PMTs at NHV and
run with PMTs at the same gain were available. It were then analyzed two
runs, one for each type. In the first case, for most PMTs the separation
between Main Pulses and noise was good, but in no case excellent, and the
percentage of afterpulses varies between about 2% and about 8%. In the
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Figure 5.27: Temporal distribution of signal for 1000 ”events” overlapping

Figure 5.28: A pulse and its caracteristics

second case (PMT at the same gain) since the separation between Main
Pulses and noise was always excellent, it was used a different separation
method, that considers separatelly ∆V and ∆t. Following this method,
the Main Pulses were first isolated by imposing that must be satisfied at
the same time the condition: ∆V > c and ∆t > d, where c and d are
variable parameters appropriately chosen for each PMT and for each of the
two conditions (NHV and HV at same gain), and subsequently the afterpulses
are separated from the noise by imposing that Signal Time must be greater
than 1 µs (see appropriate tables and Fig. 5.30). The percentage of afterpulse
in this case for some PMTs is very high; overall it varies from about 3% to
about 21%.
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Figure 5.29: Duration as function of Amplitude for a single PMT taken as
reference. Separation between Main Pulses, Afterpulses and noise

BUNCH 4: also for this group of PMTs two runs were analyzed, one with
PMTs at NHV and another with PMTs at the same gain. In both cases the
separation between Main Pulses and noise was not good for most PMTs. On
the other hand, the percentage of afterpulses was rather low, varying in both
cases from about 1% to about 6%.

BUNCH 5: for this last group there are only runs with PMTs at same
gain, so it was analyzed only one run of this type. The separation between
Main Pulses and noise was at least good for all PMTs, sometimes even very
good or even excellent. The percentage of afterpulse was found to vary from
about 1% to about 13%.

What just discussed is summarized in the histograms in Fig. 5.31 and in Fig
5.32, where the distributions of the afterpulse percentage in relation to the
Main Pulses are shown separately for each bunch and in the two conditions,
PMTs at NHV and PMTs at same gain.
It was also interesting to study the overall distribution of the quantity ”Afterpulse
percentage in relation to the Main Pulses”. The result of this study is shown
in Fig. 5.33, where this overall distribution is shown separately for the two
conditions, PMTs at NHV and PMTs at same gain. In both cases we can
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Figure 5.30: Duration as function of Amplitude for a single PMT taken
as reference. Separation between Main Pulses, Afterpulses and noise
(alternative method)

