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Abstract

The search for dark matter (DM) is one of the most active fields in physics. Compelling
astrophysical and cosmological evidences for DM existence have been attracting great
theoretical and experimental efforts in the last decades, trying to shed light on the
mysterious nature of dark matter. The XENONI1T experiment is currently the most
sensitive in the world for the direct search for WIMPs, the most investigated class of
particles hypothesized to be the DM constituent. XENONI1T employs a dual-phase
(liquid-gas) time projection chamber (TPC) featuring 2.0t liquid xenon (LXe) target
mass. The detector is operated in the underground Laboratori Nazionali del Gran Sasso,
in Italy, under 3600 meters-water-equivalent mountain rock shield. XENONI1T aims at
detecting WIMP elastic scattering off xenon nucleus, exploiting the light and charge
observable signals produced by recoils in LXe. The WIMP search conducted with the
XENONIT detector for a total exposure of 1.0t-y is presented in this work.

WIMP interactions are extremely rare, hence an ultra-low and well characterized
background is mandatory. Standard backgrounds for direct DM search experiments are
electronic recoils (ERs), induced by gamma and beta particles emitted by external and
intrinsic radioactive impurities or solar neutrinos, and nuclear recoils (NRs), from inter-
actions of radiogenic neutrons or coherent neutrino-nucleus scattering. The backgrounds
are studied with Monte Carlo (MC) simulations, through measurements on collected
XENONIT data and modelling the detector signal response. The measured ER back-
ground for the XENON1T WIMP search amounts to 8273 (syst) + 3(stat) (t-y-keV)~1,
in agreement with the rate and spectrum predicted by MC simulations. It is the lowest
background level ever achieved in a direct detection DM experiment. The expectation
value of the NR background is 1.5 &+ 0.7 events in the 1.3t fiducial LXe target volume
where the data analysis for WIMP search is conducted. The profile likelihood analysis of
data collected in 278.8 live-days finds no significant excess over background. The statis-
tical inference on the WIMP-nucleon spin-independent cross section sets the world-best
exclusion limit for WIMP masses above 8 GeV/c?, with a minimum of 4.1 x 10747 cm?
at 30 GeV/c? and 90% confidence level.

The XENON Dark Matter Project will rapidly move towards the upgraded de-
tector, XENONnT, with increased TPC (containing 6t of LXe) and further reduced
background. The XENONnNT experiment will improve the sensitivity to WIMPs by one
order of magnitude in 5 years of data acquisition.
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Introduction

We know that we do not know, and there is nothing more fascinating. Physics is the
infinite loop of human knowledge that strives for answers to find new questions to be
answered. Our comprehension of fundamental physics continues to progress by leaps
and bounds, as with the discoveries of the Higgs boson and the gravitational waves that
recently marked new milestones for physics. Nonetheless, behind the scenes of break-
through discoveries there is always a long journey made of collection of evidences or just
hints about something that escapes our well written laws of physics, null experimental
results, ingenious theoretical models proposing explanations for anomalies, new ideas
too brilliant to be true. Our ultimate journey would be understanding the Universe,
that is everything as far as we know, and for this reason most likely a never-ending
dispenser of new “dark” sides to be investigated. Dark, yes. That is the word that
currently dominates our knowledge of the Universe. We know that we do not know 95%
of the energy content of the Universe, as the ordinary matter described by the Standard
Model of particles contributes to less than 5%. The rest is “dark”, precisely dark energy
making up 68.5% of the Universe and dark matter accounting for the remaining 26.5%,
where “dark” substantially means that their nature is still obscure to us. We will focus
on the dark matter problem, while dark energy goes beyond the scope of this thesis.

Investigation about dark matter (DM) is nowadays one of the most attractive and
therefore active fields of physics from both the theoretical and experimental points of
view. In chapter 1 we outline the panorama of the dark matter quest. Compelling
evidences supporting the hypothesis of the existence of a new form of invisible (dark)
matter have been collected in the last decades. The first and most intuitive arguments
come from gravitational effects at the galactic (or galaxy clusters) scale that luminous
matter is not sufficient to explain (section 1.1.1). While postulating additional mat-
ter distribution seems the simplest solution to gravitational anomalies, modifications
of the theory of gravity itself have been proposed without introducing new dark mat-
ter particles (section 1.1.3). However, the strongest evidence for massive DM particles
arises from the cosmological scale (section 1.1.2), where DM is part of the success-
ful ACDM cosmological model confirmed by precise measurements and it is needed to
explain the early formation of structures of the Universe. Within the particle dark
matter paradigm, a plethora of models and candidates beyond the Standard have been
proposed (section 1.2). Among them the class of weakly interacting massive particles
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(WIMPs) stands out as the most natural hypothesis (section 1.2.3), with mass and an-
nihilation cross section typical of the weak scale (O(100 GeV/c?) and O(1072% cm3s~2),
respectively). WIMPs attracted the largest part of experimental efforts in DM searches
over the last decade. Three different and complementary approaches attempt to reveal
a signal of DM presence (section 1.3): direct detection of galactic WIMPs scattering off
targets in earth-based detectors (section 1.3.1), indirect DM detection through astro-
physical radiation originating from DM annihilation or decay (section 1.3.2) and DM
particles production with high energy collisions at accelerators (section 1.3.3).

Direct detection experiments demonstrated sensitivity to the lowest WIMP-nucleon
cross section values, in particular for interactions independent on the target nuclear
spin. The best results have been provided so far by xenon dual-phase (liquid-gas) time
projection chamber (TPC) detectors. That technology is at the base of the XENON
Dark Matter Project, which is currently leader in the field thanks to the largest op-
erating liquid xenon (LXe) TPC in the world, XENONIT. The XENON DM Project,
that started in 2007 with a small prototype XENON10 (containing 15kg of LXe) and
developed with the XENON100 experiment (161 kg of LXe), is described in chapter 2.
The detection principle of a LXe TPC relies in the favourable properties of LXe as
target medium for rare event searches and in the combined information of light and
charge signals (called S1 and S2, respectively), which are observable following a parti-
cle recoil in the sensitive volume (section 2.1). Since 2016, the XENONIT detector is
operational in the underground Laboratori Nazionali del Gran Sasso (LNGS), in Italy.
The experiment, described in section 2.2, represents the first tonne-scale (with a total
of 3.2t LXe) and most sensitive DM detector in the world. The XENON Collaboration
will rapidly move towards the upgrade called XENONnT (with about 8t LXe) in 2019,
aiming at improving the experimental sensitivity to WIMPs by an order of magnitude
thanks to the larger target mass and enhanced background suppression (section 2.3).

A very large target mass and an ultra-low background level are key factors for
the success of direct DM experiments. Alongside the background reduction strate-
gies adopted in XENONI1T, discussed in section 2.2.3, it is crucial to characterize,
understand and model the residual background in the detector. Chapter 3 describes
and discusses the background of XENONIT originated by electronic (ER) and nuclear
(NR) recoils produced by known particles in the LXe target. Such background char-
acterizes all direct detection experiments. The expected DM signature is a single low
energy NR inside the TPC, where the recoil of a xenon nucleus is caused by a WIMP
elastically scattering off a nucleon. This signal is exactly mimicked by neutrons and
neutrinos undergoing elastic coherent scattering off nuclei (CNNS), which constitute
the NR background (section 3.2). Low energy interactions of 7 and [ particles pro-
duce recoils of atomic electrons that yield a different partitioning of the energy into the
light and charge observable signals. The ER background (section 3.1) can be there-
fore discriminated from NRs. However, given the higher rate and the non-null (though
small) probability for an ER event to fall in the region of signal space where NRs are
expected, the ER component is the main contributor to the XENONI1T background.
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The study of ER and NR backgrounds proceeds in three steps: Monte Carlo (MC)
simulations of all the physical processes that can yield background events (based on
the best knowledge before building the actual realization of the XENONIT detector),
validation and matching of the expected background from simulation with actual mea-
surements and constraints derived from real XENONI1T data, and full modelling of the
signal generation and propagation processes in order to produce background models in
the experimentally observable signals space.

Sources of ER background are external gamma-rays emitted by radioactive decays
in detector construction materials close to the LXe volume, beta-decays of intrinsic con-
taminants of xenon and solar neutrinos. The complete MC prediction of each contribu-
tion is described in section 3.1.1, while constraints derived from ancillary measurements
with XENONIT data and the matching with the simulated ER spectrum are discussed
in section 3.1.2.

Components of the NR background are muon-induced neutrons (section 3.2.1),
which are suppressed by means of a Muon Veto system (section 2.2.4), neutrons stem-
ming from radioactive impurities in detector materials (section 3.2.3) and CNNS neu-
trinos (section 3.2.2). CNNS induce an irreducible background for direct detection
experiments, which can be tackled only with future directional detectors. Neutrons
produced by spontaneous fission or (a, n) reactions can get deep inside the TPC un-
dergoing multiple scatters along their path. With smaller probability, however, they
can produce a single elastic scatter before exiting the fiducial volume (defined at the
analysis level as an inner DM search LXe volume shielded from external backgrounds).
Actual measurements of neutron background events is unlikely in XENONI1T given the
extremely low expected rate. Nevertheless, the XENONI1T TPC is large enough to allow
a measurement of multiple-site neutron scatters, which is exploited to put a constraint
on the neutron background rate expected from MC simulations (section 3.2.5).

The detector response to both ER and NR interactions is carefully modelled through
the description of the LXe microphysics and detector effects impacting on the propa-
gation of S1 and S2 signals (section 3.3). The model parameters are then tuned on
calibration data, collected during the XENONI1T data taking period using an internally
diffused low energy ER source and external neutron sources (section 2.2.5), to get the
final description of the XENONIT signal response (section 3.3.3). The ER and NR
background models for the WIMP search data analysis are built exploiting the sig-
nal response model to properly convert the recoil energy spectra predicted from MC
simulations (section 3.4).

In chapter 4, the analysis of XENONI1T data, collected in the first two science
runs (named SRO and SR1), for the search of WIMP-nucleon spin-independent inter-
actions is presented. The analysis combines 32.1 (246.7) days in SRO (SR1) for a total
of 278.8 live-days, spanning more than one calendar year from 22 November 2016 to
7 February 2018 overall. A fiducial volume containing 1.3t of LXe is optimized on
the spatial distribution of backgrounds (section 4.3.1). Therefore, the exposure for
this DM search amounts to 1t-y. The fiducial volume selection is possible because the



Introduction

dual-phase TPC technology allows a three dimensional reconstruction of the interaction
vertex. Moreover, the position reconstruction, described in section 4.1.1, enables studies
of position-dependent corrections (section 4.1.2) to properly take into account the light
collection efficiency (for both S1 and S2 signals) and the electron lifetime (affecting the
S2 signal amplitude due to depth-dependent survival probability of freed electrons in
a recoil). The characterization of the detector’s spatial response is carried out with
periodical calibration runs where an intense 33 Kr source of low energetic gammas is
uniformly diffused inside the LXe reservoir. The time stability of light and charge signals
is monitored exploiting mono-energetic lines present in the XENONI1IT ER spectrum
at different energies (section 4.2). They include de-excitation gammas from metastable
xenon isotopes activated during neutron calibrations (section 4.2.1), 83™Kr gammas,
high energy external gammas from detector materials and alpha decays of the intrinsic
contaminant 2?2Rn. With a good detector characterization in hand, selection criteria
are established to reject known background events, to ensure data quality and to select
the region of interest for the WIMP search (section 4.3). The final efficiency for DM
signals, estimated from data control samples and from simulations, is the result of the
signal acceptance loss due to each selection condition imposed to data (section 4.3.2).

XENONIT conducted a blinded data analysis, meaning that data in the most sig-
nificant NR signal region (where WIMP signal is expected with highly reduced ER
background contamination) are unveiled only at the very final stage, when the analy-
sis method is fixed (in order to avoid any bias or fine tuning driven by the observed
data of interest). Before data unblinding, the complete background and signal models
need to be established as well (section 4.4). The XENONIT background includes two
additional components besides the standard ER and NR backgrounds: “surface” events
(section 4.4.1), happening at the TPC edges whose charge signal is partially trapped,
and accidental coincidences of spurious S1 and S2 signals (section 4.4.2). The expected
WIMP signal is derived from the analytical differential rate of recoils in the xenon tar-
get, under the standard assumption of isothermal galactic DM halo, convoluted with
the detector response model to NR interactions (section 4.4.3). The complete prediction
of background events for the 1t-y WIMP search is presented in section 4.4.4.

The observed data in SRO and SR1, after unblinding the signal region, are shown
and discussed in section 4.5.3. The final result of the WIMP search is obtained through
the statistical inference based on frequentist hypothesis test with the profile likelihood
approach (section 4.5.1). The XENONIT likelihood function, described in section 4.5.2,
features a four-dimensional parameter space as backgrounds and signal are modelled in
the signal (S1,52) space and also in the radial and vertical spatial coordinates. The
constraint on the WIMP-nucleon spin-independent cross section is calculated with a
Feldman-Cousins construction, which naturally switches from an exclusion upper limit
to a confidence interval, in case of discovery. The conclusive results of the statistical
inference on the full XENONI1T dataset, presented in section 4.5.3, find no DM evidence
and the world-best exclusion limits on WIMP-nucleon interaction are set.

Planned future noble-liquids detectors, including XENONnT, will continue scanning
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the WIMP parameter space in the following years. The ultimate limitation for this
class of experiments is represented by the CNNS background which is irreducible for
non-directional detectors. In appendix A, we study the long-term projected discovery
potential of xenon-based TPCs in the ultimate scenario, where the currently dominant
ER and NR backgrounds are supposed to be suppressed by means of larger target
masses and improved Xe purification techniques, and we evaluate the limitation due to
the CNNS background.






Chapter 1

The search for dark matter

The ordinary baryonic matter accounts for less than 20% of the total mass budget of
the Universe [1], the majority of existing matter being of unknown composition to date:
that is what we call dark matter. Understanding the nature of dark matter is attracting
large and growing efforts in the scientific community as it clearly represents one of the
major open questions in physics. Progress in the knowledge about what dark matter
actually is could shed light on fundamental aspects of the Universe, from large to small
scales, from the evolution of galaxies to particle physics.

The existence of DM is well established among physicists as several convincing evi-
dences of additional source of gravity beyond luminous matter were collected during the
last century [2| (section 1.1). Simple arguments related to dynamics of galaxies and clus-
ters, such as anomalous rotation velocity curves e.g., are the most direct and intuitive
(section 1.1.1), even though observations linked to the cosmological scale (section 1.1.2)
appear to be the strongest evidence of dark matter for many physicists. An alternative
explanation of observed gravitational effects could in principle come from modified the-
ories of gravity, introducing corrections to General Relativity with no need to postulate
the presence of an unknown class of particles (section 1.1.3). Such a scenario cannot
be excluded even though recent observations of the first gravitational waves have ruled
out a large number of modified gravity models.

We have a much more precise idea about what dark matter is not than what it
actually is. The field of proposed particles as DM components is ample with a large
number of hypotheses in place to be tested experimentally. The only certainty is that
standard model (SM) particles cannot fulfill all the properties required for dark matter.
A plethora of models have been therefore proposed (section 1.2), making dark matter
a golden channel for the search of new physics beyond the SM. The most popular
candidates in recent times are called Weakly Interacting Massive Particles (WIMPs), a
class of particles hypothetically subject to the weak force (section 1.2.3) which appears
in models beyond SM in a pretty natural way and whose parameter space can be widely
investigated with the current technologies. For such reasons WIMPs attracted most
of the experimental efforts in the field and are the main physics channel also for the
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XENON Dark Matter Project (chapter 2).

The number of experiments drawing their focus towards the discovery of dark mat-
ter has been steadily growing in the last decades. An overview of the different detec-
tion techniques employed and the current status of DM searches is presented in sec-
tion 1.3. Experimental efforts in the astroparticle physics community aim at detecting
non-gravitational interactions of DM with ordinary matter. The ground is explored by
earth-based experiments looking for direct detection of faint signals produced by DM
interacting with their target material (section 1.3.1) and by gamma-ray experiments
which try to detect SM particles produced in DM annihilation processes (section 1.3.2).
The latter approach is usually referred to as indirect detection technique and can be
considered complementary to direct detection. Production of DM through collisions
of SM particles with accelerators (section 1.3.3) is a further channel of investigation,
where the signature would be missing energy-momentum [3]. Current colliders, led by
LHC, are viable technologies to probe light dark matter candidates, in the lower end
of the most popular mass ranges, while they are not competitive with direct detection
experiments at larger masses.

1.1 Dark matter evidence

The earliest observations which led to the idea of dark matter existence can be traced
back to the end of 19" century, when the astronomical photography was invented. This
allowed astronomers to start making considerations about the distribution of luminous
objects in the sky. Several dark regions were noticed even in dense stellar fields. Since a
uniform distribution of stars was expected, discussions about the nature of dark vacant
areas and dark structures [4] began to develop in the astronomical community. Soon
after the first attempts to understand the Milky Way structure from the dynamical
perspective pointed to the presence of a possibly large number of invisible objects. Lord
Kelvin estimated for the first time the amount of matter in the Milky way describing
the galaxy as a gas of particles subject to gravity [5]. In 1904, he got to the conclusion
that “many of our stars, perhaps a great majority of them, maybe dark bodies”.

Ironically, the origin of the term “dark matter” is attributed to the French mathe-
matician Henri Poincaré who was not convinced about the existence of “matiére obscure”,
since the observed velocity dispersion of stars in the Milky Way was of the same order
of magnitude obtained from Kelvin’s estimate [6]. The first quantitative model for the
dynamics of the stellar system in the galaxy is due to Jacobus Kapteyn in 1922 [7].
Thanks to his pioneering work, the problem of the local dark matter density was ad-
dressed by comparing the total gravitational mass with the number of visible stars.
Even if no conclusive statements about the possible predominance of invisible matter
over the luminous one were achieved in the following years, the concept of “dark matter”
was slowly consolidating among astronomers.

It is 1933 when the Swiss-American astronomer Fritz Zwicky, in his study of redshift
of extragalactic nebulae [8], noticed a very large dispersion in the apparent velocity of
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Figure 1.1: Mosaic of the Coma Cluster in long-wavelength infrared (red), short-wavelength infrared
(green), and visible light. The Coma Galaxy Cluster is a nearly spherical cluster containing over one
thousand galaxies, mainly elliptical and highly-flattened, about 15 billion years old. It is located in the
Coma Berenices constellation at a mean distance from Earth of 99 Mpc. The Coma Cluster provided a
major evidence of gravitational anomalies which can be explained with the presence of invisible mass.
It is widely considered the first observational proof of dark matter existence. Image from NASA /JPL-
Caltech/GSFC/SDSS.

galaxies within the Coma Galaxy Cluster (figure 1.1). He measured differences up
to 2000 km/s among velocities of eight clusters, confirming a previous observation by
Hubble and Humason two years earlier [9]. But Zwicky was the first to apply the virial
theorem of thermodynamics to estimate the gravitational mass of a galaxy cluster to
be compared with the mass inferred from the visible objects. His study resulted in
the famous sentence: “if this would be confirmed, we would get the surprising result
that dark matter is present in much greater amount than luminous matter”. That is
considered by many to be the first major evidence of dark matter existence.

1.1.1 Galactic and clusters scale

The mass of a galaxy cluster can be easily derived if galaxies are assumed bound by
gravitational attraction', as shown by the illuminating works of Zwicky on the Coma

1Until the late 1950s, astronomers, including Zwicky himself, questioned the assumption of equilib-
rium for galaxy clusters, as a possible explanation of the observed discrepancy between the luminous
and gravitational mass. But given the estimated age of the Universe and of the galaxies contained in
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Cluster and Sinclair Smith on the Virgo Cluster [11] of 1936. The cluster is a system of
2

a1
N bodies whose equations of motion can be integrated to give %@ = 2K + U, where
I =3, m;r? is the moment of inertia in the center of mass frame and K and U are the
kinetic and gravitational potential energy. If the cluster distribution is stationary, the
moment of inertia I is null and U = —2K, which is known as the virial theorem. For a
spherical distribution of galaxies, the potential energy is U = GTMQ, with M and R the

total mass and radius of the cluster. From the virial theorem the mass is given by

3R<vﬁ)
=—F

(1.1)

as the velocity dispersion of galaxies (v?) corresponds to three times the dispersion of
velocities along the line of sight <vﬁ), which are the only measurable via redshift. Zwicky
in his first redshift studies of the Coma Cluster measured an average velocity dispersion
of approximately 1000 km /s, while he expected around 80 km /s from the virial theorem
calculation by considering the total mass of the cluster as the product of the average
mass of a galaxy (10° Mg, as indicated by Hubble) and the number of observed galaxies
(800). In a refined analysis of the Coma Cluster [12], Zwicky conservatively assumed
that Coma contained 1000 galaxies within a radius of 2 x 108 light-years for a velocity
dispersion of 700 km/s and solved for the cluster’s mass. He obtained an average
4.5 x 10190, mass per galaxy to be compared with the average absolute luminosity
of Coma’s galaxies of 8.5 x 10" L, leading to a very high mass-to-light ratio of about
500. Zwicky actually overestimated this ratio because the relation between distance
and redshift relied on the Hubble constant value of Hy = 558 km/s/Mpc, the available
estimate at that time. However, if we rescale Zwicky’s result for the current measured
Hubble constant Hy = 67.4 + 0.5 km/s/Mpc [1] and if we use the modern estimates
for the visible mass of Coma Cluster M,;s = 1.6 x 1014 M, [13], the velocity dispersion
of 1008 km/s [14] and the radius R = 7.2 x 107 light-years [13], we get a virial mass
of M = 1.9 x 10" M, leading to a one order of magnitude excess of mass which still
represents a strong indication of dark matter.

Galaxies rotation curves Further clues for the presence of non-visible mass are
present on the galactic scale from pretty straightforward dynamical considerations. We
observe luminous objects, as gas clouds, stars, globular clusters, moving faster than
what would be predicted by the newtonian gravitational attraction from all the other
nearby visible objects. Measurements of the rotation curves of several spiral galaxies
are certainly the most intuitive evidence of DM. In 1970s, much improved spectroscopic
techniques allowed to extend observations to the edge of galaxies and therefore to com-
pare spiral galaxies rotation curves predicted from photometry with those measured
from the 21 cm radio observations. Thanks to the low absorption in the insterstellar

the cluster, such interpretation was in tension with the typical time scale for an unstable cluster to
evaporate, which would have happened long time ago [10].

10
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Figure 1.2: The observed rotation curve of the M33 (or NGC 598) galaxy. Dashed line is the expected
rotation curve based on Kepler’s law with the optical mass profile in the galaxy. The discrepancy
suggests the DM dominance over luminous matter. Freedman derived a mass-to-light ratio as high as
20 at largest radii, based on data in [15]. M33 is a spiral galaxy distant 3 x 106 light-years from Earth,
also known as Triangulum Galaxy. Plot from [16].

medium of the neutral hydrogen (HI) line, it is possible to measure the velocity of hy-
drogen clouds beyond the galactic optical disk. The earliest claim of a mass discrepancy
in galaxies was derived from the rotation curve of M33 (see a modern illustration in
figure 1.2) by Kenneth Freeman in 1970 [17]. The motion of objects in a spiral galaxy
can be described as stable Keplerian orbit, whose rotational velocity v only depends on
the distance r from the galactic center and the mass M (r) inside the orbit, scaling like
v(r) o< /M (r)/r. Outside the optical disk of the galaxy, the (visible) mass distribution
stays constant and the velocity should drop with radius as v(r) oc #~ /2. In most galax-
ies we observe, instead, an approximately constant rotational velocity in the outermost
regions. To account for that, one must introduce a dark halo of invisible matter with a
density profile p oc 1/72, i.e. M(r) o 7, which extends much beyond the distribution
of luminous matter in the galaxy. One popular example of density distribution for DM
halos is the Navarro-Franck-White (NFW) profile [18]:

_ ps
) = Gy e (1.2)

where 75 and ps are the characteristic halo radius and density. A recent study of a

sample of 50 galaxy clusters (in a redshift range 0.15 < z < 0.3) has shown that the
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Figure 1.3: Image distortion induced in different regimes of gravitational lensing. An intrinsically
circular object along the line of sight through the Universe is distorted into an ellipse by weak lensing
shear with a typical axis ratio of ~ 2%. Flexion curvature is typically introduced by nearer concentra-
tions of mass. Strong gravitational lensing produces multiple images and giant arcs in directions close
to the most massive galaxies of a cluster. Illustration from [20].

dark matter density profile derived from gravitational lensing measurements is perfectly
fitted by the NFW distribution [19]. Such considerations on the presence of DM halos in
most of known galaxies points to a lower bound on the DM mass density of Qpar = 0.1
(see section 1.1.2 for the current estimate of DM abundance in the Universe).

Gravitational lensing Many lines of research in astronomy related to dark matter
are based on gravitational lensing effects, particularly suited to trace DM distribution
in galaxies, clusters of galaxies and even larger scales. It is the most direct method to
study DM through its gravitational influence on visible matter. A massive object that
is interposed between the observer and a luminous source acts as a gravitational lens.
Light rays are bended passing through the warped space-time of a gravitational field,
analogously to what happens in case of optical refraction. This effect was actually the
first experimental verification of general relativity when discovered in 1919 by observing
the apparent motion of the stars in the Hyades Cluster while they passed behind the
Sun during a solar eclipse |21]. Different flavours of gravitational lensing are exploited
to trace matter distributions, depending of the strength and distance of the lens (see
the illustration in figure 1.3). If a distant source is behind a dense concentration of
mass, the light can travel along multiple paths and the object can eventually appear
as an “Einstein ring” or in multiple locations. That is called strong lensing and can
be used to reconstruct the distribution of mass in the lens. Hundreds of galaxies have
been investigated through strong lensing, measuring their DM fraction and density
profiles [22]. However, the majority of lines of sight do not cross strong gravitational
lens, such as the core of galaxies and clusters of galaxies, and the light deflection can
be very slight. That is the regime of weak lensing, where the distortion of a luminous
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source can be approximated to a locally linear transformation of the sky. Observations
of weak lensing are conducted, e.g., on almost aligned galaxies on the line of sight.
Their intrinsic shapes are uncorrelated to first order and must average out as circular
in absence of lensing. Due to the weak gravitational lensing effect, the average shape
is an ellipse with a typical distortion of ~ 2% on the major-to-minor axis ratio, as first
detected in the most massive clusters in 1999 [23]. Weak lensing signals from more than
three hundred thousands galaxies revealed a typical DM halo of mass 1.4 x 102M,
around galaxies with a stellar mass of 6 x 10'°M, [24]. The combination of weak and
strong lensing has been used to probe the total mass of the Hubble Space Telescope
SLACS survey of elliptical galaxies, resulting in required DM halos of 1.2 x 10'3 M, for
galaxies with luminous mass of 2.6 x 10' M, [22]. Halfway between weak and strong
lensing is flexion, a second-order effect measurable in the case the projected mass of
a lens has a steep spatial gradient leading to the formation of an arc [25]. Flexion
measurements are useful to reconstruct the mass around the bulk of galaxy clusters
when the light deflection is too low for strong lensing and the cluster area is too small
to perform a significant weak lensing analysis.

Bullet Cluster Evidence for dark matter in galaxy clusters found a spectacular ex-
ample in the case of colliding clusters, as the famous Bullet Cluster (1E0657-558) shown
in figure 1.4. Most of the baryonic mass of the clusters is in sparse intergalactic gas,
which was heated to very high temperatures when the collision happened (recently on
cosmological time scales). The consequent emission in the X-ray regime is so high that
a clear image of the matter distribution of both clusters can be obtained with an X-ray
telescope, like Chandra (the pink area in figure 1.4). That represents the distribution of
the majority of ordinary matter, the intergalactic gas, which was shocked and deceler-
ated in the collision, while the galaxies in the clusters proceeded on ballistic trajectories.
The total mass of the Bullet Cluster can be reconstructed by weak lensing as both clus-
ters have significant mass to act like gravitational lenses. The mass distribution mapped
by imaging objects behind the clusters is shown in blue. An integrated analysis of the
Bullet Cluster in 2004 [26] clearly showed the discrepancy between the distribution of
ordinary matter with respect to the total mass. That was considered a “direct empir-
ical proof of the existence of dark matter”. Some tensions arose in the following years
about the interpretation of the Bullet Cluster case. Numerical simulation based on the
ACDM cosmological model could not reproduce the observation. However, computer
models are still limited by several choices to be made on the physics to simulate, to
approximate or to exclude in order to deal with the available computational power. In
particular, technical decisions on the model box size and the resolution of features in
the model seem to have a huge impact on the simulation outcome, pointing to the need
of increasing both causing a yet unaffordable computational cost.
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Figure 1.4: The Bullet Cluster as seen by the Hubble and Magellan optical telescopes. This is
the remnant of the collision of a small “bullet” cluster that passed through a larger galaxy cluster.
The X-ray image from the Chandra X-ray observatory is overlaid in pink, showing the density of hot
gas in the two clusters which constitutes most of the (ordinary) mass. The region in blue represents
the mass distribution reconstructed from weak lensing measurements. The clear discrepancy between
the ordinary matter, slowed down and heated during the collision, and the total mass distribution,
basically unaltered, is considered one of the most compelling evidences of DM existence and that its
self-interaction and with ordinary matter is very weak. Picture from [26].

1.1.2 Cosmology

Dynamical anomalies in galaxies and clusters first led to the postulation of dark matter
to account for unobserved mass. But to solve this kind of problems one could also invoke
modifications to the laws of dynamics, as Einstein modified the newtonian gravity to
explain the precession of Mercury’s perihelion [27]. The same approach is followed by
modified gravity models, which are consistent with galactic data [28] without any form
of DM (even though many of these models have been ruled out by the recent observation
of gravitational waves, see section 1.1.3). In this perspective, cosmological evidences
for DM are much more specific and cannot be explained in terms of modified gravity
scenarios.

14



1.1. Dark matter evidence

CMB and ACDM model The rise of physical cosmology in the 1970’s [29] brought
a significant impetus to the DM hypothesis since it is an integral part of the ACDM
model of cosmology, which is now the standard in the field. The success of such model
mostly resides in its almost incredible consistency with cosmological observations over a
huge range of distances (from Mpc to the Hubble scale) and times (from the present day
to 10% years ago). In particular, ACDM can describe the Cosmic Microwave Background
(CMB) temperature anisotropies, from which fundamental cosmological parameters are
estimated with remarkable precision.

The accidental discovery of the CMB radiation by Penzias and Wilson [30] at Bell
Labs in 1965, who actually needed Dicke, Peebles, Roll and Wilkinson to interpret the
observed excess antenna temperature as the left-over radiation from the Big Bang [31]
predicted by Gamov in 1948, set a milestone for the Hot Big Bang model of cosmology.
The spectrum of CMB is a perfect black body with a temperature Ty = 2.7255 +
0.0006 K [32] and is isotropic at the 1075 level. Those are relic photons from the early
Universe stage when temperature dropped to ~ 3000 K, allowing the recombination of
electrons with protons and making the Universe transparent to photons as their energy
was not sufficient to ionize hydrogen. The tiny temperature anisotropies of the CMB
radiation are originated from quantum fluctuation of the inflation fields stretched during
the inflationary epoch. High precision studies of the CMB anisotropies enable accurate
testing of cosmological models and give stringent constraints on their parameters. As we
observe almost gaussian temperature fluctuations, all the information contained in CMB
maps can be compressed to a power spectrum through the expansions of anisotropies
into spherical harmonics (where larger multiple moments ¢ correspond to smaller angular
scales). The Planck collaboration recently released the final full-mission measurements
of CMB anisotropies [1] with unprecedented precision, from which a cold dark matter
density of

Qparh? = 0.120 £ 0.001 (1.3)

is inferred as well as a baryonic matter density Qph% = 0.02244-0.0001, meaning that DM
is more than 5 times more abundant than baryonic matter. Moreover, the derived total
matter density is Q,, = 0.315+0.007, the remaining 68.5% of the Universe content being
in the form of Dark Energy A, the vacuum energy term of unknown nature introduced
to account for the accelerated expansion of the Universe and its flatness [33].

Structure formation For many cosmologists, considerations about the structure for-
mation in the Universe bring the strongest argument for DM existence. The structures
present in the Universe are originated from initial perturbations in matter density that
grew sufficiently to form the galaxies and clusters we observe. Perturbations can only
grow during matter domination, after the radiation dominated epoch, proportionally to
time as d0p/p o 1/z. From the CMB anisotropies we know that initial perturbations
were of the order of dp/p ~ 1075 at the recombination time, 2y =~ 1300. Perturba-
tions in baryonic matter can start growing only after recombination, since the baryonic
plasma is tightly coupled to radiation. And for the same reason, the size of initial
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perturbations has to be equal to that of fluctuations in CMB radiation. Under the
hypothesis that only baryonic matter exists, today’s perturbations should be in the or-
der of (6p/p)rec X zrec ~ 1072, Nonetheless, structures are formed already in present
time and perturbations in matter can be considered in non-linear regime: dp/p = 1.
To solve this contradiction, a non-baryonic form of dark matter has to be introduced
in order to let the structure formation start prior to recombination [34]. Matter dom-
ination starts earlier in the presence of DM which was free to aggregate due to very
weak self-interaction, as opposed to baryonic matter. Dark matter is needed as seed for
structures formation, while baryons started aggregation at later times by falling into
already existing gravitational wells.

1.1.3 Modified gravity paradigm

Although numerous indications form different fields and scales point to the existence of
DM, such a mysterious form of matter has never been directly detected so far. What
we discussed in previous sections are compelling but indirect evidences for additional
unseen matter in the Universe, all relying on the common assumption that General Rel-
ativity (GR) holds as the ultimate theory of gravitation. Therefore, as an alternative
to the introduction of more, “dark”, mass, one could actually modify the theory of grav-
itation itself to explain the observed phenomenology of galaxies. That is the modified
gravity paradigm, which developed in last decades as opposed to the dark matter in-
terpretation. Einstein’s GR has successfully passed every direct experimental test, but
only up to small scales, such as planetary orbits, compared to galactic or cosmological
scales. Alternative gravitational theories have then to reduce to GR at sub-galactic
scale and solve the DM problem up to the cosmological scale.

The first significant attempt to reject the DM paradigm dates back to 1982 when
Mordehai Milgrom proposed the Modified Newtonian Dynamics (MOND) [35] as “a
possible alternative to the hidden mass hypothesis”. The basic idea was pretty simple:
Newtonian dynamics does not apply to objects with very low acceleration. Milgrom
introduced a preferred scale of acceleration, in the order of the centripetal accelerations
of gas clouds in the outskirts of disk galaxies (ag ~ 107!% m/s?), to modify the second
law of dynamics:

fi(a/ag)d = —Voy . (1.4)

The positive monotonic function ji tends to unity when a > a¢ and approximately
equals its argument in the deep MOND regime (a < ag), while ® is the newtonian
gravitational potential generated by the baryonic mass density. The MOND theory
could very well explain the constant galactic rotation curves [36] and softens the mass
discrepancy in galaxy clusters [36], even though a factor ~ 2 remains by applying
the MOND analogue of the virial theorem. However MOND is an intrinsically non-
relativistic model and insurmountable obstacles arise in attempts to extend it to rela-
tivistic formulations, like the need for a superluminal propagation of a scalar field [37].
A relativistic theory pinned on the MOND paradigm was proposed by Jacob Beken-
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stein under the name of TeVeS theory [38]. Instead of introducing a new (superluminal)
scalar field, TeVeS describes gravity by three different fields: the Bekenstein metric ten-
SOr Jog, & sclar field ¢ and the Sanders vector field A,. The theory, based on a covariant
action, reduces to MOND in the weak field limit, to GR for not tiny accelerations and
to newtonian dynamics in the non-relativistic limit.

The modified gravity paradigm is explored also by other generalizations of GR not
based on Milgrom’s MOND. An example of alternative explanation to DM evidence
comes from the f(R) gravity theory [39]. In this case, Einstein’s GR is extended by a
family of modified gravity theories, each of them defined by a different function f of
the Ricci scalar R (the curvature of the space-time manifold), relaxing the assumption
of GR that the Hilbert-Einstein action for the gravitational field is linear in the Ricci
scalar. Galactic and extragalactic anomalies can be solved by an accurate selection of
these functions f, but with the requirement of a scale and time dependent gravitational
constant.

Dynamical anomalies at the galactic scale can also be explained by the Entropic (or
Emergent) Gravity (EG) theory recently proposed by Erik Verlinde [40]. Gravity is not a
fundamental interaction anymore, but an entropic force emerging due to the increasing
entropy linked to the information associated to mass distributed in space, under the
assumption of quantum gravity’s holographic principle. Though controversial in its
fundamental aspects, EG successfully passed the first empirical tests from weak lensing
measurements of the mass density of more than 30 thousands galaxies [41].

Constraints from gravitational waves observation The extraordinary detection
of the first gravitational waves (GWs) not only marked a historical passage for modern
physics, paving the way for a whole new sector such as multi-messenger astronomy,
but it has immediately provided important experimental answers to the modified grav-
ity paradigm. On August 17, 2017, the Advanced LIGO-Virgo experiments picked up
a clear signal of gravitational waves from a binary neutron star merger in the NGC
4993 galaxy [42], named GW170817A. That was the fifth gravitational-wave detec-
tion, since the breakthrough discovery of the first GW from the coalescence of a bi-
nary black hole [43], happened on September 14, 2015. But GW170817A was the first
ever gravitational wave observed in coincidence with an electromagnetic counterpart.
About 1.7 seconds after the event registered by LIGO-Virgo, a short gamma-ray burst
(GRB170817A) was recorded by the Fermi satellite from a similar location in the sky [44]
and the GW source was observed throughout the entire electromagnetic spectrum in
the following days. The NGC 4993 galaxy is approximately 1.3 x 10! light-years away
from the Milky Way and the time delay of less than 2 seconds between the GW and
electromagnetic signals implies that GWs and light travel at the same speed within 1
part in 10 [45]. This single observation improves previous constraints by 14 orders
of magnitude and actually represents the first ever test of Einsten’s weak equivalence
principle (WEP), according to which photons and gravitons experience the same time
delay (Saphiro delay) passing through a non-zero gravitational potential. As a conse-
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quence, entire classes of theories of gravitation alternative to GR, with no dark matter
postulation, have been ruled out in one go. Theories beyond GR plus a cosmological
constant, such as disformal theories [46], require the presence of new dynamical fields
which can mix with GW, modifying their speed by an effective refractive index other
than 1. Hence the almost perfect simultaneity of GW170817A and GRB170817A ex-
cludes any cosmologically relevant scalar field in disformal theories of gravity [47-49].
Also TeVeS and the whole class of modified gravity models known as MOND-like DM
emulators seems to be rejected since they violate the WEP as they couple ordinary
matter to a modified metric tensor g, (like the Bekenstein’s tensor) while GWs couple
with the standard g, [50]. Moreover, we know that the time arrival on Earth of the
light from the GW170817A event has been delayed by a few years due to the warped
space-time along the line of sight, as derived from weak lensing measurements of DM
density in that direction. Therefore, GWs must have experienced exactly the same time
delay, providing a strong evidence for dark matter’s effect on gravitational waves.

1.2 Particle dark matter hypotheses

The discussion of the “dark matter problem” leads to a first dichotomy between the
particle DM and the modified gravity paradigms. From here onwards, we will stay
under the former as this work comes in the context of the experimental direct search
for particle DM. The second level question is then about the physical nature of the
hypothetical dark matter particle, or particles. That is not a dichotomy of course, but
an inquiry that faces a vast horizon of possibilities. There is no shortage of particle
physics models which fulfil the requirements for explaining DM; with very different
production mechanisms and within a huge range of particle masses, from 1075 eV of
axions to 10'® GeV like super heavy WIMPs (see section 1.2.2). Candidates for DM
must be stable on cosmological time scale, otherwise they would have decayed by now,
and they must have the correct relic density as in equation (1.3). To be “dark”, they
also must interact very weakly with electromagnetic radiation, being gravitational and
(possibly) weak interaction the only interactions with whom they are coupled.

Dark matter plays a crucial role in the formation and evolution of structures in the
Universe, as it accounts for a quarter of the total mass-energy budget of the Universe
(see also section 1.1.2). The hypothesized primordial velocities of DM particles during
the Inflation era, when DM decouples from the cosmological fluid, has a big impact
on processes of structures formation. Three main scenarios can be distinguished based
on DM velocity dispersion at decoupling: hot dark matter (HDM), for relativistic DM
particles, cold dark matter (CDM), where DM is non-relativistic, and warm dark matter
(WDM), which is the intermediate case.

Yakov Zeldovich proposed a top-down model of structure formation [51], in which
relativistic DM implies that large structures were formed first in pancake-like shapes
and then fragmented into smaller units. The primary candidates as DM particles in this
scenario are Standard Model relic neutrinos. However, considerations about galaxies’
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observed age and constraints on neutrinos’ relic density reject the HDM hypothesis.
Such a model is discussed in section 1.2.1, as well as baryonic matter which has been
excluded to be the main contributor to the total DM budget in the Universe.