see a distribution quite similar to a Gaussian, but with a tail on the right.
This distribution is centered on a lower value in the case of PMTs at NHV
(historgam on the left), and also has a lower dispersion, compared to the case
of PMTs at the same gain (histogram on the right).
Finally, the possible existence of a correlation between the quantity ”Afterpulse
percentage in relation to the Main Pulses” and the quality of the separation
between Main Pulses and noise was investigated. The result of this study is
shown in Fig. 5.34, in which is illustrated, for all the bunches and separately
for the two conditions, PMTs at NHV and PMTs at same gain, the quantity
”Afterpulse percentage in relation to the Main Pulses” as function of the
quality of the separation, in which the latter was expressed with a numerical
value. You can note that in the case of PMTs at Same Gain there is a slight
tendency for the percentage of afterpulse to increase as the separation quality
improves (graph on the right), while in the case of PMTs at NHV there is
no evident correlation (graph on the left).
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PMT NHV SEP. CONDITION SEP. QUALITY % AP/MP
KQ0032 1290 ∆t > −1 ·∆V + 130 EXCELLENT 0.86
KQ0033 1540 ∆t > −1 ·∆V + 130 EXCELLENT 3.21
KQ0036 1540 ∆t > −0.75 ·∆V + 150 EXCELLENT 0.66
KQ0025 1590 ∆t > −0.75 ·∆V + 150 EXCELLENT 1.64
KQ0029 1370 ∆t > −1 ·∆V + 120 EXCELLENT 3.06
KQ0026 1810 ∆t > −1 ·∆V + 150 EXCELLENT 4.48
KQ0031 1380 ∆t > −1 ·∆V + 130 EXCELLENT 2.48
KQ0021 1630 ∆t > −0.75 ·∆V + 150 EXCELLENT 6.39
KQ0024 1480 ∆t > −1 ·∆V + 130 EXCELLENT 3.38
KQ0020 1260 ∆t > −1 ·∆V + 120 EXCELLENT 2.35
KQ0023 (R) 1250 ∆t > −1 ·∆V + 120 EXCELLENT 1.64
KQ0035 1730 ∆t > −1 ·∆V + 150 VERY GOOD 2.81
KQ0011 1540 ∆t > −1.3 ·∆V + 80 VERY GOOD 6-96
KQ0013 1690 ∆t > −1 ·∆V + 80 VERY GOOD 7.78
KQ0041 1600 ∆t > −1 ·∆V + 90 VERY GOOD 5.06
KQ0043 (R) 1480 ∆t > −1 ·∆V + 80 VERY GOOD 4.31
KQ0042 1560 ∆t > −1 ·∆V + 90 GOOD 4.22
KQ0040 1700 ∆t > −1 ·∆V + 80 GOOD 6.46
KQ0038 1580 ∆t > −1 ·∆V + 80 GOOD 5.28
KQ0039 1530 ∆t > −1 ·∆V + 90 GOOD 5.35
KQ0046 1490 ∆t > −1.3 ·∆V + 80 GOOD 4.43
KQ0044 1450 ∆t > −1.3 ·∆V + 80 VERY GOOD 4.47
KQ0014 1610 ∆t > −1 ·∆V + 90 GOOD 5.53
KQ0018 1620 ∆t > −1.3 ·∆V + 80 GOOD 6.63

Table 5.1: Separation conditions, separation quality and afterpulse percentage
at NHV for PMTs of Bunch 1
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PMT NHV SEP. CONDITION SEP. QUALITY %AP/MP
KQ0007 1630 ∆t > −1 ·∆V + 80 VERY GOOD 7.26
KQ0001 1650 ∆t > −1 ·∆V + 80 VERY GOOD 6.67
KQ0003 1670 ∆t > −1 ·∆V + 80 GOOD 5.49
KQ0005 1660 ∆t > −1 ·∆V + 80 FAIRLY GOOD 5.48
KQ0062 1480 ∆t > −1 ·∆V + 80 VERY GOOD 2.53
KQ0065 1420 ∆t > −1 ·∆V + 90 VERY GOOD 1.35
KQ0061 1500 ∆t > −1 ·∆V + 90 VERY GOOD 3.42
KQ0064 1430 ∆t > −1 ·∆V + 100 VERY GOOD 1.93
KQ0060 1710 ∆t > −1 ·∆V + 100 VERY GOOD 5.58
KQ0057 1580 ∆t > −1 ·∆V + 80 VERY GOOD 2.28
KQ0023 (R) 1250 ∆t > −1.3 ·∆V + 80 VERY GOOD 2.32
KQ0004 1680 ∆t > −1.3 ·∆V + 80 VERY GOOD 7.87
KQ0053 1680 ∆t > −1.3 ·∆V + 80 GOOD 6
KQ0055 1520 ∆t > −1.3 ·∆V + 80 GOOD 3.65
KQ0009 1660 ∆t > −1 ·∆V + 80 GOOD 6.5
KQ0043 (R) 1480 ∆t > −1 ·∆V + 80 GOOD 3.48
KQ0058 1530 ∆t > −1 ·∆V + 80 VERY GOOD 2.38
KQ0056 1390 ∆t > −1 ·∆V + 80 GOOD 2.12
KQ0052 1530 ∆t > −1 ·∆V + 90 VERY GOOD 5.52
KQ0047 1660 ∆t > −1 ·∆V + 90 GOOD 4.08
KQ0049 1500 ∆t > −1 ·∆V + 80 GOOD 4.63
KQ0048 1590 ∆t > −1.3 ·∆V + 80 VERY GOOD 3.58
KQ0051 1510 ∆t > −1 ·∆V + 80 GOOD 7.58
KQ0054 1420 ∆t > −1.3 ·∆V + 80 GOOD 4.13