Nowadays, the CDM scenario is the most accepted and supported. DM particles
slow down to non-relativistic velocities before decoupling and large structures are formed
hierarchically from aggregation and clustering of small objects which collapsed first
under their self-gravity, in the so-called bottom-up model. First evidences for CDM
came in 1970s from N-body simulations of the formation of astrophysical structures
by Ostriker and Peebles [52]. They could not reproduce spiral or elliptical galaxies
starting with a matter distribution with total mass equal to the visible mass of the
galaxies. But when they added a static and uniform distribution of matter, with mass
from 3 to 10 times the total mass of the galaxy, they obtained recognizable structures.
Numerous modern numerical simulations, e.g. Millennium Simulations [53, 54|, under
the CDM scenario show an excellent agreement with the observed matter distribution in
the Universe. Moreover, astrophysical objects are produced in time scales in agreement
with observations by the CDM N-body simulations, while in the HDM scenario the
present structures can be reproduced but in a much longer time. The success of this kind
of simulations (see figure 1.5) contributed, along with studies of CMB, to make ACDM
the standard model of cosmology, whose key ingredients are the inflationary expansion
of the Universe at early stages, the mysterious Dark Energy opposing to gravitational
collapse to explain the current expansion, and cold dark matter to describe the formation
and existence of astrophysical structures. A number of viable particle candidates for
CDM arise naturally in theories beyond the SM. The main particle models are briefly
discussed in section 1.2.2; with particular attention devoted to WIMPs in section 1.2.3,
which is the most investigated class of candidates for CDM.

The CDM paradigm seems to predict galactic halos more centrally concentrated than
what is currently observed. A better agreement with halo structures can be obtained
with warm dark matter [55], while preserving the successful CDM predictions at larger
scales. WDM leads to a top-down model for formation of small structures and bottom-
up for larger ones. The best motivated candidate for WDM is sterile neutrino, a right-
handed neutrino whose interaction is merely gravitational (see section 1.2.2).

1.2.1 Excluded candidates

The field of DM candidates is extremely wide and obscure. Our best knowledge on the
fundamental nature of possible DM particles is actually about what they are not. When
the number of hypotheses is so large, science usually advances by sifting the simplest
ones first. The dark matter quest is no exception. One then starts asking himself if
any of the known particles can account for the observed DM, before trying with more
or less new particles. The answer to this question is no, DM has to be something else
than anything included in the Standard Model. In this section we briefly discuss the
main possibilities to explain DM with ordinary matter and why they are rejected.
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Figure 1.5: Millennium-II Simulation of dark matter evolution under the assumption of ACDM
cosmology. A sequential zoom is shown starting from the large image (upper left), a slice through the
full 100 A~ *Mpc simulation box at redshift zero, centered on the most massive halo in the simulation.
This halo has similar mass to the one of the Coma Cluster. It is composed of 119.5 million particles, and
contains approximately 36,000 resolved subhalos. Starting from the upper right and moving clockwise,
subsequent panels zoom into the cluster region and show slices that are 40, 15, 5, 2, and 0.5 h"*Mpcon a
side. This simulation demonstrates excellent convergence in observed dark matter halos characteristics
over an unprecedented range of scales, from halos similar to those hosting Local Group dwarf spheroidal
galaxies to halos corresponding to the richest galaxy clusters. Image from [54].
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Baryonic matter Ordinary matter, but non-luminous and therefore undetectable
through direct observation was hypothesized as responsible for the mass contained in
dark galactic halos. The class of such objects made of baryonic matter are called Massive
Astrophyisical Compact Halo Objects (MACHOs). These include brown dwarf stars,
cold clouds of molecular hydrogen, black holes of ~100 solar masses. The MACHO
project tested this hypothesis via microlensing measurements in the Large Magellanic
Cloud concluding that MACHOs could contribute to DM but for less than 10-20% of the
total DM amount in galactic halos [56]. The EROS-2 experiment, twice more sensitive,
did not confirm MACHO's signals as it found no significant microlensing effects [57].
Baryonic matter could in principle still be a contributor to DM, but just in sub-dominant
percentage as result from these searches.

Relic neutrinos Neutrinos were one of the first suggested candidates due to their
“dark matter-like” properties: they are stable, interact with matter very weakly and are
massive. In Zeldovich’s HDM scenario, relic neutrinos forming the Cosmic Neutrino
Background (CvB) [58] predicted by the Big Bang cosmology are the natural DM can-
didate particles. Neutrino’s relic density is given by €,h% = Z?Zl m;/93 eV, where the
sum is over the mass of the three neutrino flavours. The strongest constraint on the
summed neutrino mass is provided by the latest Planck’s data [59]:

D my, <0126V (1.5)

Such upper bound implies a limit on the relic density of Q,h? < 0.0013 which is way
too low to account for the estimated total DM density in equation (1.3).

As already mentioned, another argument against DM in the form of SM neutrinos
comes from their relativistic nature and the subsequent top-down formation history of
the Universe which is rejected by N-body numerical simulations. Moreover, the Milky-
Way appears to be older than the Local Group [60] and we observe galaxies with redshift
z > 4 [61], while the top-down evolution of the HDM scenario predicts late formation
of galaxies, at redshifts z < 1 [62].

1.2.2 Non-baryonic dark matter

We excluded baryonic matter, Standard Model and relativistic particles. We need non-
baryonic candidates, stable, only subject to gravitational and (perhaps) weak interaction
and which are part of a new theoretical framework beyond SM. The DM required
properties could be satisfied by a great variety of particles predicted in different theories,
from minimal extensions of SM to String theory, form Supersymmetry (SUSY) to Extra-
dimensions models. Great interest in the astroparticle physics community has been
devoted to the class of WIMPs, among which SUSY particles appear natural candidates
for DM (see section 1.2.3). In this section we briefly review all the other interesting,
non-baryonic, viable solutions to the DM problem.
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Axions Widely-discussed DM candidates are the azions, occurring in extensions of the
SM solving the strong CP problem, and azion-like particles (ALPs), which are predicted
by embeddings of the SM in String theory. Peccei and Quinn postulated a new global
U(1)pg chiral symmetry to address that QCD does not violate the CP symmetry [63].
The U(1)pg symmetry is spontaneously broken by a Nambu-Goldstone boson, called
axion, whose mass is constrained to m, = 2.6 +0.3 x 107° eV by numerical simulations
under the assumption that it makes up all of the dark matter [64]. The relic abundance
of axions strongly depends on assumptions made about the production mechanism. It
is possible to find an acceptable range where axions’ relic density is compatible with
that of non-baryonic DM. They are also expected to interact extremely weakly with
ordinary particles. Axions are then viable candidates for light dark matter.
Experimental searches are based on the Primakoff effect [65]: under an adequate
magnetic field axions are converted into photons. The current strongest constraint on
the axion-photon coupling strength was obtained by the CAST experiment at ga, <
6.6 x 10711 GeV /c? [66] looking at solar axions. Observable signatures can rise also from
the coupling to electrons through the axio-electric effect [67], analogue to the photo-
electric process. The XENON100 experiment set the best limit on such interaction to
gae < 7.7 x 10712 [68]. The ADMX experiment, dedicated to the search for axionic
DM, recently demonstrated unprecedented sensitivity to axion-photon coupling [69] and
promises to provide nearly definitive test of axions models in a wide range of masses.

Sterile neutrinos Singlet SU(2) x U(1)y sterile neutrinos, with no SM weak interac-
tion, were proposed as DM candidates in 1994 by Dodelson and Widrow [70]. They are
the natural choice in the warm dark matter scenario, but must have mass in the order of
keV since lighter neutrinos forbids the formation of DM structures at large redshift [71].
Relic keV neutrinos v4 can be detected if they mix with ordinary neutrinos via radiative
vs — vy decays [72], which produce a flux of mono-energetic photons observable by
X-ray satellites. Recent evidence for an X-ray line at ~ 3.5 keV was registered by the
XMM-Newton satellite |73, 74] and interpreted as decaying DM. The existence of this
line, however, was not confirmed by the Suzaku [75] and Hitomi |76] missions.

SUSY candidates Supersimmetry is the most popular extension of the SM as it
addresses numerous phenomenological issues, like e.g. the hierarchy problem [77], the
missing unification of gauge symmetries at high energies [78| or the fine tuning problem
of Higgs boson mass [79]. SUSY is a space-time symmetry defined by supermultiplets
consisting of a SM particle and its supersymmetric partner holding the same quantum
numbers but the spin, differing by 1/2. Such a framework requires the postulation of
many new particles among which several candidates for CDM can be found. Particular
attention is dedicated to the lightest supersymmetric particle (LSP), since in SUSY
models with R-parity conservation it is stable. All of the SM particles have R-parity
equal to 1 and all their superpartners have R = —1. Thus, from R-parity conservation
(first introduced to suppress the rate of proton decay), SUSY particles can only decay
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into an odd number of superpartners. The LSP is, therefore, stable and can only be
destroyed via pair annihilation, making it an excellent dark matter candidate.

The partners of neutrinos, named sneutrinos, have long been considered potential
DM contributors. If their mass ranges between 550 and 2300 GeV, the relic density can
be of the desired order for DM. However, the cross section of scattering on nucleons
appears to be higher than exclusion limits set by DM direct detection experiments [80)].

Gravitinos, the superpartners of graviton, are considered to be strongly theoretically
motivated as in some SUSY scenarios they are the LSP. They interact only gravitation-
ally, thus their observation is extremely difficult [81].

Another possible LSP in SUSY models is the azino, a Majorana chiral fermion
superpartner of the axion, since its mass is strongly model-dependent, ranging form
~ eV to ~ 10'5 GeV. Axinos are capable of acting as WDM [82] and, for quite low
reheating temperatures at the end of Inflation, also as CDM [83]. They share similar
phenomenologic properties with gravitinos.

The most studied and investigated DM candidates are, however, the neutralinos,
the superpartners of neutrinos which are the LSP in R-parity conserving SUSY models.
A more extended description of neutralinos is given in the following section.

Other particle DM models Superheavy DM particles, also known as Wimpzillas,
are taken into consideration as non-thermal DM candidates [84], with masses from 100
up to 10'® GeV. Such particles were initially proposed to explain the ultra-high energy
cosmic rays, above the GZK cut-off (~ 51010 GeV) at which the Universe becomes
opaque to protons on cosmological scales. The decay or annihilation of superheavy DM
are hypothesized as the production mechanism of so energetic protons [85].

In the context of Extra Dimensions theories, Kaluza-Klein (KK) excitations of SM
fields also come as viable candidates for DM, in particular the lightest KK particle [86].
The idea of an Extra Dimensions model was carried out by Theodore Kaluza in 1921 [87]
to include electromagnetism in a “geometric” theory of gravitation by adding new di-
mensions besides the 341 observed. The typical mass range of the lightest KK particle
is 100-1000 GeV.

Many other examples of DM candidates arise from more or less exotic models, which
include (in a not fully comprehensive list) mirror particles |88|, light scalar DM 89|, DM
from little Higgs models [90], charged massive particles (CHAMPs) [91], self-interacting
DM [92].

1.2.3 Weakly Interacting Massive Particles

The DM evidence and the strongest arguments about its properties made the generic
class of WIMPs, and the lightest neutralino of supersymmetry among them, the best
suited candidate as particle DM constituent, attracting the majority of efforts in ex-
perimental searches for DM during the last decades. WIMPs satisfy all the better
established DM characteristics: it must be electrically neutral, non-baryonic, massive,
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Figure 1.6: The DM yield, Y, as a function of x = m, /T for a standard freeze-out scenario. At
freeze-out, the actual abundance leaves the equilibrium value and remains essentially constant; the
equilibrium value, on other hand, continues to decrease so freeze-out is key to preserving high relic
densities. Furthermore, the larger the annihilation cross section, (ov), the lower the relic density. Plot
adapted from [94].

cold at decoupling from primordial thermal plasma, with interactions not stronger than
weak nuclear forces with ordinary matter and feeble self-interaction, and stable or ex-
tremely long lived (lifetime < 160 Gyr [93]). Moreover, the observed DM relic density
is obtained from basic and generic considerations on the nature of WIMPs.

If they are stable, there is a cosmological relic abundance produced during the Big
Bang. Assuming for such particles a mass m,, one has that for 7' > m, they were in
thermal equilibrium while at temperatures below m, they decoupled and their abun-
dance started to lower. Finally, when the expansion rate of the Universe became larger
than the annihilation rate (I'gnn, < H, where H is the Hubble constant), the WIMP
abundance “froze out”, resulting in the current relic abundance (see an illustration in
figure 1.6). The evolution of the WIMP density is described by the Boltzmann equation

dn, _ eq
X BHny = —{oa0)[(ny)” — (n§)?], (1.6)

where n3? is the number density at the thermal equilibrium and (c,v) is the thermally
averaged total annihilation cross section. For massive particles (non-relativistic limit)

24



1.2. Particle dark matter hypotheses

and in the Maxwell-Boltzmann approximation, ny! is given by

- 3/2
eq __ my —my /T
nxq—g< 5 ) e/ T (1.7)

where g is the number of degree of freedom, m,, the particle mass and 7" the temperature.
As said, the “freeze-out” is verified for I'y,,, = H that results in a temperature T ~
my/25 [95]. Introducing the entropy density s = 2w2g,.7°/45, where g, counts the

number of relativistic degrees of freedom, and using the conservation of entropy per
co-moving volume, one finds

CAC )T , (1.8)

- B 1
(ny/s)o = (ny/s)f = (oqv)s(Ty) g*/ myMp(oav)

where Mp is the Planck mass and the subscripts 0 and f denote the present and the
freeze-out epoch, respectively. Thus, the relic density can be expressed as function of
the annihilation rate:

341
_ My o7 CIM”S

pe 310 <0'av>
which is independent from m,. The annihilation cross section of a new particle inter-
acting at the weak scale can be estimated as: (o,v) ~ 1072% cm?® s™!. Such value is
close to the one derived from cosmological arguments. This strongly suggests that if a
stable particle associated with the electro-weak scale interactions exists, then it is likely
to be the dark matter particle. This coincidence, also known as the “WIMP miracle”,

has provided strong motivation for WIMP searches.

Q,h? : (1.9)

The neutralino The Minimal Supersymmetric Standard Model (MSSM) contains the
smallest possible field content necessary to give rise to all the Standard Model fields. In
MSSM, binos (B), winos (W3) and higgsinos (HY and HY) states mix into four Majorana
fermionic mass eigenstates, called neutralinos. The four neutralinos are labeled as: Y,
Y, )Zg and xJ. The first of them is the lightest one and it is referred as the neutralino,
X=X

The most relevant neutralino interactions for dark matter searches are self anni-
hilation and elastic scattering with nucleons. At low velocities, the leading channels
for neutralino annihilations are into fermion-antifermion, gauge bosons pairs and final
states containing Higgs bosons.

All the possible annihilation processes are of interest for indirect dark matter
searches (section 1.3.2), while direct detection techniques (section 1.3.2) are based on
the elastic scattering processes. WIMP interactions with matter can be divided in two
types: spin-independent (SI) and spin-dependent (SD). A scalar interaction, i.e. SI,
with quarks can be expressed as

Lscalar = aqquq ) (110)
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Figure 1.7: Feynman diagrams for (a) neutralino-quark scalar (spin-independent) elastic scattering
interactions; (b) neutralino (spin-dependent) axial-vector interactions [96].

where a4 is the WIMP-quark coupling. The scattering cross section is given by

4m?
Oscalar = TT ;3,11 ) (111)

where m,. is the reduced mass of the nucleon and f,, is the coupling to protons and
neutrons. The total scalar cross section for interactions with a nucleus, in the case of
zero transfer momentum, is given by the sum over all the nucleons:

2
dm;

2
o= <pr+(A—Z)fn> . (1.12)
A spin-dependent interaction, i.e. axial-vector interaction, between WIMPs and
quarks can be expressed as

Lav = dxv"vsxqv" 54 (1.13)

where d, is the generic coupling. The Feynman diagrams for both SI and SD neutralino
interactions are shown in figure 1.7.
The cross section for SD interactions is given by [97]

do 1l ————
W = W’T(UQW ) (1.14)

where v is the WIMP velocity relative to the target and T'(v?) is the scattering matrix
element. At zero momentum transfer, one has
—  4(J+1
TOP = Y 0,08+ dant + d,02)(5,) +
+ (duAy + dg A + dsAT+)(Sn)[? (1.15)

where J is the total nuclear spin of the target nucleus, AZ’SS are the fractions of
the nucleon spin carried by a given quark and (Sj ) are the expectation values of the
total spin of protons and neutrons, respectively. For target nuclei with even numbers
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of protons and neutrons, the total spin is equal to 0. Thus, for such nuclei, the spin-
dependent cross section vanishes.
Another kind of interaction to be considered is the WIMP-quark vector:

Ly = bgXVuXTVud (1.16)

where b, is the WIMP-quark vector coupling. The zero transfer momentum cross section
can be expressed as [98],

mim?v[2pr + (A - Z2)b,)?
64m(my + mny)?

: (1.17)

g =

with by, = GF(T; — 2e,48in%0y)/V/2, where G is the Fermi constant, Tg’ and e, are the
weak isospin and electric charge of the quark q, respectively, and 6y is the Weinberg
angle.

1.3 Experimental efforts for dark matter detection

For nearly three decades the experimental search for dark matter has been continuing
its intense activity with impressive and rapid progress. The compelling evidence of DM
existence associated with the absence of a clear detection yet, has attracted a great
interest in the field from different branches of physics, from astrophysics to particle
physics. The experimental dark matter community is going through a great ferment
of ideas and investments in new experiments and technologies. The search for DM
is nowadays one of the major experimental challenges for physics and it is constantly
growing in terms of results, number of dedicated experiments and involved scientists.
Three distinct lines of research can be identified: direct or indirect methods to DM
detection and production at high energy colliders (see figure 1.8).

Direct detection (DD) experiments search for low energy scattering of WIMPs off
atomic nuclei in ultra-low background detectors, typically operated deep underground
(see section 1.3.1). The indirect detection (ID) strategy, instead, searches for annihi-
lation products of dark matter exploring possible excesses of standard particles, such
as gamma rays, X-rays, neutrinos, positrons and antiprotons, over the astrophysical
background (see section 1.3.2). More recently, also the LHC experiments are devoting
increasing attention to DM by looking for emerging DM particles produced in high
energy collisions, whose signature would be missing energy in the reconstructed event
associated to familiar particles as quarks, gluons, photons or Z bosons (see section 1.3.3).

1.3.1 Direct WIMP searches

Direct detection searches for dark matter were born with the idea proposed by Goodman
and Witten [98] that WIMPs could be detected by their collision with atomic nuclei in
Earth-based experiments, following an earlier suggestion by Drukier and Stodolsky [99],
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Figure 1.8: Schematic representation of the possible dark matter couplings to a particle P of ordinary
matter. While the annihilation of DM 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 (upward direction). Direct detection experiments search for elastic scattering of dark matter
off ordinary target particles, typically baryons (horizontal direction).

in 1984, to detect solar and reactor neutrinos through their elastic neutral-current scat-
tering off nuclei. Interestingly, such interaction of neutrino represents the ultimate
background for non-directional direct WIMP searches (see section A.3), as experiments
can not be shielded from the astrophysical and atmospheric neutrino flux which gives
a signature indistinguishable from that of a WIMP.

The direct detection technique requires an ultra-low background, which is achieved
by shielding the detector from environmental radioactivity and enhancing the radiop-
urity of detector elements, including construction materials and the target medium
itself (see section 2.2.3 for a discussion on background reduction strategies adopted in
XENONIT). In addition, methods of discrimination between WIMP and background
recoils are employed to disentangle DM signals from residual background. An alterna-
tive DM signature can be provided by annually modulated signals due to Earth’s motion
through the DM galactic halo [100]. Efforts are also directed towards directional detec-
tion in future experiments, which will provide a DM specific signature distinguishable
from neutrinos [101].

Interactions of WIMPs with target nuclei can be detected via scintillation light, pro-
duced by de-excitation of nuclei, charge from ionization of atoms or heat (phonons) in
bubble chambers (crystal detectors). Usage of one or a combination of two observable
signals characterizes different detector types, depending on the technique exploited to
disentangle WIMPs from background nuclear (NR) and electronic recoils (ER), as illus-
trated in figure 1.9. This is possible due to the different signal response for a given recoil
energy since nuclear recoils are more quenched than electronic recoils, i.e. produce less
light and charge. WIMPs are expected to recoil only off nuclei, therefore ERs constitute
a background, typically from external gamma radiation or S-decays that take place in
the detector surrounding material or inside the target mass. Neutron interactions or
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Figure 1.9: Schematic view of possible signals that can be measured in direct detection experiments
depending on the technology in use. To measure the ionisation signal either germanium detectors
or gases (low pressure, for directional searches) are employed, while scintillation can be recorded for
crystals and for noble-gas liquids. To detect heat, the phonons produced in crystals are collected using
cryogenic bolometers at mK temperatures. The heat signal is also responsible for nucleation processes in
experiments using superheated fluids. Detectors which exploit the discrimination power by measuring
two signals are positioned between the corresponding signals: scintillating bolometers for phonon and
light detection, germanium or silicon crystals to measure phonon and charge, and dual-phase noble
liquid detectors for charge and light readout.

a-decays, which can mimic the WIMP signal, are screened or rejected at the analysis
level. Depending on the choice of signal detection technique, a variety of target material
are employed in DD experiments.

Scintillating crystals The DAMA /LIBRA [102] experiment, operating at the LNGS
underground laboratory, employs about 250 kg highly radio-pure Nal(T1) crystals. With
this approach, only the scintillation light is exploited and no discrimination between
ER and NR is possible. The DM signature in such detectors is an annually modulated
signal over the flat background. DAMA has been recording an annually modulated
DM-like signal for two decades [103|, with a significance level that currently reached
12.90 [104]. However, the DM interpretation of these results is in strong tension with
null results published by other experiments using different detection techniques and
targets: XENON100 [105-107] and XENONIT [108,109]|, LUX [110], PandaX-II [111]
using liquid xenon (LXe) in dual-phase time projection chambers, as well as limits from
detectors sensitive to low mass WIMPs like CDMSlite [112], a low ionization threshold
cryogenic germanium detector, and XMASS [113], which is a single-phase LXe detector.
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Other experiments using the same detection strategy of DAMA have been pro-
posed, using Nal(T1) crystals as well, trying to confirm or reject the annual modulation
observed by DAMA: the COSINE experiment [114] at the Yangyang underground lab-
oratory (Korea) and SABRE [115] which will employ twin arrays of Nal(T1) detectors
operating in both hemispheres, at LNGS and at the Stawell Underground Physics Lab-
oratory (SUPL) in Australia, aiming at minimizing seasonal systematic effects.

Low threshold germanium detectors The charge ionization signal can be effec-
tively measured with low-temperature and ultra-low background germanium detec-
tors [116], that are particularly suitable for low mass WIMP search (< 10GeV/c?).
The CoGeNT experiment, which uses such technique, claimed the observation of an
annual modulation in its data [117]. Such signal had a 2.8¢ significance and was not
confirmed in later searches. The DM interpretation of the CoGeNT excess has also been
disfavoured by other germanium detectors as CDEX [118] and MALBEK [119].

The charge signal can be exploited also by directional DM searches with gaseous
detectors [120], like DRIFT [121], MIMAC [122] and DMTPC [123].

Cryogenic bolometers Phonon signals produced by WIMP-nucleus scattering in
crystals provides another important experimental signature, particularly useful for light
DM search because of the typically very low energy threshold achievable with this tech-
nology. Thermic background is kept under control by using cryogenic bolometers with
additional charge or scintillation light readouts. The SuperCDMS [124] and EDEL-
WEISS [125] experiments employ the former detection strategy, while CRESST [126]
and COSINUS [127] combine phonon measurements with the light signal.

In 2013, CDMS-Si (with a silicon detector) reported the observation of 3 WIMP
candidate events [128|, with a rejection of the background-only hypothesis with 99.8%
significance. However, such result was not confirmed by the same collaboration ex-
ploiting germanium crystals in the CDMS-II [129] and SuperCDMS [124] DM searches.
An excess in two mass ranges, around 10 and 25 GeV /c?, over the expected number of
events was also observed by CRESST-II [130] in 2011, with 4.20 and 4.7¢ significance
respectively. Nonetheless, the same collaboration found that the excess was mainly due
to a missing contribution to the assumed background model [131].

If superheated fluids are used instead of crystals, WIMP-nucleon interactions can
be detected through the heat signal in bubble chambers. DM particles traversing the
detector can be visualized thanks to the initiated process of bubble creation. The
PICO experiment [132], that follows this detection strategy, set the strongest exclusion
limits for the spin-dependent WIMP interaction on protons [133] among all the DD
experiments.

Noble liquid dual-phase TPCs The most stringent constraints on the WIMP-
nucleon spin-independent cross section are obtained by dual-phase (liquid-gas) time
projection chambers (TPCs) utilizing liquid xenon as target material. The current best
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Figure 1.10: Limits on the WIMP-nucleon spin-independent cross section as a function of WIMP
mass from direct detection searches with noble liquid dual-phase TPC detectors. The excluded WIMP
parameter space is highlighted by a blue shaded region above the current world-best exclusion limit set
by XENONIT [109] (discussed in this work). Results from previous experiments of the XENON Dark
Matter Project, XENON10 [134] and XENON100 [105], are also drawn as solid blue lines of different
tonality. Future projections of WIMP direct searches with noble-liquid detectors are shown through
the expected sensitivities of the most competitive experiments (dashed lines): XENONnT (using LXe
target) projection in 20t-y exposure [135] (blue), LZ (LXe) in 15.3t-y [136] (green), DarkSide-20k
(LAr) in 100ty (magenta) and DARWIN (LXe) in 200t-y. DarkSide-20k and LZ are enlarged and
improved future detectors evolving from DarkSide-50 [137] (magenta solid) and LUX [110] (green
solid), respectively. The neutrino discovery limit [138] is shown as dotted black line with grey shaded
area beneath.

results come from the XENONIT experiment [109] (discussed throughout this work)
that improved previous limits of LUX [110] and PandaX-II [111], shown in figure 1.10.
This kind of technology allows to readout both the light and charge signals (as described
in section 2.1). Thanks to the scalability of such detection systems, future multi-ton LXe
experiments as XENONDT (see section 2.3), LZ [139] and DARWIN [140] are expected
to improve the sensitivity to WIMPs by up to three orders of magnitude, approaching
the so-called “neutrino floor” [138], where the CNNS background is expected to limit
the sensitivity to WIMPs (see figure 1.10). Liquid Argon can also be used as target to
build multi-ton TPCs, such as DarkSide [141] and ArDM [142].

LXe-based TPCs also provided competitive limits on the spin-dependent WIMP
cross section, exploiting the '?*Xe and !3'Xe isotopes, with XENON100 [105] and
LUX [143], while such interaction can not be investigated in LAr detectors due to
the absence of non-zero spin target isotopes.
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A detailed discussion about the experimental case of WIMP direct search with LXe
dual-phase TPC is given in section 2.1.

1.3.2 Indirect detection experiments

Dark matter particles might be detected by observing their annihilation through the
standard radiation emitted in such process. After decoupling from the other particles
in the early Universe, the DM pair annihilation must be largely suppressed in order
to yield the observed DM density, but self-annihilation could still be significant in
present Universe. Hence, indirect searches look for excesses of Standard Model particles
above the usual astrophysical background, that could be interpreted as DM annihilation
products.

Gamma-ray telescopes A common end product of DM annihilation is gamma-ray
emission with either a continuous spectrum produced by the decay, hadronization and
final state radiation of SM particles generated from the annihilation, or with specific
spectral features such as mono-energetic lines or internal bremsstrahlung gammas. This
kind of searches are focused in astrophysical regions with high density of DM for an eas-
ier discrimination with respect to the gamma-ray background due to ordinary processes.
The Galactic Center (GC) is probably the most investigated target for ID experiments
since it is expected to be the brightest source of gamma-rays from annihilating DM [144],
even though complex background must be faced. The strongest and most robust lim-
its, however, come from dwarf spheroidal galaxies [145], from which less intense signal
is expected, but free from the astrophysical backgrounds of GC. Galaxy clusters are
promising targets [146], even if they suffer from large and poorly understood astrophys-
ical backgrounds. The full sky is also exploited to set limits on annihilation summed
over cosmological (and unresolved) DM halos [147], looking for spectral features in the
isotropic gamma-ray background.

Direct gamma-ray observations are made with space telescopes, while ground-based
observatories exploit the Cherenkov light produced by showers of secondary particles
from the interaction of gamma-rays in the atmosphere. DM searches have been per-
formed by the space telescope EGRET [148] and currently by Fermi-LAT [149], which
uses pair conversion inside a tracking detector and an electromagnetic calorimeter. The
most promising ground-based telescopes are the Imaging Air Cherenkov Telescopes
(IACTs), including the currently running MAGIC [150], VERITAS [151], HESS [152]
and the planned next-generation telescope CTA [153]. TACTs have higher energy thresh-
old with respect to space detectors, but the effective area that can be observed is much
larger.

Direct gamma-rays observation with space telescopes provides the strongest lim-
its on the WIMP annihilation cross section up to masses of ~1TeV /c?, while IACTs
are more sensitive at larger DM masses. Figure 1.11 shows recent limits and future
projection on the WIMP annihilation to bb cross section. The strongest limits are pro-
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Figure 1.11: Limits on the annihilation cross section for DM particles annihilating into a bb pair. Cur-
rently the strongest limits correspond to the stacked analysis of dwarf galaxies from Fermi-LAT [156]
(solid golden line), combined analysis of both Fermi-LAT and MAGIC [154] (solid black line) collabora-
tions, HESS observations of the GC [155] (solid violet line). In the low DM mass regime the important
limits come from the CMB analysis released by the Planck collaboration [157] which constraints the
annihilation cross section around the time of recombination (dashed blue-green line). The future pro-
jections are shown for the stacked analysis of 45 dwarf galaxies and 15 years of data taking [158]
(dash-dotted brown line), as well as for the CTA collaboration [159] based on different DM density
profiles assumed: NFW (dashed pink line) and Einasto (dashed red line). The value of the annihilation
cross section that corresponds to the thermal production of WIMP DM [160] is denoted with dotted
gray line.

vided by the combined analysis of dwarf galaxies from Fermi-LAT and MAGIC [154]
below ~ 1 TeV /c? and by observations of the Galactic Center from HESS [155], at larger
masses.

Charged cosmic rays Cosmic rays measurements are complementary to gamma-rays
in the indirect search for DM [161], as electrons, protons and light nuclei are expected to
be produced jointly with v-rays when DM particles annihilate or decay. Since an equal
amount of matter and antimatter should originate from neutral DM annihilation, ID
searches focus in particular on positrons, antiprotons, antideuterons, antihelium, etc.,
which have much less astrophysical background than the standard matter counterpart.
The expected signature of DM-induced cosmic rays is a diffuse spectrum with a cut-off
at energies close to m, or m, /2 for annihilations or decays, respectively, where m, is
the DM particle mass.

Searches for anomalies in charged cosmic rays are made with ballon-type detectors
(HEAT [162], ATIC [163]), ground-based telescopes (Pierre Auger Observatory [164],
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Telescope Array [165]) and experiments on satellites (PAMELA [166], AMS [167], Fermi-
LAT [149]). An excess in the positron spectrum was observed by PAMELA [168] in
2008, subsequently confirmed by the other satellite telescopes Fermi-LAT [169] and
AMS-02 [167]. Such observation could be consistent with DM interpretation, but could
also be explained by astrophysical sources given the uncertain impact of magnetic field
configurations on the positron trajectories [170].

Recently, an excess in antiproton flux has been measured by AMS-02 [171] which
could be explained by DM annihilation. Further studies will come to shed light on all
the observed anomalies with future searches with the CALET [172], DAMPE [173] and
GAPS [174] experiments.

Neutrino telescopes Depending on DM models, neutrinos can be produced mainly
in cascades of particles originating from DM annihilation or decay. DM-induced neu-
trinos can be searched in regions with large concentration of DM, such as the Sun, the
Galactic Center, nearby galaxies, galaxy clusters and even the Earth itself. As DM
particles accumulates inside celestial bodies, their annihilation products moving slower
than the escape velocity are trapped while neutrinos are the only produced particles
that always can escape and reach detectors providing a unique signature [175].

Water Cherenkov neutrino telescopes (ANTARES [176], IceCube [177]|, Super-
Kamiokande [178]), thanks to impressive experimental progresses, are able to provide
the current most stringent constraints on WIMP-nucleon spin-dependent cross section
based on upper limits on the the neutrino flux from DM annihilation. Further improve-
ment is expected from planned neutrino telescopes: BAIKAL-GVD [179], IceCube-
PINGU [180], Hyper-Kamiokande [181] and KM3Net [182].

1.3.3 Dark matter production at colliders

In most DM scenarios, the WIMP coupling and mass range are close or just above
the electro-weak symmetry breaking scale. Therefore, high energy colliders, LHC in
particular, are viable experimental venues for DM detection through its production.
The DM signature in hadron collisions would be a large amount of missing energy
associated with the discovery of one or more visible particles in a channel characterized
by highly energetic jets or leptons. However, if new visible particles are actually beyond
the collider’s reach, the detection strategy must involve the identification of an isolated
object (jets, gauge bosons or leptons) accompanied by large missing momentum.
ATLAS [183] and CMS [184] experiments interpret constraints on production cross
sections in terms of effective field theories [185, 186] and simplified models [187], in
order to compare with observables in DD and ID DM experiments, such as WIMP-
nucleon scattering cross section or thermal relic density. While collider constraints are
not competitive to those from DD for the spin-independent WIMP-nucleon interaction,
interpretation of LHC signals in terms of spin-dependent cross section [188|, assuming
an axial-vector mediated model e.g., are more powerful over a wide range of WIMP

34



1.3. Experimental efforts for dark matter detection

masses. Connecting collider experiment’s results on invisible particles to DM requires
also DD and ID experiments and the comparison and contrast of these three different
types of information will be of great help in understanding the DM nature.
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Chapter 2

The XENON Dark Matter Project

Detectors using liquid xenon have demonstrated the highest sensitivities over the past
years in the direct search for dark matter. The XENON Collaboration is leader in the
field employing LXe-based dual-phase TPC technology (described in section 2.1), thanks
to the DM Project started two decades ago and hosted at the Laboratori Nazionali
del Gran Sasso (LNGS), the largest underground laboratory of the world under 3600
meters-water-equivalent mountain rock.

The first detector of the XENON Dark Matter Project was XENON10 [189], installed
in 2005 and operational until 2007, featuring a total LXe mass of 15 kg, with 5.4 kg used
as fiducial mass. The main goal of the experiment was to test the feasibility of a dual-
phase detector (LXe/GXe) on the kg scale to detect dark matter interactions. In 2008,
the XENON10 experiment published the results of the 58.6 days run, establishing world-
record upper limits on both SI and SD WIMP-nucleon cross section, with minimum of
4.5 x 10~* cm? [190] and 5 x 1073? cm? [191] (coupling with neutron), respectively, for
30 GeV /c? WIMP mass.

The good results achieved by XENON10 pushed towards the realization of a new
and larger detector, XENON100 [192], based on the same detection principle. The
LXe amount was increased to 161kg, with 62kg used as active volume in the TPC
and the remaining as an outer active veto; the fiducial volume was chosen as 34 kg or
48 kg, depending on the background conditions in the various runs. The goal of this
experiment was to lower the sensitivity by two orders of magnitude with respect to
XENON10. Such result has been achieved with the larger target, but also thanks to a
factor 100 of background reduction through an accurate screening and selection program
for all detector construction materials.

The XENONI100 experiment published the world-best upper limits on the spin-
independent [193] and spin-dependent [194] coupling of WIMPs to nucleons in 2012
and 2013. No dark matter evidences have been found in the final exposure of 447 live-
days of data taking [105], leading to 90% confidence level upper limits on the WIMP
SI interaction at 1.1 x 107%> cm? for 50 GeV /c? mass, while for SD WIMP-neutron (-
proton) cross section upper limits were set at 2.0 x 10~40 cm? (5.2 x 10—39 cm2) for
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50 GeV /c? WIMP mass.

XENON100 also explored and constrained other dark matter physics channels be-
sides the main WIMP NR elastic scattering off nucleons, such as searches for ax-
ions [195], leptophilic DM [196] (WIMPs coupling with electrons), annual modula-
tion [106,107] (excluding DAMA signal), low mass WIMP [197] (using the ionization
signal only), inelastic DM [198] (WIMP inelastic scattering off nuclei), high energy NRs
in effective field theory approach [199], magnetic inelastic DM [200] (inelastic scattering
of WIMPs with non-zero magnetic dipole moment), bosonic super-WIMP [201] (vector
and pseudo-scalar DM particles).

To significantly improve upon the XENON100 experimental sensitivities, the
XENON Collaboration has paved the way for the next generation of multi-ton scale
DM detectors with XENONIT [202,203] (section 2.2), operating a 3.2t LXe detector
(with 2.0t active mass in the TPC). After setting the current most stringent constraint
on the WIMP-nucleon SI cross section, with a minimum at 4.1 x 10™47 cm? for 30 GeV /c?
WIMP mass, a fast upgrade towards XENONT (section 2.3) will replace XENONIT
in 2019, in order to employ about 8t (6t) total (active) LXe mass with the goal of one
order of magnitude improvement in sensitivity.

2.1 Detection principle of a xenon dual-phase TPC

The detectors of the XENON DM Project are based on a dual-phase TPC, containing
xenon in the liquid phase and, above it, a small gap of gaseous xenon. In this section
the main properties of a xenon-based target (section 2.1.1) and the characteristics of
detection signals achieved with the dual-phase TPC (section 2.1.2) are outlined, with
focus on the discrimination between ER and NR interaction based on the combined
information of light and charge signals.

2.1.1 Liquid xenon as target

The choice of LXe as active target for the direct detection of dark matter implies
several advantages. An important property of a xenon target is represented by its self-
shielding power against external background sources, thanks to its high density, equal
to 2.96 g/cm?, and a relatively large triple point (161 K) [204], which is not extremely
demanding from the cryogenic point of view. Moreover, since the WIMP cross section
scales with A? of the target nucleus, the large xenon atomic number (A = 131), relatively
to other noble gases, increases the expected WIMP interaction rate. Xenon has nine
stable isotopes, while unstable ones are very short-lived. Hence, it is a rather pure
material, which is a mandatory requirement for a search of very rare events like WIMP
scatterings. Specifically, there are two isotopes with non-zero spin: 29Xe (spin 1/2)
and '3'Xe (spin 3/2), with isotopic abundance of 26.4% and 21.2% respectively. This
allows to study also the dependence of the WIMP-nucleon cross section on the spin,
thus providing more information about the dark matter nature.
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After an electronic transition from an excited to the fundamental state, xenon emits
scintillation light of 177.6 nm wavelength (VUV photons). Xenon is an excellent scin-
tillator, since emits about 5 x 107 photons per keV deposited, but has also a good
ionization yield, of about 6 x 107 electron-ion pairs per keV. Therefore, an interaction
produces both a relatively large amount of charges and photons.

The xenon scintillation is ruled by de-excitation of excimers, excited xenon dimeric
molecules (Xe3), which are formed after recoil events through direct excitation or re-
combination of ionization products. In the direct excitation process an excited state
Xe* is promptly formed, leading to scintillation through the following scheme:

Xe* 4+ Xe — Xej

(2.1)
Xe; — 2Xe + hv .

After ionization in the xenon target, the Xe™ ions can form a molecular state and a
freed electron can recombine, producing scintillation at the end of the chain:

Xet + Xe — Xej
Xey +e — Xe** + Xe
Xe™ — Xe* + heat (2.2)
Xe* 4+ Xe + Xe — Xeb + Xe
Xe; — 2Xe + hv .

Due to the different configuration of the energy levels of dimers and atoms, the
photons emitted by dimers are not re-absorbed by the atoms making LXe transparent
to its own scintillation light. The scintillation light in LXe has two decay components
characterized by two different decay times: the singlet (S) and triplet (T) states of
the excited dimers Xe3. The fast scintillation component is due to the S state and its
decay time can vary under intense electric fields. For instance, with a 4 kV /cm electric
field, the decay times after the interaction of relativistic electrons with xenon atoms are:
(2.2 4+ 0.3) ns from the singlet states decays and (27 £ 1) ns from triplet states [205].

2.1.2 Observable signals

A particle interacting in LXe produces a prompt scintillation signal, called S1, and
ionization electrons. The electrons can recombine, participating to the S1 signal, or
can be drifted by an appropriate electric field towards the liquid-gas interface where
they are extracted by a strong extraction field O(10 kV/cm), and a second light signal,
named S2, is generated by proportional scintillation in the gas. The S2 signal is delayed
by the time occurring in the drift from the interaction site to the liquid-gas interface.
A sketch of the signal production in a dual-phase TPC is shown in figure 2.1.

The bottom end of the TPC is defined by the cathode electrode (negatively biased),
while at the top by the gate mesh (grounded). This region encloses the LXe sensitive
volume used to detect the interactions and which is available for the electrons drift.
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Figure 2.1: Schematic view of the working principle of dual-phase time projection chambers used
in the XENON DM Project. The prompt scintillation signal S1 is measured by both PMT arrays.
Tonization electrons are drifted from the interaction vertex towards the LXe/GXe interface under a
uniform electric field. The S2 signal is formed via proportional scintillation triggered by electrons
extracted in the gaseous region by means of an intense electric field established between the gate
(electrode just below the liquid-gas interface, black) and the anode (electrode just above the liquid-gas
interface, red). The localized pattern of the S2 signal in the top PMT array is used to reconstruct the
(z,y) interaction position. The time delay between S1 and S2 informs about the z coordinate of the
interaction vertex. The energy of the event is reconstructed from the combination of both S1 and S2
signals.

Along the vertical axis, equally spaced thin copper rings are properly distributed, to-
gether with the cathode and the gate mesh, to generate a uniform drift field. Above
the gate electrode there is the anode, with LXe/GXe interface between them.