Table 5.2: Separation conditions, separation quality and afterpulse percentage
at NHV for PMTs of Bunch 2
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PMT NHV HV Gain 6.24 · 106 %AP/MP at NHV %AP/MP at same Gain
KQ0119 1450 1419 2.66 3.66
KQ0120 1480 1470 3.55 5.81
KQ0122 1500 1475 4.88 9.82
KQ0102 1430 1366 5.89 9.57
KQ0105 1770 1729 3.72 8.11
KQ0115 1470 1426 6 13.38
KQ0116 1530 1463 4.84 10.03
KQ0095 1570 1504 2.91 4.83
KQ0092 1480 1416 4.21 6.16
KQ0067 1400 1383 2.25 2.92
KQ0023 (R) 1250 1215 2.62 2.4
KQ0118 1540 1503 3.91 5.73
KQ0008 1570 1565 7.12 20.61
KQ0094 1570 1525 2.77 5.44
KQ0015 1320 1319 3.21 7.61
KQ0043 (R) 1480 1456 3.82 9.17
KQ0088 1480 1421 2.73 6.48
KQ0066 1320 1271 1.82 3.79
KQ0006 1720 1266 7.74 18.84
KQ0068 1380 1348 2.13 4.35
KQ0069 1570 1518 2.52 5.93
KQ0070 1520 1519 4.11 10.76
KQ0091 1500 1464 5.14 7.6
KQ0090 1480 1441 2.85 5.98

Table 5.3: Afterpulse percentage at NHV and at same gain (6.24 · 106) for
PMTs of Bunch 3
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PMT NHV HV Gain 6.24 · 106 %AP/MP at NHV %AP/MP at same Gain
KQ0074 1450 1403.5 1 2.52
KQ0087 1480 1435.5 3.25 2.99
KQ0085 1470 1441.5 3.26 3.23
KQ0086 1460 1421.5 2.69 2.33
KQ0073 1320 1273 2.61 2
KQ0101 1620 1531 6.06 4.34
KQ0132 1560 1513.5 2.48 4.09
KQ0001 1410 1358.5 3.06 2.52
KQ0099 1550 1494.5 4.2 3.54
KQ0082 1340 1314.5 1.41 1.41
KQ0023 1250 1216.5 4.33 3.68
KQ0071 1710 1661 6.2 5.72
KQ0123 1560 1523 5.34 4.32
KQ0080 1310 1262.5 1.64 1.14
KQ0129 1470 1442 6.31 4.86
KQ0043 (R) 1480 1435.5 4.65 3.42
KQ0081 1450 1366.5 1.28 0.9
KQ0079 1280 1261.5 1.63 1.55
KQ0078 1410 1348.5 2.64 1.82
KQ0077 1430 1382 1.61 1.26
KQ0128 1553 1553 4.54 3.86
KQ0127 1550 1503.5 5.72 4.66
KQ0072 1550 1509.5 4.09 4.12
KQ0131 1440 1403 3.32 2.86