Two PMT arrays, one on top of the TPC, in the GXe region, and one at the bottom
below the cathode, in LXe, are used to detect both light signals. A dual-phase TPC
detector allows to reconstruct the vertex of an interaction in the sensitive volume in
three dimensions. From the hit pattern of the S2 signal on the top PMTs, the (z,y)
position is determined. The z coordinate is inferred from the time difference between
S1 and S2 signals, since that is due to the electron drift time proportional to the depth
in the TPC. The knowledge of the interaction point allows the selection of those events
located in the inner part of the LXe, usually called fiducial volume (FV). Since the
majority of background events are expected to be found at the edge of the TPC, the
outermost volume is used as shield to remarkably reduce the background from external
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Figure 2.2: Measurements of light and charge yield in liquid xenon, derived from the S1 and S2 signal
size respectively, using the mono-energetic 662 keV ~-rays from 37Cs [206]. The anti-correlation holds
at different electric drift fields. The charge yield increases with higher fields as the recombination of
freed electron becomes less probable and more electrons participate to the S2 signal. This also implies
that the S1 signal loses the contribution from the recombination process.

sources. Single scatters (expected from WIMPs) can be distinguished from multiple
scatters thanks to the presence of more than one S2 signal in the event.

The combined information arising from the light (S1) and charge (S2) signal is ex-
ploited for ER background suppression, due to a different recombination process with
respect to NRs. The ability to discriminate among different particles is essential since
WIMPs are expected to produce NRs while most of the background radiation produces
ERs. Particles with different Linear Energy Transfer (LET), dE/dx, have different
S2/S1 ratio and this is exploited for discrimination. A NR has higher electron recom-
bination rate with respect to ERs, due to higher LET. A higher recombination causes
smaller 52 and larger S1, thus a lower S2/S1 ratio. This is due to the anti-correlation
between ionization and scintillation signals, as experimentally observed (see figure 2.2).
Hence, using the ratio of the signals S1 and S2 as discrimination parameter, it is possible
to distinguish between the two types of recoil.

Figure 2.3 shows the separation between ER and NR events in the signal space
achieved in the XENON100 experiment: S1 signals vs S2/S1 discrimination parameter
(defined as log;(S2/S1) — ERmean). The distributions in the signal space space are
usually referred to as ER and NR bands. The detector response to ER and NR events
is studied through calibration sources of v and (3 particles (for ER) or neutrons (for NR),
in order to characterize the actual separation achieved. Typically, a > 99% ER rejection
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Figure 2.3: Distribution of the flattened discrimination parameter, log,,(S2/S1), as function of the
nuclear recoil energy (or S1 signal, upper x-axis) achieved with the XENON100 experiment [193]. The
ER band (blue points), obtained from ®°C and 3*Th (y-emitters) calibration data, is shown together
with the NR band (red points), from *** AmBe (neutron source) calibration. The y-axis is the “Aattened”
version of the S2/S1 distribution, considering log10(S2/S1) — ERmean, where ERmean is the mean of the
ER band. In this way, one gets a flat ER band centered in zero and removes the energy-dependence of
this discrimination parameter.

power is reached with 50% acceptance to NRs. Given the overlap between the ER and
NR bands, in XENON100 a 99.5% ER discrimination corresponds to a 50% acceptance
of NR events, while 99.75% ER discrimination gives 40% NR acceptance [193].

A detailed description of the properties of physics processes in liquid xenon, as
well as signal propagation and detector efficiency, is given in section 3.3 with the full
characterization of the XENONI1T signal response model to ER and NR interactions.

2.2 The XENONI1T experiment at LNGS

The XENONIT detector hosted underground at Laboratori Nazionali del Gran Sasso
was brought operational in Spring 2016. The detector is filled with 3.2t of LXe, of
which 2t are in the sensitive TPC volume. XENONIT is the largest LXe dark matter
experiment in operation, with a sensitivity reach of 1.6 x 10747 cm? at 50 GeV /c? with
2t-y exposure |135].

The XENONIT dual-phase TPC (described in section 2.2.1) is installed inside a
double-walled vacuum cryostat in the center of a large water tank. The tank serves
as passive shield as well as a Cherenkov Muon Veto detector (see section 2.2.4). A
three-floor building erected in Hall B of LNGS laboratory (shown in figure 2.4) ac-
commodates all ancillary systems. These include the systems to cool, purify and store
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Figure 2.4: Picture of the XENONI1T building placed at LNGS, the largest underground laboratory of
the world: on the left, the Muon Veto water tank containing the TPC; on the right the Service Building
which hosts the cryogenic and purification systems (top floor), the DAQ and slow control equipment
(middle floor), the cryogenic distillation column and the emergency recovery system (ground floor).

the xenon gas (see section 2.2.2), the cryogenic distillation column for krypton removal
(see section 2.2.3), the data acquisition system as well as the control and monitoring
systems for the entire experiment. The TPC calibration systems are installed on the
xenon purification system and on the top of the water shield (see section 2.2.5).

2.2.1 The XENONI1T Time Projection Chamber

The cylindrical TPC of 97 cm height and 96 cm diameter, shown in figure 2.5, contains an
active LXe target of 2.0 tonnes. It is enclosed in 24 interlocking and light-tight PTFE
(polytetrafluoroethylene) panels, whose surfaces were treated with diamond tools in
order to optimize the reflectivity for vacuum ultraviolet (VUV) light [207]. Due to the
rather large linear thermal expansion coefficient of PTFE, its length is reduced by about
1.5% at the operation temperature of —96 °C. An interlocking design allows the radial
dimension to remain constant while the vertical length is reduced.

To ensure drift field homogeneity, the TPC is surrounded by 74 field shaping elec-
trodes made from low-radioactivity oxygen-free high thermal conductivity (OFHC) cop-
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Figure 2.5: Illustration of the XENONI1T TPC. It is built from materials selected for their low
radioactivity, e.g., OFHC copper, stainless steel and PTFE. The top and bottom PMT arrays are
instrumented with 127 and 121 Hamamatsu R11410-21 PMTs, respectively.

per and connected by two redundant resistor chains. Most S1 light is detected by the
photo-sensors below the target. The electrodes were thus designed for S1 light collec-
tion by optimizing the optical transparency of the gate, the cathode and the bottom
screening electrodes. The cathode is negatively biased, the anode is positively charged,
the gate electrode is kept at ground potential and the screening electrodes can be biased
to minimize the field in front of the PMT photocathodes.

A “diving bell” made of stainless steel, which is directly pressurized by a controlled
gas flow, is used to maintain a stable liquid-gas interface between the gate and anode
electrodes. It encloses the top PMT array. The height of the liquid level inside the bell
is controlled via a vertically-adjustable gas-exhaust tube. Possible tilts of the TPC are
measured by means of four custom-made parallel-plate-capacitive level-meters installed
inside the diving bell, with a precision of ~ 30 pm.

A total of 248 PMTs of 76.2mm diameter are used to record the signals from the
TPC. They are radially installed in the top array (127 PMTs) to facilitate radial posi-
tion reconstruction, and packed as tightly as possible in the bottom array (121 PMTs)
to maximize scintillation light collection efficiency. They feature an average room tem-
perature quantum efficiency of 34.5% at 178 nm [208], a high photoelectron collection
efficiency of 90% and are designed to operate stably in gaseous and liquid xenon at
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(a) (b)

Figure 2.6: (a) The stainless-steel cryostat containing the LXe TPC installed inside a 740m® water
shield equipped with 84 PMTs deployed on the lateral walls. The cryostat is freely suspended on a
stainless-steel support frame, which can be converted into a cleanroom. The cryostat is connected to
the outside by means of two pipes. The large vacuum-insulated cryogenic pipe carries all gas/LXe
pipes and cables. A small pipe (yellow) is used for the cathode high-voltage. Also shown is the system
for calibrating XENONIT. (b) The deployment system for external calibration sources. Two belts
(“I-belts”, blue) allow for vertical movement of sources inside their W-collimators, while one belt (“U-
belt”, red) reaches areas around the detector bottom. The DD-fusion neutron generator (green) can be
vertically displaced along the cryostat.

cryogenic temperature [209,210].

All installed PMTs were screened for their intrinsic radioactivity levels [211] and
tested at room temperature and under gaseous nitrogen atmosphere at —100°C. The
PMTs with the highest quantum efficiency were installed at the center of the bottom
array to maximize the light collection efficiency. Both arrays consist of a massive OFHC
copper support plate with circular cut-outs for the PMTs. A single PTFE plate holds
the individual PMTs and a PTFE reflector plate covers the areas between the PMT
windows. Custom-developed low pass filters installed on each high voltage and return
line reduce the electronic noise to sub-dominant levels.

The TPC is installed inside a double-walled, cylindrical stainless steel cryostat made
of low radioactivity material [212]. The inner vessel is 1.96 m high and 1.10m in di-
ameter. Its inner surface, in direct contact with the liquid xenon, was electro-polished
in order to reduce the emanation of radon. It is enclosed by an outer vessel of 2.49m
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height and 1.62m diameter, large enough to accomodate the detector of the upgrade
stage XENONnT as well (see section 2.3). The cryostat is installed in the center of
the water Cherenkov detector (see figure 2.6a and section 2.2.4). The connections to
the outside are made through a double-walled cryogenic pipe enclosing all the connec-
tions to the cryogenic system (cooling, purification, fast emergency recovery, diving bell
pressurization) and the cables for the PMTs and auxiliary sensors.

2.2.2 Xenon handling systems

XENONIT follows the “remote cooling” concept that was successfully employed by
XENON100 [192]. It allows for maintenance of the cryogenic system, which is installed
far away from the TPC, while the detector is cold. The xenon gas inside the XENON1T
cryostat is liquefied and kept at its operating temperature Tp = —96 °C by means of
two redundant pulse-tube refrigerators (PTRs), each providing ~ 250 W of cooling
power at Ty. The xenon pressure inside the cryostat is kept constant by controlling the
temperature of the active PTR cold finger using resistive heaters.

The cryogenic system interfaces with the cryostat through the vacuum-insulated
cryogenic pipe. Xenon gas from the inner cryostat vessel streams to the cryogenic
system, is 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
carries LXe out of the cryostat, evaporates it in a heat exchanger, and feeds it to
the xenon purification system. The purified xenon gas is liquefied in the same heat
exchanger and flows back to the cryostat. The pipe that carries the purified LXe back
to the cryostat is also used during the cryostat filling operation.

Electronegative impurities, such as water or oxygen, absorb scintillation light and
reduce the number of ionization electrons by capture in an electron drift time dependent
fashion. These impurities are constantly outgassing into the xenon from all detector
components. Therefore, the gas must be continuously purified to reduce the impurities
to the 107 Og-equivalent level (ppb). The purification loop consists of a gas transfer
pump, a mass-flow controller and a high-temperature rare-gas purifier (getter). The
latter removes oxide, carbide and nitride impurities by forming irreducible chemical
bonds with the getter material (zirconium). The purification system is also used to
inject calibration sources into the detector, which are dissolved in the xenon gas (see
section 2.2.5).

A new xenon storage system, called ReStoX, is developed to address the operational
challenges posed by the first multi-ton LXe experiment: mainly fast TPC filling and Xe
recovery. It consists of a vacuum-insulated stainless steel sphere with 2.1 m diameter
(4.95m3 volume). Its volume and the wall thickness of 28 mm allow for storage of up
to 7.6t of xenon as a liquid, as a gas and even as a super-critical fluid (being capable
to withstand pressures up to 73 bar).

All components of the gas handling system, their relative placement and connections
are shown in figure 2.7.
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Figure 2.7: The gas-handling system of XENONIT consists of the cryogenic system (cooling), the
purification system (online removal of electronegative impurities), the cryogenic distillation column
("*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
accomodates the TPC.

2.2.3 Background reduction strategies

The standard background for DM direct detection experiments can be divided into elec-
tronic and nuclear recoils. The ER background originates from the radioactivity of the
detector materials, sources intrinsic to LXe (beta-decay of 8Kr, of 2!4Pb from the ?22Rn
decay chain, 13¢Xe double-beta decay) and from solar neutrinos scattering off electrons.
The NR background is due to neutrons, from spontaneous fission, (a, n) reactions and
muon-induced interactions (spallations, photo-nuclear and hadronic interactions), and
neutrinos, in particular those from the 8B channel in the Sun, which can contribute to
the NR background through coherent neutrino-nucleus scattering (CNNS). The study
and characterization of these backgrounds are extensively discussed in chapter 3. In this
section we describe the strategies adopted in XENONI1T to reach the unprecedented low
background level required by the XENONI1T science goals [135], that include detector
shielding, material selection and active removal of intrinsic radioactive contaminants of
LXe.

Additionally, backgrounds are effectively reduced at the data analysis level: multiple
scatter signatures are rejected based on the number of S2 peaks (see section 3.2.3), ER-
like events are identified based on the event’s S2/S1 ratio, and external backgrounds
are reduced by volume fiducialization (see section 4.3.1), i.e. the selection of an inner
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Figure 2.8: Event rate as a function of the water level in the MV tank, during the XENONI1T
commissioning phase. A gradual reduction of background rate (by more than two orders of magnitude)
is observed as the water shield reaches the cryostat height and surrounds the detector.

detector region. However, fiducialization is not effective for target-intrinsic sources, such
as the noble gases 22?Rn and %°Kr, or the two-neutrino double-beta decay of ¥6Xe. It
is also not effective against solar neutrino-induced backgrounds.

Water shield and Cherenkov veto An active water Cherenkov detector [213],
called Muon Veto (MV), surrounds the cryostat. It identifies both muons, that have a
flux of (3.31 £0.03) x 1078 ecm~2s~! with an average energy of ~ 270 GeV in Hall B of
LNGS [214], and muon-induced neutrons by detecting showers originating from muon
interactions outside the water shield. The water additionally provides effective shielding
against v-rays and neutrons from natural radioactivity present in the experimental hall.
The suppression by a factor ~ 200 of the background rate measured in the TPC during
the water filling of the MV tank is shown in figure 2.8. The XENONIT Muon Veto
system is described in section 2.2.4. It allows to reduce the muon-induced background
to a negligible contribution in XENONI1T as discussed in section 3.2.1.

Detector materials screening In order to reduce ER and NR background events
arising from radioactive decays in the detector components, all materials of the TPC,
the cryostat and the support structure were selected for a low content of radioactive
isotopes. Monte Carlo simulations were used to define the acceptable levels. The ra-
dioactivity measurements were performed using low-background high-purity germanium
spectrometers of the XENON collaboration [215-217|. The most sensitive spectrome-
ters, located at the LNGS underground laboratory, can reach sensitivities down to the
nBq/kg level. In addition, standard analytical mass spectroscopy methods (ICPMS,
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GD-MS) were employed at LNGS and at external companies. The measured radioac-
tivity levels of the PMTs are summarized in [211] and that of all other materials and
components in [212].

Most materials in contact with the liquid or gaseous xenon during standard oper-
ation were additionally selected for a low 2?2Rn emanation rate. This includes most
components of the TPC, the inner cryostat and its connection pipes, the cryogenic sys-
tem with its heat exchangers and the purification system. The LXe storage vessel and
the cryogenic distillation column are irrelevant sources of Rn-emanation as they are not
continuously connected to the TPC. Even though the emanation rate is usually related
to the ??Ra content of a material, which is obtained by v spectrometry, it must be
measured independently since in most cases emanation is dominated by surface impu-
rities. The measurements were performed according to the procedure described in [218]
using the ??2Rn emanation facilities. To remove radioactive isotopes from surfaces, all
TPC components were cleaned after production according to the dedicated procedures
for each material type.

The TPC was assembled above ground at LNGS, inside a custom-designed clean-
room with a controlled particle concentration, using a movable transport frame. The
double-bagged TPC (aluminized mylar), fixed to the transportation frame, was moved
to the underground laboratory by truck and attached to the top flange of the inner
cryostat, where a mobile soft-wall cleanroom was erected for this purpose.

Krypton distillation Natural krypton, which contains the 8-decaying isotope 3 Kr
(T1/, = 10.76y) is removed by cryogenic distillation, exploiting the 10.8 times larger
vapor pressure of Kr compared to Xe at —96°C. In a cryogenic distillation column,
the more volatile Kr will hence be collected at the top while Kr-depleted xenon will be
collected at the bottom. Given a "*Kr/Xe concentration of < 0.02 ppm in commercial
high-purity Xe gas, a Kr reduction factor around 10° is required to reach the design goal
of "Kr/Xe< 0.2ppt. To achieve this goal, a distillation column 2.8 m tall was built
following ultra-high vacuum standards. The total height of the XENONI1T distillation
system is 5.5m [219].

The Kr particle flux inside the column and the separation efficiency can be moni-
tored using the short-lived isotope 83" Kr as a tracer [220]. After installation at LNGS,
a separation factor of (6.4717) x 10° was measured [219], reaching a concentration
natKy /Xe < 0.026 ppt and demonstrating that the system fulfills the requirements for
XENONIT and for the future XENONnT. Such low concentrations are measured with
a gas chromatography system coupled to a mass spectrometer (rare gas mass spectrom-
eter, RGMS [221]). To allow for data acquisition with a fully operational dual-phase
TPC while at the same time reducing the Kr concentration, the XENONI1T collabora-
tion has successfully established the online removal of Kr. After continuously operating
in this mode for 70 days, with an initial measured "*Kr/Xe concentration of 60 ppb,
a final concentration of 0.36 4+ 0.06 ppt was measured by RGMS. This concentration
is the lowest ever achieved in a LXe dark matter experiment. The average concentra-
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tion during the first two XENONIT science runs is measured in 0.66 + 0.11 ppt (see
section 3.1.2).

Finally, the possibility for online removal of Rn was demonstrated by installing a
shortened (1 m package material) version of the final cryogenic distillation column in
reverse and lossless mode on XENON100. A radon reduction factor of > 27 (at 95%
CL) was achieved [222]. Such operation has been shortly tested also in XENONIT (see
section 3.1.2) and will be fully exploited for the XENONnT experiment.

2.2.4 Muon Veto

The Muon Veto system, built under the direct responsibility of the Bologna research
group, consists of a tank of 9.6 m diameter and 10.2 m height filled with deionized water
with a residual conductivity of 0.07 ps/cm. Operated as a Cherenkov detector, the water
tank is instrumented with 84 PMTs of 20.3 cm in diameter with a bialkali photocathode
on a borosilicate window (see figure 2.6a for an internal view of the tank and MV PMTs
disposition). The quantum efficiency is ~ 30% for wavelengths between 300 nm and
600 nm, and the mean gain is 6 x 10% for a bias voltage of 1500 V. The PMTs operate
with a threshold that allows for the detection of single photoelectrons with ~ 50%
efficiency.

After optimization in a Monte Carlo study [213], the PMTs were deployed in five
rings at the circumference of the water shield at different heights. The bottom (z = 0m)
and top (z = 10m) rings consist of 24 evenly spaced PMTs, while only 12 PMTs are
installed in the three rings at z = 2.5m, z = 5.0m, and z = 7.5m height. To further
enhance the photon detection efficiency, the inner surface of the water tank was cladded
with reflective foil featuring a reflectivity of > 99% at wavelengths between 400 nm and
1000 nm [223]. In addition, a small fraction of ~ 7.5% of the ultraviolet Cherenkov
photons are shifted towards longer wavelengths in the reflection process thereby they
better match the PMT sensitivity.

Each PMT is calibrated by illumination with blue LED light through a plastic fiber.
The response of the full system can be also measured by light emitted from four diffuser
balls mounted on the cryostat support frame.

The MV trigger operated for the XENONIT science runs demands the coincidence
of 8 PMTs above a threshold of 1 PE within 300ns. The measured trigger rate of
0.35 Hz corresponds to 144 muons/h and agrees with the expectations. The muon
detection efficiency under these trigger conditions is obtained by means of a Monte
Carlo simulation, taking into account all relevant signal creation and detection aspects
(see section 3.2.1 for more details). Using the characteristics emission of Cherenkov light,
the distribution of the signal arrival times on the 84 PMTs can be used to reconstruct
the muon track through the water (see figure 2.9).

The distribution of time differences At between TPC events and their closest Muon
Veto trigger during science runs shows a clear peak at At < 1ps on top of accidental
background. The peak population originates from muon-induced coincidence events
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Figure 2.9: The arrival time information of light in the PMTs of the Muon Veto detector (color coded
points) allows the approximate reconstruction of the muon track (black line) through the water shield.
This example shows an event where the muon traversed the shield close to the TPC.

in the two detectors and can be vetoed with a simple time coincidence cut (see sec-
tion 3.2.1). Since the muon veto trigger rate is small, the rate of accidental coincidences
between the two systems (Ryv = 0.35Hz, Rppe ~ 5Hz) is small during a dark mat-
ter run. This leads to a negligible loss (~ 0.04%) of live time even if only the Muon
Veto trigger information is used to reject TPC events, without further analysis of the
digitized Muon Veto PMT data.

2.2.5 Calibration systems

Calibrating and characterizing the detector response is crucial for any experiment. For
XENONIT the main calibration systems are developed to study and monitor the PMTs
functioning (LED source), to calibrate the spatial dependency of observable signals
(83mKr source) and to model the response to physical interactions of NR (neutron
sources) and ER (??°Rn) type (see section 3.3.3).

LED The PMT gains are calibrated by stimulating the emission of single photoelec-
trons from the photocathode by means of low-level light pulses from a blue LED. A
total of four LEDs are simultaneously controlled by a 4-channel pulse generator. The
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light is guided into the cryostat via four optical fibers. Bakeable synthetic silica fibers
(600 pm) transfer the light to the cryostat. To reach uniform illumination of all PMTs
and to minimize the calibration time, each of the silica fibers is split into six thin plas-
tic fibers (250 pm) that feed the light into the TPC at various angular positions and
heights around the field cage. A periodic external signal triggers the pulser and the
TPC DAQ system. The LED calibration procedure is the only measurement which is
not self-triggered.

Krypton-83m Due to the excellent self-shielding efficiency of LXe, the central tar-
get can only be calibrated with low-energy single scatter ERs from dissolved sources.
XENONIT uses 33™Kr (T /2 = 1.8h), the short-lived daughter of 83Rb, which delivers
mono-energetic conversion electron lines at 32.1 keV and 9.4 keV [224,225]. The ®3Rb
source is installed in the purification system to release the 33™Kr into the TPC when
required. While the noble gas Kr mixes very well with Xe, it was shown that no long-
lived 8Rb is emitted [226]. The uniformity and high intensity of the 83™Kr source is
ideal for spatial calibrations of the detector (see section 4.1).

Radon-220 The intrinsic source of the noble gas isotope ?2°Rn (T} /2 = 565) is ex-
ploited to calibrate for low energy ERs. It is efficiently emanated by an electro-deposited
28Th source (T} 2 =19 y). The 22°Rn decay chain produces «, 3 and v particles that
are all useful for detector calibration [227], as demonstrated in XENON100 [228]. The
B-decay of 2'2Pb (12.3% branching ratio to the ground state, Q = 570keV) delivers
single scatter ERs in the dark matter region of interest. Due to the rather short half-life
Ty = 10.6h of 212ph, which dominates the chain, the activity is reduced by a factor
6 x 10* within one week.

NR calibrations Neutrons with energies around 2.2 and 2.7 MeV from a Deuterium-
Deuterium (DD) fusion neutron generator [229] are used to calibrate the detector re-
sponse to NRs. By setting the generator voltage and current, the neutron flux can be
tuned to the desired value. The generator was modified to achieve very low emission
rates, around 10 neutrons per second in 47 under stable conditions, as required for
reducing the rate of pile-up events. The generator can be displaced into three positions
around the cryostat (see figure 2.6b), to achieve a uniform illumination of the target.

An external ! AmBe source is also used to calibrate the NR response. It is installed
in a collimator that can be deployed by means of belts from the top of the water shield
to the cryostat. Two belts (“I-belt”, blue in figure 2.6b) allow for moving the source
vertically at two angular positions. Another belt (“U-belt”, red) crosses below the
cryostat at ~ 20cm distance from the central point. Such system is also used for
sources (228Th and '37Cs) for external gammas calibration. The collimators, which are
stored above the water level when dark matter data are acquired, constrain the particles
to a cone with 40°-wide opening. This illuminates a central ~ 1+t fiducial volume when
located at half height of the TPC.
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Figure 2.10: A comparison, as function of calendar year, of the projected sensitivity to spin-
independent WIMP-nucleon interactions for a 50 GeV /c> WIMP for XENONI1T (1 tonne fiducial mass),
XENONnT (4 tonnes fiducial mass), and LZ (5.6 tonnes 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. The black dot indicates the upper limit obtained in the
analysis of the first XENONIT science run [108].

2.3 The XENONnNT upgrade

XENONIT has been built with the capability to rapidly increase its sensitive target
while further reducing the background from intrinsic sources. With XENONI1T work-
ing as designed, the XENON Collaboration will pursue the detector upgrade called
XENONT, with a foreseen start by mid-2019. The new XENONnT inner detector
will be placed in the same water shield and serviced by the same systems and infras-
tructure. The increased target mass, together with a further reduction of the intrinsic
background, mainly achieved by careful material selection, 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 (see figure 2.10).

The XENONI1T detector support structure was built for a heavier TPC to be placed
in the same cryostat, replacing just the inner vessel. Similarly, the xenon cryogenics
and purification systems as well as the recovery system were designed to handle a target
mass scale-up to about S8tonnes. Leveraging on these existing systems and overall
infrastructure, thoroughly tested during XENONI1T commissioning and operation, will
allow for a fast upgrade to the new detector with 8 tonnes of LXe of which 6.0 tonnes
are active. The design of the new detector will follow closely that of the current one,
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with a modest ~40% scale-up in diameter and drift length.

A few new systems will be installed to enable the handling and purification of
the larger Xe mass and to achieve the required background reduction compared to
XENONIT. The first one is an online radon removal system. The existing cryogenic
distillation column built for XENONIT will reduce the 3Kr background to the required
level [219]. A new Rn removal tower relies on the same cryogenic distillation principle
as for removing the krypton from xenon, but in a ‘reverse mode”. The achievable
reduction in the Rn concentration due to 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.

An additional storage system for the large amount of xenon used in XENONnT
will be exploited. It will improve the safe handling of the xenon gas and increase the
flexibility during detector operation. A new purification facility which works on the
liquid phase will also be operated.

In addition, a veto detector to tag neutrons which first scatter inside the TPC,
leaving a single scatter nuclear recoil signal, will be part of the upgrade. It will be
realized doping with Gd-sulphate the 700t of water in the outer shield. Neutrons, once
exiting the cryostat, will be effectively captured on Gd and produce a gamma cascade
of about 8 MeV in total. The Cherenkov light generated after neutron capture will be
detected with 120 additional PMTs, same model of the ones used in the Muon Veto,
but with higher quantum efficiency and reduced radioactivity, installed about 1m far
away from the cryostat and inside a newly built reflector.

The fast upgrade to XENONnT will enable the XENON program to lead the direct
detection field in the next few years with a sensitivity to dark matter cross sections
down to 107%® cm? [135]. Figure 2.10 shows, as function of calendar year, the projected
sensitivities to spin-independent WIMP-nucleon interactions for a 50 GeV /c? WIMP of
XENONDT and the competitor Xe-based TPC LZ [230]. The time scale assumes an
80% livetime fraction for all experiments. The projected sensitivity is estimated for all
experiments using Feldman-Cousins statistics.

The dominant background is expected to come from the internal sources 8°Kr and
222Rn, as in XENONIT (see section 3.1). A measured radon level of ~ 10 nBq/kg
is achieved in XENONI1T (see section 3.1.2). For XENONNT, levels of ?22Rn and
8Kr ten times smaller than in XENONIT are required, namely 11Bq/kg 2?2Rn and
0.02ppt of "¥Kr/Xe. The ?22Rn requirements will be achieved by the online radon
reduction technique, and by improving the cleanroom used for the TPC assembly, to
reduce contributions from particulates. As far as 3Kr is concerned, operation of the
XENONIT distillation column has already demonstrated its capability to efficiently
reduce krypton down to "®Kr/Xe< 48 ppq at 90% confidence level [219]. Thanks to
the neutron veto, the number of background events from neutrons will be reduced to
about 1 event in the whole 20 t-y exposure.
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Chapter 3

Electronic and nuclear recoil
backgrounds in XENONI1T

In the search for extremely rare events, crucial factors are how big can you make your
target for particle interactions and how silent is your detector in order to recognize
few signals over the events from known physics. We described how the background
in XENONI1T is reduced to the required level for a DM direct detection experiment in
section 2.2.3. As important as the actual background level reached is how well you know
your backgrounds, since their characterization allows the best disentanglement from
DM signals pushing the sensitivity of the experiment. In XENONI1T we distinguish two
main categories of background: electronic recoils (ERs) mainly due to gamma and beta
particles from radioactive decays, described in section 3.1, and nuclear recoils (NRs)
dominated by neutron interactions, discussed in section 3.2. WIMPs are expected to
scatter on nucleons, thus generating signals of NR type. Electronic interactions can be
discriminated from NR with typical rejection efficiencies larger than 99% at 50% NR
acceptance, as obtained in XENON100 [231]. However, given the high rate compared
to other backgrounds, ERs still represent the largest background for XENONI1T, with
an average ER leakage fraction of about 0.3% in the NR region, below the NR median.

The study of backgrounds begins before the experiment is actually built, with Monte
Carlo (MC) simulations that assess the prediction on the expected background rates
and relevant distributions. The XENON simulation working group is conducted by the
Bologna group, which is responsible for the XENON1T MC background studies. Each
source of ER background for XENONI1T is simulated and predicted rates and spectra
are presented in section 3.1.1. As the detector starts operations, real data are available
to provide constraints on some individual background sources and on overall properties.
Measurements of the ER background level and the comparison with MC predictions
are discussed in section 3.1.2. The XENONI1T experiment demonstrates the lowest ER
background rate ever achieved in Xe-based DM detectors (see figure 3.1).

Neutron interactions or coherent elastic neutrino-nucleus scatterings (CNNS or
CEvNS) produce NRs which exactly mimic WIMP recoils. DM-nucleon cross section
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Figure 3.1: Evolution of LXe-based dark matter detectors. The experiments of the XENON DM
Project are illustrated along with the current detectors of LUX and PANDA-X collaborations, also us-
ing xenon dual-phase TPCs. The time-line and the LXe active target mass used are shown. In the last
row, the evolution in terms of ER background rate at low energy (in the WIMP search range, approxi-
mately (1, 12) keV) is sketched for XENON100 [105], LUX [232], PandaX-II [111] and XENONIT [109]
along with the goal of XENONNT. Improved techniques to reduce external sources and intrinsic con-
taminants allowed to lower such background, which is the predominant one for this class of experiments.
XENONIT proved a remarkable step forward in ER background reduction achieving the best ever rate
of 0.2 events per tonne-day-keV (see section 3.1.2 for more details on this result). With the XENONnT
experiment, we aim at a reduction of >*Rn contamination by a factor 10 to further knock down the
ER background.

is so low that at most one single scatter, if any, is expected in the target volume. The
same consideration holds for CNNS (section 3.2.2), while neutrons can scatter multi-
ple times inside the XENONI1T fiducial volume, due to the ~ 10cm mean free path
of typical MeV radiogenic neutrons emitted from detector materials. Only neutron
single scatters contribute to background, but the predicted rate due to radiogenic neu-
trons is much higher with respect to CNNS, as resulting from MC simulations (see
section 3.2.3). However, the neutron background rate is kept so low that its expecta-
tion value is typically less than 1 event in direct detection experiments (depending on
the fiducial mass choice and exposure), which implies that direct measurement of such
background is extremely unlikely. For the WIMP search with XENONI1T presented in
this work, the NR background has been constrained by actual measurements of neutron
interactions: the observation of multiple NR scatters in the TPC is used to set a con-
straint on the expected single scatter rate based on the multiple-to-single scatter ratio
estimated from MC simulations and calibration data (see section 3.2.5). Moreover, the
simulations of NR background has been extended to include a class of events referred
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to as neutron-X. These are events with an energy deposition in the partially sensitive
LXe region below the cathode in addition to a standard single scatter inside the fiducial
volume (see section 3.2.4). The neutron-X component introduces a distortion to the
standard NR background model in a region restricted to the very bottom of the TPC
volume. The full study and simulation of neutron-X in XENONIT is motivated by the
improved modelling of all the backgrounds, extended also to spatial coordinates with
the respect to previous XENON data analyses. This allows to utilize a larger fiducial
volume and to improve the sensitivity despite getting more background events (whose
overall distribution is peaked at the TPC edges). The XENONIT analysis presented
in this work utilizes a fiducial volume extending down to 2.9 cm above the cathode,
including therefore a region where the neutron-X distortion becomes appreciable.
Having characterized and studied the expected background rates, their spatial distri-
butions and their energy spectra, the last step towards the final background prediction
requires the accurate modelling of the detector response to both ER and NR, which is
needed to convert recoil energies into S1 and S2 signals observable in real data (sec-
tion 3.3). The response model includes the LXe microphysics (section 3.3.1), which
describes how xenon reacts to ER and NR in terms of emitted light and charge, and
the detector properties (section 3.3.2), where the efficiencies in photons and electrons
propagation, signals generation and reconstruction are taken into account. Finally, the
response model is fitted to ER and NR calibration data (section 3.3.3) in order to char-
acterize the so-called ER and NR bands, i.e. the distributions of the two interaction
types in the observable (S1, S2) space for the low energy range of interest for WIMP
search. The ER and NR background models produced by convoluting the expected
recoil spectra with the XENONIT signal response model are presented in section 3.4.

3.1 Electronic recoil background

Despite the world-leading ultra-low ER rate achieved with XENONIT (see sec-
tion 3.1.2), electronic recoils are still one of the main background sources for WIMP
search. The region of interest (ROI) to look for WIMP signals is typically below
100 photoelectrons (PE) of S1 signal size, where the spectrum of even high mass WIMPs
(O(TeV /c?)) is almost entirely contained. The corresponding electronic recoil energy is
less than ~10keV, meaning that only low energetic ERs, that are not accompanied by
other interactions inside the fiducial volume, contribute to background.

One source of electronic recoils below ~10keV can be X-ray photons via photo-
electric interaction. External sources of X-rays cannot lead to a background as they
penetrate O(10pm) in LXe. X-rays can be produced by radioactive contaminants in
the xenon itself that undergo electron capture, such as >"Xe which is cosmogenically
activated. However, this background is negligible for a xenon inventory stored under-
ground for several months or years, like the one used in XENONIT, since ?"Xe has a
36 days half-life.

High energy v-rays (O(MeV)) emitted by radioactive contaminants in detector con-
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struction materials surrounding the active LXe volume can produce low energy ERs
via Compton scattering. If they escape the detector after only one Compton scatter,
without depositing their entire energy, external «s can therefore contribute to the ER
background. Such a background was dominant in XENON10 and XENON100, while
the <10cm penetration depth of MeV ~-rays in LXe [233] is small compared to the
much bigger XENONI1T TPC size. Hence, the external ER background is negligible in
the inner core of the TPC and can be easily controlled by volume fiducialization (as
described in section 3.1.1).

Another external source of ER background are solar neutrino scatterings off electrons
of xenon atoms, which cause single low energy recoils given the weak cross section of
neutrino processes. Contrary to external gamma sources, neutrinos yield a diffused
background uniformly distributed in the TPC.

The neutrino contribution is subdominant with respect to diffused backgrounds
due to intrinsic radioactive contaminations of xenon. The dangerous events originated
inside the TPC are 8 decays, which produce the same signal as an electron recoil even
if the moving electron is not produced by an actual collision. Beta decays of heavy
elements, such as the typical residual contaminants of ultra-pure xenon (described in
section 3.1.1), give rise to an almost flat spectrum below ~10keV as a consequence
of their high kinematic endpoint energies. Intrinsic ER background, due to *6Xe but
mainly to ?22Rn and ®Kr contaminations, is the dominant one for XENON1T. Since
volume fiducialization is not effective in this case, it can only be fought with purification
(distillation) efforts and by minimizing the emanation of contaminants into the xenon
reservoir.

A detailed description of each contributor is given in the following section along
with the study of the expected ER background in XENONIT from MC simulations.
The observed background level and constraints on the specific contribution of 2?2Rn
and 3Kr contaminants based on collected data are discussed in section 3.1.2.

3.1.1 Predictions from MC simulations

Every potential source of ER background has been studied before the installation of
the XENONIT detector by an accurate GEANT4 [234] simulation of the detector it-
self (details of the GEANT4 XENONIT detector model are described in [135]) and of
the physical processes involved. Recoil energies are converted into observable S1 and
S2 signals based on a detector response model, taking into account the LXe emission
model and detector optical properties, analogous to the final model fitted to real data
(described in section 3.3). The level of radioactive contaminants present in the various
detector components is taken from the results of a dedicated screening measurements
campaign [212]. Assumptions are made to fix the concentration of intrinsic contami-
nants of xenon to perform the background simulations presented in this section. They
are finally rescaled after the control measurements carried out during data taking oper-
ations to get the complete description of the ER background in XENONI1T. The energy
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Figure 3.2: Electronic recoil background originated from detector materials radioactivity: (a) recoil
energy spectrum induced by different detector components; (b) position distribution of events inside
the active volume, in the (1, 12) keV energy range. Solid lines delimit increasing super-ellipsoid fiducial
volumes containing 800, 1000, 1250, 1530 kg LXe mass.

range considered is (1, 12) keV which approximately corresponds to the ROI in the S1
space of (3, 70) PE (while the ROI corresponds to (4, 50) keV for NR interactions due
to the different light and charge yields).

Detector materials radioactivity The selection of each component used in the ex-
periment is based on an extensive radiation screening campaign [212], using a variety
of complementary techniques (see section 2.2.3) and dedicated measurements: Germa-
nium (Ge) detectors and mass spectrometry techniques. For the gamma spectrometry
with Ge, XENON has access to the most sensitive screening facilities: the Gator [215]
and GeMPIs [217] detectors, placed underground at LNGS, and GIOVE [216] in Hei-
delberg. Ge detectors are sensitive to most of the dangerous radiogenic nuclides: 4°K,
60Co, 137Cs, those in the 232Th chain and in the second part of the 233U chain, ?*Ra
and its daughters.

Based on the matrix of contamination level of detector materials from each of the
radioactive isotopes, decays of such nuclides are simulated confined uniformly inside all
components, such as stainless steel (SS) making up the inner cryostat and electrode
rings, PTFE and copper of TPC, and the various parts of PMTs. The energy spectrum
of background events in 1 tonne fiducial volume is shown in figure 3.2a. It is almost flat
below 200keV, due to Compton scatters, while at higher energies the various photo-
absorption peaks of different lines are visible: 1460keV from °K, 1173 and 1333 keV
from %9Co, 662keV from 37Cs, the 352, 609, 1120, 1765, 2204 keV lines from 233U chain
and the 583, 911, 969, 2615 keV lines from 2*?Th chain.

The total background rate from materials in the (1, 12) keV energy range and in
1 tonne fiducial volume is 2.7 0.3 (t - y - keV)~!. The uncertainty is obtained as a
convolution of the one in measurements of the material contamination, the statistical
uncertainty of the simulated MC samples and an additional 10% systematics to consider
the potential differences in modelling the actual geometry of detector in slightly different
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hypothesized configurations before the final design. The highest contribution of 61% is
due to the SS shells and flanges of cryostat, particularly from the ®°Co contamination.
PMTSs contribute to 23%, SS components inside the TPC to 15%, while the contribution
from PTFE and copper parts is just ~1%. This background is mainly confined to the
top, bottom and lateral TPC edges as shown in figure 3.2b, while the inner core is
protected thanks to the high self-shielding efficiency of xenon.

Radon-222 decay chain 2?’Rn can emanate from the detector materials, or diffuse
through the seals. Due to its relatively long half-life (3.8 days), it can diffuse in the
LXe volume almost homogeneously. Considering its daughters, down to the long lived
210Ph, the contribution to low-energy ERs comes from the 3 decay of 2'Pb onto the
ground state of 2*Bi, with end-point at 1023 keV, where no other radiation is emitted.
However, especially if the decay occurs close to the borders of the active region, decays
on other energy levels are also potentially dangerous, since there is a finite probability
that the accompanying gamma exits the detector without depositing energy and being
detected. This is responsible for the slightly higher background rate from ??2Rn seen
at larger fiducial masses in figure 3.3b.

The only other beta emitter in the chain (2'4Bi), also potentially dangerous, can be
easily removed looking at the time correlation with the o decay of its daughter, 2'4Po,
which occurs with a half-life of 164 ps. The isotope 2?°Rn can also be emanated from
detector materials, being a noble gas, but due to its 56 s short half-life the probability to
diffuse in the active LXe volume is much lower than ???Rn. A conservative assumption
of a 22°Rn concentration of 0.1 nBq/kg still leads to a negligible background induced by
its daughters.

Early measurements of radon emanation [235,236] of materials in close contact with
LXe (TPC and pipes), to be used for XENONIT, provided an estimation of 2?2Rn
contamination at about 10 nBq/kg, which is the value assumed in the MC simulations.
The resulting ER background rate in the ROI and in 1tonne fiducial mass amounts to
56+5 (t-y-keV) ™! about 20 times larger than the contribution from external gammas.
A 10% systematic uncertainty accounts for the uncertainties in the branching ratios of
214Ph to the ground state.