Table 5.4: Afterpulse percentage at NHV and at same gain (6.24 · 106) for
PMTs of Bunch 4
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PMT HV S.Gain SEP. CONDITIONS SEP. QUALITY %AP/MP
KQ0081 1370 ∆t > −1.25 ·∆V + 100 VERY GOOD 1.15
KQ0142 1570 ∆t > −1 ·∆V + 100 EXCELLENT 3.93
KQ0106 1440 ∆t > −1 ·∆V + 100 EXCELLENT 2.61
KQ0109 1500 ∆t > −1 ·∆V + 100 EXCELLENT 4.94
KQ0110 1530 ∆t > −1 ·∆V + 100 EXCELLENT 2.92
KQ0039 1530 ∆t > −1.25 ·∆V + 100 VERY GOOD 6.01
KQ0021 1630 ∆t > −1.25 ·∆V + 100 VERY GOOD 8.6
KQ0114 1380 ∆t > −1.4 ·∆V + 70 VERY GOOD 1.89
KQ0042 1560 ∆t > −1 ·∆V + 80 VERY GOOD 4.53
KQ0038 1580 ∆t > −1 ·∆V + 100 GOOD 4.68
KQ0023 (R) 1250 ∆t > −1 ·∆V + 100 VERY GOOD 3.51
KQ0040 1700 ∆t > −1 ·∆V + 100 VERY GOOD 8.07
KQ0100 1580 ∆t > −1.25 ·∆V + 100 GOOD 4.45
KQ0126 1400 ∆t > −1 ·∆V + 80 FAIRLY GOOD 4.33
KQ0138 1520 ∆t > −1 ·∆V + 80 GOOD 4.63
KQ0043 (R) 1480 ∆t > −1 ·∆V + 80 GOOD 5.51
KQ0107 1480 ∆t > −1.4 ·∆V + 100 GOOD 6.1
KQ0098 1600 ∆t > −1 ·∆V + 80 GOOD 7.19
KQ0104 1500 ∆t > −1.3 ·∆V + 80 GOOD 7.47
KQ0103 1520 ∆t > −1.3 ·∆V + 80 FAIRLY GOOD 13.06
KQ0108 1510 ∆t > −1.3 ·∆V + 80 FAIRLY GOOD 6.26
KQ0135 1420 ∆t > −1.3 ·∆V + 80 FAIRLY GOOD 4.54
KQ0136 1620 ∆t > −1 ·∆V + 80 GOOD 4.63
KQ0139 1510 ∆t > −1 ·∆V + 80 FAIRLY GOOD 5.58

Table 5.5: Separation conditions, separation quality and afterpulse percentage
at same gain (6.24 · 106) for PMTs of Bunch 5
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Figure 5.31: Distributions of the afterpulse percentage in relation to the Main
Pulses for the PMTs of bunches 1,2,3 and 4, at NHV

Figure 5.32: Distributions of the afterpulse percentage in relation to the Main
Pulses for the PMTs of bunches 3,4 and 5, at Same Gain
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Figure 5.33: Overall distributions of the afterpulse percentage in relation to
the Main Pulses for the PMTs of all the bunches analyzed (1,2,3,and 4 at
NHV, 3,4 and 5 at Same Gain)

Figure 5.34: Afterpulse percentage in relation to the Main Pulses as function
of Separation Quality (0=VERY BAD, 1=BAD, 2=FAILRLY GOOD,
3=GOOD, 4=VERY GOOD, 5=EXCELLENT) for the PMTs of all the
bunches analyzed (1,2,3,and 4 at NHV, 3,4 and 5 at Same Gain)
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Conclusions