Krypton-85 Commercially available xenon is contaminated by krypton with typical
natKy /Xe concentrations of O(ppm) as it is extracted from atmosphere. Natural krypton
contains traces of the radioactive isotope 8°Kr, which is a product of nuclear fission and it
is released in atmosphere mainly by nuclear fuel reprocessing plants. Its relative isotopic
abundance in Europe has been determined by low level counting to be 2 x 10711 [237].
85Kr is a beta emitter with half-life of 10.76 y and an end-point energy of 687 keV.
During XENON100 operations, a "*Kr/Xe concentration of (19 4 4) ppt [mol/mol]
has been achieved processing the gas through cryogenic distillation [231]. For
XENONIT, thanks to a new high through-put and high separation cryogenic distil-
lation column [219] (see section 2.2.3), the goal was set to a reduction of two orders of
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Figure 3.3: Total ER background (black line), together with the separate contributions: detector
materials (purple), 10 1Bq/kg of ***Rn (red), 0.2 ppt of ®*Kr (blue), solar neutrinos (green) and **$Xe
double-beta decay (brown). On the left, the recoil energy spectrum up to few MeV. The plot on the
right shows ER background rate as a function of the fiducial mass contained in progressively larger
super-ellipsoid fiducial volumes.

magnitudes. Simulations of background induced by 8°Kr shown in figure 3.3 assume
0.2 ppt of "Kr/Xe. The resulting rate in the ROI is 2.8 £ 0.5 (t - y - keV) ™1, similar
to the ER background from materials in the 1tonne fiducial mass selection. The 20%
uncertainty is mainly due to the uncertainty in the shape of the beta spectrum at low
energies [238].

Xenon-136 double-beta decay Natural xenon contains 8.9% of '3%Xe which is a
double-beta emitter with Q-value 2458keV and half-life of 2.17 x 10*'y [239]. The
double-beta decay spectrum, shown in figure 3.3a (brown line), is obtained through the
DECAYO0 code [240]. The average background rate in the energy region (1, 12) keV is
0.840.1(t-y-keV)~!. Based on the current accuracy in the knowledge of the low
energy part of the 13¢Xe double-beta spectrum [241], such background estimate comes
with a 15% rate uncertainty.

Solar neutrinos Solar neutrinos from all the nuclear reactions in the Sun [242,243] are
considered, taking into account neutrino oscillation v, — v, with survival probability
of electron neutrinos of Pe. = 0.55 [244] and the reduced cross section for v, .. Neutrinos
from pp reaction contribute to 92%, "Be to 7%, pep and all the others sources with less
than 1%. The average background rate in the ROI amounts to 3.2540.07 (t-y-keV) ™!,
close to the level of ERs from materials and ®°Kr. An uncertainty of 2% is quoted, as
the result from combining ~1 % error in the pp neutrino flux and ~10 % from "Be [242],
plus ~2 % uncertainty in the oscillation parameters [244]. Neutrinos easily pass through
the Gran Sasso mountain, hence the induced background is expected to be uniformly
distributed in the sensitive volume given their very long penetration depth.
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Figure 3.4: The measured concentration of ?**Rn and 2'®Po « decays and of **BiPo delayed coin-
cidences of B followed by an « decay. Rates are monitored on a daily basis over the XENONIT first
and second science runs, with the exception of days dedicated to >?°Rn and neutron calibration (AmBe
and NG) runs indicated with colored areas, as well as 83mKr calibrations. During radon distillation,
measured concentrations of all the three isotopes lowered by ~20%. After distillation the rates went
back to the nominal values. 2'¥Po and 2!*BiPo concentrations give an upper and lower limit on 2!4Pb
activity (the SB-emitter responsible for the highest contribution to low energy ER background).

3.1.2 Background measurements and matching with simulations

The Monte Carlo simulations of the expected ER background in XENONIT rely on
assumptions made about the concentration of intrinsic contaminants ??2Rn and "*Kr
in the xenon reservoir. With the detector in operation, in-situ measurements of such
concentrations are available to estimate the actual purity level achieved. The related
background predictions can be then accordingly adjusted to get the complete description
of the ER background we have in XENON1T. Moreover, the final rates expected from
each contributor, presented in table 3.1, adopt the 1.3 tonnes fiducial volume choice
(described in section 4.3) made for the WIMP search, based on sensitivity optimization
with the final models of each background component in the signal and spatial spaces.

Radon-222 decay chain The relevant concentration for ER background studies is
the one of 2'4Pb in the fiducial volume. Alpha decays occurring in the ??2Rn can be
easily tagged in data analysis given their clear signature at high energy (O(MeV)) and
their relatively high rate. This provides a way to estimate the activity of the decay
chain from which the 2Pb concentration can be constrained. In particular, we can
monitor the rate of o decays of 222Rn (5.5 MeV) and its daughter 2'¥Po (6.0 MeV), and
the delayed coincidence of 2'4Bi (8 decay) and 2'“Po (7.7 MeV «). The 3 emission of
24P occurs in between 218Po and 2'“BiPo decays, whose rates provide an upper and
lower limit respectively on the 214Pb activity. The reason why the two rates can differ
is that daughter isotopes can stay positively charged after the parent decay and they
can consequently be pulled out the fiducial volume by the TPC electric field.

The activities measured day-by-day during the two science runs (SRO and SR1) of
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Figure 3.5: The evolution rate of low energy ER background events, in the energy range (0, 200) keV
inside 1tonne fiducial volume is shown from the first XENONIT commissioning operations to the
end of SRO. RGMS measurements of "*’Kr/Xe concentration are shown in red. The gray bands
identify operation times of the cryogenic krypton distillation system. Horizontal dashed lines mark the
background level of the most competitive Xe-based DM detectors: XENON100 [105] (black), LUX [232]
(green) and PandaX-II [111] (orange). By the end of 2016 (corresponding to the begin of the first DM
search run), Kr concentration was reduced to a subdominant contribution to the ER background,
dominated by 2'“Pb 8 decays thereafter.

XENONIT are shown in figure 3.4. The rates of 222Rn, 2'¥Po and ?'*BiPo are found
stable (within 10%) over SRO and SR1, with a decrease by ~20% observed at the
time when the krypton cryogenic distillation column was operated in reverse mode to
remove radon. Excluding the radon distillation period (a small fraction of the complete
exposure of SRO+SR1), the observed concentrations are: 13.3 + 0.8 nBq/kg (**?Rn),
12.64+0.8 nBq/kg (*'8Po) and 5.1+0.5 nBq/kg (2'“BiPo). The assumption of 10 pnBq/kg
as 2YPb concentration (yielding a 56 + 5 (t - y - keV) ™! background rate) is then well
inside the upper and lower limits, which implies a background rate between 71 + 8 and
2944 (t-y-keV)~!, where uncertainties are the combination of statistical ones from data
analysis and 10% systematics from simulations (mentioned in the previous section).

Krypton-85 The concentration of natural krypton "*Kr/Xe has been reduced
through cryogenic distillation [219] by more than three orders of magnitude since the
XENONIT commissioning, reaching a minimum value of 0.36 4+ 0.06 ppt in the end
of SRO [108]. Rare-gas mass spectrometry (RGMS) [221] measurements on samples
extracted from the detector allow a regular monitoring. Figure 3.5 shows the RGMS
measurements overlaid with the low energy ER background rate evolution. The latter
exactly follows the "*Kr/Xe drop in coincidence with periods when the cryogenic dis-
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Background component Rate [(t -y - keV)™!] Relative contribution [%]

211pp 56 & 6 75%
85Ky 7.7+1.3 10%
Detector materials 8+1 11%
Solar v 2.54+0.1 3%
136Xe 20313 0.84+0.1 1%
Total (MC prediction) 75+ 6

Total (measured) 8213 (sys) £ 3 (stat)

Table 3.1: The XENONIT ER background rates in the low energy region (1, 12)keV of interest
for WIMP search and inside the 1.3t fiducial volume. The contribution from each component is
estimated through MC simulations. Collected XENONIT data provide constraints on the 2!4Pb and
85Kr abundance in the LXe reservoir. An average "*'Kr/Xe concentration of 0.6640.11 ppt is achieved.
The background rate from 2'“Pb assumes a concentration of 10 pnBq/kg, compatible with the lower and
upper bounds derived from 2'¥*Po and 2'*BiPo rate measurements in XENONIT data. Using the two
boundary values, the resulting total ER background rate would be 48 + 5 and 90 £ 8 (¢t - y - keV) ™"

tillation column was operated (gray areas in figure 3.5). The two trends separate when
the 214Pb-dominated regime is reached and 3Kr becomes a sub-dominant contribution
to the ER background. During SR0 and SR1 an average natural krypton concentration
natKy /Xe of 0.66 4 0.11 ppt is measured, with RGMS measurements coming with a 17%
systematic uncertainty [245].

The actual ®Kr abundance can be derived from data with high concentration of
krypton in the beginning of XENON1T operation. Corresponding to RGMS "*Kr/Xe
concentration of 1000 4+ 170 ppt, present in the commissioning phase before Kr distil-
lation through the column, the measured ER background rate below 200 keV amounts
to (11.240.2) x 103 (t - y - keV)~!. From MC simulations, the induced background
rate per ppt "*Kr/Xe is 14 (t - y - keV)~! under the assumption of isotropic ratio
85Kr/matKr = 2 x 107! [mol/mol] [237]. By comparing the two rates we derive
85Kr /" Kr = 1.65 x 107!, which starting from the 0.66 4 0.11 ppt measured "*Kr/Xe
concentration gives a predicted low energy ER background rate of 7.74+1.3 (t-y-keV)~!.

Summary of the ER background rate in XENON1T The MC prediction of the
intrinsic contaminants contribution to the ER background rate is rescaled based on the
222Rn and ®Kr concentration measurements discussed above.

The induced background from detector construction materials in the 1.3t fiducial
volume used for the WIMP search is 8 £1 (t-y-keV)~!, almost tripled with respect to
the quoted rate in 1t fiducial volume, i.e. 2.7+ 0.3 (t -y -keV) L.

A refined description of the neutrino-electron interaction, considering the effect of
xenon atomic binding [246] instead of assuming the scattered electron as free, is finally
considered and results in a decrease of the event rate in the (1, 12) keV energy range by
24%. This leads to an ER background rate due to solar neutrinos of 2.47 + 0.05 (t - y -
keV) L.
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Figure 3.6: Matched background data energy spectrum (1keV bins) in 1tonne fiducial volume for
the entire SR1 exposure. A 21 parameter fit (with fixed ratios between isotopes in each detector ma-
terial) is performed in the energy range between 3 and 3000keV, with the intervals (50, 80)keV and
(2250, 2600) keV kept blinded for DEC and 0v3/3 searches. XENONI1T data are in black, spectra of the
different background sources are drawn in various colors. Besides the low energy ER background com-
ponents described in this section, also 12°Xe and '33Xe isotopes are included as well as the metastable
129mxe, 131mXe (activated during neutron calibration runs) and ®3Kr (injected for calibrations of the
TPC spatial response).

Summing up all the components, including 0.84 4 0.13 (t -y -keV) ™! from the 35Xe
2v3B3-decay, the predicted ER background rate is 7546 (t -y -keV)~! in the (1, 12) keV
ROI and inside the 1.3t fiducial volume. Table 3.1 summarizes the expected rate of
each component and their relative contribution to the total XENONI1T ER background.
If the lower and upper bounds on the estimated 2'*Pb concentration are taken into
account, we obtain total ER rates of 48 &5 and 90 & 8 (t - y - keV) ™!, respectively.

XENONIT dark matter search data over the whole 1tonne-year exposure provide
the most accurate measurement of the ER background rate: the observed rate is stable
at the level of

8275 (syst) & 3(stat) (t -y - keV) ™!, (3.1)

which represents the lowest background achieved in a DM detector to date. Such a
rate is moreover in agreement with the expectation from MC simulations within uncer-
tainties. The measured ER rate is extracted by fitting the ER background model in
the observable space to DM search data and corrected for efficiency. The shape of ER
background model (see section 3.4.1) comes from the fit of the ER band model to 2°Rn
calibration data and the related systematic uncertainty is driven by the ER energy scale
parametrization through the photon yield and recombination fraction.
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Matching the spectral shape of ER background A deeper understanding of
the XENONIT ER background also at higher energies is of great relevance for other
interesting channels besides the standard WIMPs, such as neutrinoless doube-beta decay
or double-electron capture (DEC), for example. For this scope one wants to match the
background description built with MC simulations to the spectrum of real ER data
ranging up to few MeV. The fit of the MC spectrum to the XENONIT ER data is
shown in figure 3.6. The matching is performed through y?-minimisation, keeping fixed
the ratios between radioactive isotopes contaminations in detector materials, based on
screening measurements [212|. The MC spectra are smeared according to the observed
energy resolution in the XENONIT detector (see section 4.1.3). A very good matching
is achieved at low energies, while larger discrepancies are found at higher energies. On
the data side, a shift of high energy peaks from their true position is observed due
to pathologies in the signal reconstruction processor as it is optimized for low energy
events and further investigations and tuning are needed for MeV electronic recoils.

3.2 Nuclear recoil background

Single interactions with xenon nuclei in the TPC produce nuclear recoils indistinguish-
able from that of a WIMP recoil, contrary to electronic recoils which can be discrim-
inated from WIMP signals through their larger S2/S1 ratio. Particles that can cause
NRs in the target LXe are neutrons and neutrinos undergoing CNNS.

Fast neutrons are more penetrating than «-rays in LXe, their mean free path being
of the order of tens of cm. Shielding the inner LXe volume aginst neutrons is then more
difficult and their probability to undergo just a single scatter in the active target mass
is higher than ~s. Neutrons emitted by radioactive contaminants in detecor materials,
referred to as radiogenic neutrons, have energies O(MeV) and can therefore enter the
TPC producing a low energy elastic nuclear recoil mimicking WIMP signals. They are
the dominant NR background source for XENONIT as obtained from MC simulation
studies (see section 3.2.3). An indirect constraint on the radiogenic neutrons rate based
on XENONI1T data comes from the measurement of multiple NR low energy interactions
(see section 3.2.5).

Additionally, cosmogenic neutrons with energies extending to tens of GeV are pro-
duced by muons along their path through the rock into the underground laboratory
and through the materials that surround the detector. They also represent a potential
source of NR background but can be reduced much more easily with respect to the
one induced by radiogenic neutrons as cosmogenic ones are mainly produced in the
laboratory cavern rock. They are thus shielded by about 4 m of water, which is also in-
strumented as a Cherenkov detector to tag crossing muons and muon-induced showers.
The expected background from this source is negligible for XENONI1T, as described in
section 3.2.1.

Astrophysical neutrinos contribute to the NR background (see section 3.2.2) through
CNNS, a process predicted by the Standard Model difficult to detect but recently ob-
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Figure 3.7: Recoil energy spectrum of NR backgrounds in 1tonne fiducial volume. The region
of interest for NR, WIMPs is approximately (4, 50) keV, where the dominant background contribution
comes from radiogenic neutrons emitted from detector construction materials (red). Coherent neutrino-
nucleus scattering (CNNS), shown in magenta, contributes to background at energies close to the
XENONIT threshold. Neutrons induced by the incoming muon flux in the underground experimental
hall at LNGS (purple) are reduced to a negligible contribution thanks to the XENONIT Muon Veto
sub-detector.

served for the first time by the COHERENT experiment [247]. This is an irreducible
background for experiments with no possibility to measure the direction of the recoil
track, like noble liquid TPCs. CNNS will represent the ultimate limitation to the WIMP
sensitivity of direct detection experiments [138] (see section A.3 for the study of WIMP
discovery potential under the ultimate scenario where CNNS is the only source of NR
background).

3.2.1 Muon-induced neutron background

High energy neutrons are produced by the interaction of cosmic muons with the rock
and concrete around the underground laboratory and with the detector materials. An
estimate of the muon-induced neutron flux in the LNGS cavern is ~7.3x1070(cm?-s) ™!
for >10 MeV neutrons, under conservative assumptions on the muon-induced neutron
yield [248]. Such neutrons, whose energy ranges up to O(GeV), can penetrate even
through large shields and reach the sensitive part of the detector, mimicking a WIMP
interaction. To protect XENONIT from this kind of background, the detector is built
inside a cylindrical water tank, 9.6 m in diameter and 10.2m in height, which acts as
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Cosmogenic neutrons rate [y~!] “Muon” events “Shower” events Total

Without MV cut 9x1073 0.021 0.03
Tagging efficiency 99.5% 43%
Residual background rate 5x 107 0.012 0.012

Table 3.2: Cosmogenic neutron background rate in (5, 50) keV and in 1 tonne fiducial volume. Rates
and relative tagging efficiencies for the two possible classes of events, with muon crossing the water
tank or not, are also reported. Considering the effect of both the water passive shielding and the active
veto, the surviving neutron background is negligible for XENONI1T.

a shield against external neutrons and gammas. Moreover, the tank is instrumented
with 84 PMTs to tag the track of the muon, and of its induced showers, through the
detection of Cherenkov light produced in water. The entire system is called Muon Veto
(MV).

Events observed in the TPC happening in coincidence with a trigger from the MV
detector can be then recognized and removed from the XENONIT exposure. The MV
trigger, used for the XENONTIT science runs, requires 8-fold PMT coincidence of signals
whose amplitude is above a 1 photoelectron threshold within a 300 ns time coincidence
window. The performance of the MV system is studied via GEANT4 modelling and
simulation of muon events producing high energy neutrons that reach XENONI1T. De-
tails about the MC model of production, propagation and interaction of muon-induced
neutrons can be found in [213]. Two classes of events are distinguished to characterize
the tagging efficiency of MV: “muon” events, where the muon crosses the water tank, and
“shower” events, in which the neutron comes inside together with the associated particle
shower but the muon does not enter the water tank. The tagging efficiencies of MV
are evaluated through MC simulation and are found to be 99.5% and 43% for “muon”
and “shower” events respectively, under the trigger conditions set for the XENONI1T
DM search runs [249]. We cut TPC events if a MV trigger is registered in a 5ms time
interval around it, from 2ms preceding the TPC event to successive 3ms. The accep-
tance of the MV cut is evaluated in 99.75%, given the observed 0.45 Hz MV trigger rate.
The residual cosmogenic neutron background rate in the NR region (5, 50) keV and in
1 tonne fiducial volume is 1.2 x 1072 events per year, two orders of magnitude lower
than the background from radiogenic neutrons and therefore negligible. The MV cut
reduces the background rate by a factor 2.5, as can be deduced from table 3.2. The NR
energy spectrum of muon-induced neutron in XENONIT is shown in figure 3.7 (blue
line).

3.2.2 Coherent elastic neutrino-nucleus scattering

The expected NR background contribution due to CNNS is estimated following the
approach developed in [138|. We consider solar neutrinos (from all the various chains),
diffuse supernovae (DSN) and atmospheric neutrinos. The most relevant contribution,
in the (4, 50) keV energy region of interest for WIMP search, comes from the ®B and
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Figure 3.8: The XENONIT NR background due to coherent neutrino-nucleus elastic scattering. (a)
Recoil energy spectrum in xenon of CNNS (total rate in black dashed line) in the energy region of
interest for WIMP search. The contribution of the main neutrino sources, solar 8B and hep v, diffuse
supernova (DSN) and atmospheric (Atm) v, are shown in solid lines. (b) Spectral shape of the CNNS
background model in the observable (S1, S2) signals space (corrected S1 and bottom S2 are the signals
used for the XENONIT DM search data analysis, see chapter 4). The color scale is linear and in
arbitrary units. The CNNS is confined to very low energies, close to the 3 PE analysis threshold.

hep neutrinos from the Sun, while the event rate from higher energy neutrinos (DSN
and atmospheric) is orders of magnitude smaller, as shown in figure 3.8a. The integral
event rate above 4keV is very small (< 0.02 (t - y)~!). However, due to the very steep
energy spectrum of CNNS (e.g. the rate above 1keV is ~ 90 (t - y)~!), it is relevant
to estimate the event rate below the experimental NR energy threshold. Indeed, the
relatively high rate of below-threshold CNNS NR events yields a non-negligible rate
in the (3, 70) PE ROI defined in the observable S1 signal space. The reason is that
Poissonian fluctuations in the generated signal (see section 3.3.1) allow to detect part
of the low energy events since the number of photons emitted and detected is very low
for such events.

The rate normalization of the CNNS background is constrained mainly by B solar
neutrinos flux, known with 14% precision [243]. Moreover, the Standard Model CNNS
cross section is rescaled by a factor 0.77 accordingly to the recent results from CO-
HERENT [247], which directly observed this process for the first time with neutrinos
produced at a spallation neutron source. On top of the neutrino flux uncertainty of
14%, the final CNNS background model in the observable space also takes into account
the uncertainty of about 21% from COHERENT [247] and of about 15% from the signal
response model at the low energy region of most interest for neutrino scatters (see sec-
tions 3.3 and 3.4.2). The resulting relative rate uncertainty for solar neutrino scatters
induced NR background is 29%. The shape in the observable signal space of the CNNS
background model for XENONI1T is shown in figure 3.8b, while the spatial distribution
is uniform. Note that data analysis uses corrected (for detector related effects) S1 and
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S2 signal variables (see section 4.1), indicated by ¢S1 and ¢S2 (or ¢S2p, for the frac-
tion of S2 signal observed by bottom PMTs). The derived CNNS background rate is
0.05+0.02 (t - y)~! in the (3, 70) PE ROI for WIMP search.