In this thesis was discussed the problem of dark matter existence and its
direct search with the XENON experiment at the Gran Sasso National Laboratories
(LNGS), in its most recent upgrade, XENONnT. The existence of dark
matter was hypothesized for the first time at the first decades of the last
century to explain some astrophysical and cosmological phenomena that were
observed: the anomalies in the rotation speed of galaxies, the gravitational
lensing, the bullet cluster, the anisotropies in the Cosmic Microwave Background
(CMB). The nature of dark matter is today still unknown, but all the observations
made so far have led us to believe that it is made of particles with a big mass
but which interact with ordinary matter only gravitationally and through
weak interactions, and for this reason they are very difficult to be detected.
These particles were then called WIMP (Weak Interacting Massive Particles).
Dark matter search can be divided into three main categories: production
at particle accelerators, indirect search and direct search. The latter, as in
XENON experiment, is based on the scattering that WIMP do on the target
nuclei. Cross sections of these processes are very small, for this reason it
is necessary to use detectors of large mass and placed deep underground or
underwater. The XENON experiment is located at the Gran Sasso National
Laboratories (LNGS) below about 1400 meters of rock and uses Xenon as a
detector medium, in a double phase, liquid (LXe) and gaseous (GXe). Xenon,
like other noble gases, has numerous advantages for detecting dark matter.
The XENON experiment had presented in the years upgrades caracterized
by increasing of detector mass, by reduction of the background thanks to new
techniques gradually developed and consequently progressive decrease of the
minimum detectable limit for the cross section of WIMP-nuclei scattering.
The penultimate upgrade, XENON1T, was operational from 2016 to 2018
and, with a target mass of 3.2 tons, set the limit for the spin-independent
WIMP-nucleon elastic scattering cross section to 4.11 · 10−47cm2 at 90% of
CL. The present upgrade, XENONnT, has almost finished its construction
phase and it will be operational from the end of 2020. The mass of the
detector has been increased to 8 tons, of which 6 tons represent the active
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part, but the most important innovation was the construction of the Neutron
Veto (absent in XENON1T), a new detector able to identify radiogenic
neutrons originating from the detector materials and thus further reduce
the background level. Among the various types of neutrons that can give
a signal, the most difficult to identify are the so-called ”sneaky neutrons”,
which are those that are generated in the TPC and scatter just once in the
cryostat, simulating a signal identical to that produced by WIMPs. The
Neutron Veto was specifically designed to identify this type of neutron; it
uses water doped with Gadolinium (Gd) as a detector medium; Gadolinium
is the material with the highest ”neutron capture” cross section and, when a
neutron is absorbed by Gd about 8 MeV of energy are released in a bunch of
photons. Water also plays an important role in the neutron capture, first of
all because it allows them to be thermalized in such a way that they can be
captured by Gadolinium, moreover a small part of them is also captured by
the hydrogen protons of the water. The Neutron Veto is equipped with 120
photomultipliers (PMTs), which detect and amplify the light signal produced
by the neutron capture. To distinguish the ”sneaky neutrons” from the other
types of neutrons, i.e. the neutrons generated within Gd+water and the
neutrons generated within the PMT materials, two methods, both based
on Monte Carlo simulations, were also used, and thanks to this technique,
a detection efficiency for ”sneaky neutrons” of about 90% is obtained and
therefore a significant reduction of this type of background was estimed to
be obtained. Therefore, when the Neutron Veto will be put in operation in
the new XENONnT detector, will be able to reach a limit for cross section
of WIMP-nuclei interaction of an order of magnitude lower compared to
XENON1T. This improvement in sensitivity will allow, moreover, to further
investigate about the nature of some signals that have been detected by
XENON1T and possibly identifiable as Axions.
Before carrying out the implementation of XENONnT detector and the
Neutron Veto, it was necessary to carry out some tests to verify the correct
functioning of Neutron Veto’s PMTs. These tests essentially concerned in
the analysis of four characteristic parameters of PMTs: the so-called ”Gain”,
or the total number of electrons produced per incident photon, the stability
of the latter over time was also evaluated; the so-called ”Dark rate”, that is
the rate of signals generated by PMTs in the absence of light; the so-called
”Transit Times”, i.e. the differences between the transit times of photons in
the various PMTs; finally, the phenomenon of so-called afterpulses, which
are signals that occur in PMTs after the Main Pulse and are linked to
the previous pulse; studying their amount in relation to the amount of
Main Pulses and their characteristics was important for evaluating their
background. The analysis of these quantities was carried out by various
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research groups, including that of Naples, of which I am a member. So,
I have contributed to this analysis. Once this analysis was completed, the
entire structure was then assembled at the Gran Sasso National Laboratories
(LNGS), and the full construction has been underway in recent months and
most completed at present. The start of the XENONnT data taking is
expected by the end of 2020.
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