3.2.3 Radiogenic neutrons

The presence of 238U, 235U and 2?Th in the detector materials generates neutrons in
the MeV energy range through spontaneous fission (SF), mainly from 238U, and («, n)
reactions induced by « particles emitted along the decay chains. Radiogenic neutrons
represent the major contribution to the XENONIT NR background. For heavy nuclei,
the high Coulomb barrier suppresses the (a,n) process. Therefore the neutron produc-
tion is almost exclusively due to spontaneous fission. The highest (a, n) yields are from
light materials, such as PTFE and the ceramic stems of PMTs. To make predictions
about the neutron background expected in the DM search ROI we make use of MC
simulations with the GEANT4 toolkit [234|. As radiogenic neutrons can have a quite
large scatter multiplicity along their path in the large XENONI1T TPC, it is important
to characterize the detector’s capability in separating two close scatters. This is stud-
ied with waveform simulations, exploiting a custom-developed waveform simulator for
XENONIT (called FAX) which simulates raw signal waveforms to be fed to the same
signal processor used on real data. The waveform simulator includes data-driven models
of the scintillation light pulse shape, of the electrons diffusion during drifting, of the time
profile of electron amplification, of the afterpulses caused by residual gas in PMTs, of
the single electron generation by photoionization impurities and of the electronic noise.
Results from simulations are then validated against a data-driven estimation based on
neutron calibration data. The radiogenic neutrons background model is finally updated
with the inclusion of the neutron-X contamination (section 3.2.4) which became relevant
as an enlarged fiducial volume was chosen for WIMP search with respect to the 1tonne
LXe mass used in the analysis of the first XENONIT science run [108]. Given the large
uncertainties involved in neutron background simulations, described in this section, the
background rate induced by radiogenic neutrons is constrained by the measurement of
multiple NR scatters (section 3.2.5).

Modelling the XENON1T multiple scatter resolution When a particle scatters
twice inside the detector, the prompt S1 signals are merged, while due to the drift time
multiple S2 peaks can be observed if the interactions occur at different z positions. In
XENONIT, the large detection volume gives a powerful tool to remove a large portion
of neutron background by cutting out multiple scatters. The selection of single scatters
applied to XENONI1T data is based on the amplitude of the largest and second largest
S2 signal (S2second—largest) recorded in the event. For real multiple scatters, the other
S2s can be as large as the main S2, while S2 noise orginated by PMT afterpulses or
photoionization [250] comes with smaller amplitudes. In the low energy range of interest
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Figure 3.9: Simulated z-, first S2- and second S2-dependent double scatter resolution defined as the
minimum separation in the z coordinate between two scatters whose S2s are resolved by the XENON1T
event reconstruction processor with 50% efficiency. (a) Dependency from depth in the TPC of equally
sized S2 signals (with 42 electrons generated in the interaction site). Dashed vertical lines indicate the
range of the linear parametrization of the resolution z dependency, where z = 0 is the cathode position
and higher z values are deeper in the TPC. (b) Double scatter resolution as a function of the S2 size
(expressed in terms of free electrons produced at the interaction point) of the first and second signal,
averaged over z.

for WIMP search, the cut to reject multiple scatters is defined as
S26econd—largest < 0.00832 - S2ain + 72.3, (3.2)

which provides an ~85 % rejection power on neutron calibration data with 99% accep-
tance of single scatters, established on ?2°Rn ER data. The same cut is applied to MC
simulations of NR, background to ensure the same efficiency as the single-site scatter
selection made on real data.

Nonetheless, two scatters happening at the same TPC depth yield two S2 signals
which are seen as just one merged S2 at the event reconstruction step of data processing.
The XENONI1T multiple scatter resolution has therefore to be taken into account in the
NR background prediction from MC simulations of neutron interactions. The resolution
for double-site scatters is a function of the z coordinate, but also of the first S2 (not
necessarily the largest) and the second one. Couples of S2s of different amplitudes are
generated with the XENONIT waveform simulator from different z positions, varying
their separation along z. They are then fed to the data processor to study if they
are resolved or classified as a single S2. An inspection of the resolution as a function
of z shows that a linear approximation is good for most S2 size combinations (see
figure 3.9b), with larger Az separation required for deeper interactions, whose S2s
are more spread in time due to the ample electron cloud diffusion in the drift. The
dependency from the signals amplitude of the minimum Az separation at which 50%
of events get reconstructed as separated S2s is shown in figure 3.9a, averaged over all
possible z depths in the TPC. The three dimensional map, with resolutions ranging
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Figure 3.10: Validation of the simulated multiple scatter resolution against *** AmBe calibration data.
The data-driven resolution is estimated analysing multiple NR scatter events and looking for missing
population at very small Az separation between the main and the second largest S2. The resolution
obtained from simulated 2*' AmBe data is overlaid as filled bands representing the uncertainty in the
estimation. The resolution defined as the minimum separation at which S2s are resolved with 50%,
75% and 90% efficiency is shown in different colours. A good agreement is found, with a slightly more
conservative resolution obtained from simulation with respect to the data-driven method by ~0.5 mm

(~8%).

from ~3mm to ~20mm for very large S2s, is applied to simulated data to correctly
cluster interactions with not sufficient z separation.

The resolution map derived from simulations is validated against neutron calibration
data. Multiple scatters in data are explored in z slices and the exponential distribution
of the Az separation between the main and the second largest S2 is evaluated looking for
a missing population at the smallest distances. The separation efficiency is estimated
by the under-population of identified double scatters with respect to the exponential
extrapolation down to zero separation. The comparison between the obtained resolution
as a function of z, at 50%, 75% and 90% separation efficiency, and results from 24! AmBe
neutron simulations (figure 3.10) shows a slight overestimation (~8 %) from simulated
data, meaning that by assuming the simulated multiple scatter resolution map we stay
on the conservative side.

MC simulations of radiogenic neutron background Neutron yields in the detec-
tor materials are estimated using the SOURCES-4A software [251|. The neutron pro-
duction rates for all the relevant detector materials are considered taking into account
also chain disequilibrium. Detailed description of neutron yields used for each material
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Radiogenic neutron background rate [y ™!

Component RERN) 257 226Ra 2827 228Th Total | Percentage
PMTs Stem | 1.1-107" 5.7-107% 6.1-1072 82-10~° 5.8-1072 | 0.290 33%
PMTs Base 3.9-107%2 4.6-107% 32.1072 1.8-107%* 1.2-1072 ] 0.087 10%
PMTs Quartz | 5.5-1072 1.6-107% 2.0-1073 6.7-107% 1.7-102 | 0.060 %
PTFE 21-1072 1.3-107%2 6.0-1072 3.6-107* 5.7-1072 | 0.142 16%
Shell (SS) 87-1072 1.5-107% 6.5-107% 9.5-1076 2.4.1072 | 0.118 13%
Flange (SS) | 9.4-107% 14-107*% 73.107% 1.9-107%¢ 5.5-1072 | 0.071 9%
Bell (SS) 32-1072 54-107%* 6.5-107* 5.7-1077 2.1-1073 | 0.035 4%

Table 3.3: NR background rate induced by radiogenic neutrons in 1tonne fiducial volume and in
the (3, 70) PE region of interest for WIMP search in the S1 signal space. Components not listed in
this table account for approximately 10% of the total XENONIT neutron background budget. The
percentage contribution of each component refers to the total background rate.

and radioactive isotope can be found in [135]. A hundred million neutrons for each of
the detector materials listed in table 3.3 (which account for ~90 % of the total neutron
contribution) are simulated with GEANT4. Close recoils in z are clustered according
to the XENONI1T multiple scatter resolution and the single scatter selection cut (both
discussed in the previous paragraph) is applied to simulated data. At this stage of MC
studies, the conversion of deposited energy into light and charge signals is carried out
exploiting the XENONIT NR response model derived from the first science run [108]
based on the underlying signal generation approach described in [135] and analogous
to the model presented in section 3.3!. PMT components are the major contributor to
NR background, inducing 50% of the total low energy neutron background budget in
1 tonne fiducial volume. Stainless steel cryostat parts account for 22%, while the TPC
PTFE is responsible for 15% of the neutron background. The uncertainty associated to
the background rate prediction is established at 50%, based on the uncertainty in the
SOURCES-4A [252] code and the difference between the GEANT4 and MCNP particle
propagation simulation codes [253]. The recoil energy spectrum in 1tonne FV is shown
in figure 3.7. The spatial distribution is mainly confined close to the TPC edges (see
figure 3.11), similarly to ER background from detector materials.

3.2.4 Neutron-X contamination

Neutrons originating from bottom PMTs have a sizeable probability to scatter in the
region between the TPC cathode and PMTs, referred to as the below-cathode (BC)
region. The scintillation light from these scatters is detected but electrons are lost
because the electric field in the BC region drifts them away from the active volume.
Such events, with at least one scatter in the BC region and a single scatter in the
TPC volume are called neutron-X events and have a lower S2/S1 ratio than normal NR

!The final radiogenic neutron model used to make the background prediction for the DM search
of the combined SRO and SR1 (described in section 3.4.2) is derived through the NR response model
based on the whole XENONI1T dataset (see section 3.3).
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Figure 3.11: Spatial distribution of the XENONIT NR background induced by radiogenic neutrons
emitted from detector construction materials as a function of TPC radius squared and depth along the
z coordinate. The final 1.3 tonnes fiducial volume is drawn as a grey solid line, while the green dashed
line delimits a reference 0.65t volume with highly reduced background rate due to neutrons.

scatters. An example of the topology of such events can be visualized in figure 3.12,
where two simulated background events due to a neutron emitted from a bottom PMT
are shown: a neutron-X event with a low energy deposition BC (figure 3.12a) and a
normal single scatter inside the FV (figure 3.12b). The plots are produced with an event
display plugin to GEANT4 simulated events that I developed, helping the visualization
of tracks of produced particles, their type and their interactions within the physical
volumes defined in the XENON1T GEANT4 detector model.

Taking into account the BC interaction in events that contribute to the NR back-
ground, i.e. producing a single NR scatter inside the fiducial volume, implies a two-fold
distortion of the “normal” neutron background (where interactions BC are neglected).
For the neutron-X fraction of the whole neutron events sample, the S1 signal is increased
by the scintillation light emitted BC, meaning that in-TPC NRs below threshold can
be pushed inside the (3, 70) PE ROI and other events can be pushed above the 70 PE
upper bound. Besides the impact on the final radiogenic neutron background rate, also
the (S1, S2) energy spectrum is distorted as the neutron-X events ending up in the ROI
will have an abnormally small S2 signal size with respect to normal scatters with the
same S1 signal amplitude.

Investigating the neutron-X population The extension of the fiducial volume
used in the combined SRO+SR1 DM search [109], from 1 tonne, defined in the analysis
of SRO [108], to 1.3 tonnes, motivated investigations of the neutron-X population which
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Figure 3.12: XENONIT event display of GEANT4 simulation of radiogenic neutron background
originated from the bottom PMT array. (a) A neutron-X event, with additional low energy recoil
in the below-cathode (BC) region, originated by a primary neutron with energy of 4.8 MeV. (b) A
normal NR single scatter inside the fiducial volume from a 5.5MeV neutron (in this case the NR
in the FV is not caused by the primary neutron, but from a secondary neutron produced through
neutron inelastic scattering outside the TPC). The custom developed event display shows a point
for all physical interactions (points with black outline) or if the particle is transported through a
different detector component with no energy deposition (points with white outline). In this simulation
only neutrons, gammas, electrons and positrons are shown (which are the typical particles present in
simulated events started by a neutron). The size of each point is proportional to the deposited energy.
Neutron interactions with non-null energy deposition are labelled with the corresponding GEANT4
physical process name. The position of the primary particle (neutron) in the simulation is marked by
a black cross. Only interactions in the sensitive xenon volumes (both liquid and gaseous) are stored
and visualized. The 1.3 tonnes fiducial volume is drawn as pink dashed line.

was neglected in the previous analysis. From MC simulations, we find that ~18 % of
radiogenic neutron events, at any energy, multiplicity and in the whole active volume,
include at least one interaction in the 6.2 cm gap between the bottom PMT array and
the cathode, the BC region. The highest neutron-X contamination is observed for the
events induced by neutrons emitted from PMTs (~32 %), as especially those originating
from bottom PMTs clearly have the largest probability to interact BC with respect to
neutrons coming from any other initial position. Lower neutron-X fractions are present
in events arising from cryostat neutrons (~9 %) and from the Bell (~2 %), which is
positioned over the top of the TPC.

Neutron-X events are mostly located in the lowermost region of the TPC just above
the cathode, as shown by figure 3.13a, for simulated radiogenic neutrons from PMTs.
Energy depositions BC can be distinguished in NRs, due to neutron elastic scatters,
and ERs, due to gamma or electron interactions originated from a neutron inelastic
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Figure 3.13: GEANT4 simulation of neutron-X events originated by neutron emission from PMT
components. (a) Position distribution in the TPC of single scatter events in the (0,50) keV energy
range. Neutron-X events, which have additional interactions in the below-cathode (BC) region, are
shown in the whole TPC active volume (purple points), with scatters inside the 1.3 tonnes fiducial
volume colored in blue. Normal neutron single scatters are also drawn (yellow points). The pink
dashed line delimits the maximum radius and z range of the fiducial volume. (b) Energy spectrum
of recoils in the below-cathode region for neutron-X events with deposited energy in the TPC below
50keV. In light blue, the spectrum for events where only NRs happen BC. The distribution of deposited
energy BC for events with at least one ER interaction is shown in orange.

scattering or neutron capture. An elastic scattering BC is present in 85% of neutron-
X events, while contribution from ERs originated from neutron inelastic scatters and
neutron capture is 38% and 6% respectively. We refer to elastic neutron-X for purely
nuclear recoils happening BC and to non-elastic neutron-X if at least one of the BC
interactions is of electron recoil type. Since ERs have a larger light yield than NRs,
most of non-elastic neutron-X events have a summed S1 (from BC interactions plus the
NR in the fiducial volume) higher than the upper bound of the S1 ROI. The spectrum
of deposited energy in interactions BC is shown in figure 3.13b for both elastic and
non-elastic neutron-X events. Non-elastic interactions contribute in one-third of the
simulated neutron-X and just ~1% of them has low energy ERs (< 10 keV), due to «
compton scatters or absorption of X-rays produced by a photo-ionization outside the
BC region. Consequently, only purely elastic neutron-X events can contribute to the
NR background in the WIMP search ROI.

Impact on the neutron background model Given that background neutron-X
events are only those with one or more nuclear recoils BC, the signal response for
below-cathode interactions can be modelled as for normal NRs in terms of light signal,
while the charge signal is not generated. The relative ratio and spectral difference
in (S1, S2) distributions between normal neutron scatters and neutron-X events are
taken into account in the simulation for building the final model of NR background
induced by radiogenic neutrons (see sections 3.3 and 3.4). In the 1.3tonnes fiducial
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Figure 3.14: Distortion of the NR background spectral shape induced by the 13.6% neutron-X con-
tamination of the total background due to radiogenic neutrons. (a) Distribution of neutron background
in the observable signal space. The black contours show the 1, 2 and 30 quantiles for normal single
scatter from radiogenic neutrons. The distribution of neutron background including the neutron-X pop-
ulation is depicted by green shaded regions representing the 1, 2, 30 contours (from darker to lighter).
(b) Variation bin-per-bin, in the (¢S1, log10cS2;) space, when neutron-X events are properly modelled
with additional contribution to the S1 signal size from below-cathode interactions. Some events are
removed since their S1 is pushed outside the (3, 70) PE ROI. Other events that produce a recoil in the
fiducial volume with S1 amplitude less than 3 PE are moved inside the ROI. The overall variation of
the background rate in ROI is -12%.

volume, the resulting NR background rate including proper treatment of the neutron-
X fraction is lower by 12% with respect to the predicted rate ignoring below-cathode
energy depositions, meaning that more events are pushed outside the (3, 70) PE ROI in
S1 than those moved inside. No significant pattern is observed in the spatial distribution
of removed and added events due to the neutron-X distortion of S1. The residual
neutron-X contamination over the total radiogenic neutrons background in the ROI
amounts to 13.6%. The most important effect is the distortion of the energy spectrum
due to neutron-X in the NR background model, shown in figure 3.14. The neutron-
X population is removed from the bulk of the normal neutron scatter spectrum (the
so-called NR band) and it expands downwards due to the smaller S2/S1 ratio.

3.2.5 Constraint from multiple scatter analysis

Multiple neutron scatter events in DM search data and NR calibration data can be
used to constrain the predicted neutron background rate from MC simulations, which
is affected by a quite large 50% uncertainty. Derivation of the constraint on neutron
single scatter rate relies on the estimated multiple-to-single NR scatter ratio from both
simulations and calibration data.

Data analysis searching for multiple NRs in the 1.3 tonnes fiducial volume is con-
ducted on all DM search data (SRO+SR1), selecting events up to 100 PE in the corrected
S1 signal. The same selection criteria used for DM search (see section 4.3.2) are applied,
apart those designed to remove multiple scatter events. In particular, the reverted cut
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Figure 3.15: Distribution of neutron multiple scatter events in the discrimination space. The grey
bands represent the single scatter ER model 1 and 2 ¢ quantiles. The NR model for multiple scatters is
depicted as purple contours. Purple points are the nine identified neutron multiple scatters within the
1.3 tonnes fiducial volume in the XENON1T DM search data. The respective cS1 and cS2; signal sizes
refer to the main interaction of each event, i.e. to the largest S2 peak. In black points the XENONI1T
ER background data.

in equation 3.2 is used to select muliple-site recoils in the dataset. Finally, cutting away
events above the 20 upper bound of the NR band for multiple scatters (which is derived
from the NR response model described in section 3.3, but fitted on multiple scatters
events in calibration data) ensures that the selection does not include ERs. Nine events
survive the multiple neutron scatter selection. One event is found in the first science
run and the remaining 8 events show up in SR1. Their distribution in the signal space,
through the S1 and S2 of the main interaction, is shown in figure 3.15, while the spatial
distribution of the main and secondary scatters is in figure 3.16. Releasing the NR
requirement, four more multiple scatters are identified of electronic recoil type.

The observation of 9 events is compatible with the prediction from MC simulations of
6.4 4+ 3.2 multiple scatter events in the 1.3 tonnes fiducial volume and in the XENON1T
combined SR0+SR1 exposure of 278.8days. A factor ~5 higher rate of multiple with
respect to single scatters is estimated from simulations of radiogenic neutrons. The
multiple-to-single scatter ratio can be evaluated also from neutron calibration data
by applying the same multiple scatter selection aforementioned. The estimated ratio
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Figure 3.16: Position in the TPC of the identified nine neutron multiple scatters in XEONON1T DM
search data. For each event, the chain of scatter points is linked by lines (dashed line are present when
two chains overlap). Only one solid circle per event is shown, located at the reconstructed position of
the largest S2 signal. There is at least one hollow circle for each event, drawn in the reconstructed
position of the secondary S2s. Smaller dots are single scatter ER background in the 1.3 tonnes fiducial
volume (purple line).

from analysis of 2! AmBe and neutron generator calibration data is lower than the
multiple-to-single ratio derived from simulated calibration data by a factor 0.6 and
0.7 respectively. The larger discrepancy is conservatively taken into account in the
derivation of the constraint to the single scatter radiogenic neutron background.

A likelihood function is defined to include all the available information about the rate
of neutron scatters in XENONIT (both single and multiple). The number of multiple
scatter events piys is parametrized through the multiple-to-single scatter ratio R and the
number of single scatters 55 (the number of multiple scatter is given by fims = fiss - R):

L(jims) = Poiss(9]pims) - Gaus(pims| M, ome) - Uniform(R in [Rpata, Rvc]),  (3.3)

where the first term is the Poissonian probability of observing the 9 multiple scatter
events with s expectation value, the second one is the gaussian constraint from the
MC prediction with u%sc = 6.4 and opmc = 50% and the last term is a uniform PDF
defining the allowed range for the multiple-to-single scatter ratio within the upper and
lower estimations from data and simulations. The final constraint on the XENON1T
single scatter neutron background is extracted by profiling out the multiple-to-single

79



Chapter 3. Electronic and nuclear recoil backgrounds in XENONI1T

scatter ratio R and comparing the likelihood contour and central value to the original
MC prediction. A scaling factor of 1.48f8:§g is obtained to be applied on the single
scatter rate prediction derived from MC simulations of the radiogenic neutron back-
ground. Such a factor is applied to the normalization of the final XENONIT neutron
background model (section 3.4.2) and provides the relative rate uncertainty, which for
simplicity is taken symmetric with the average interval width of 49%.

3.3 Detector response model to ER and NR interactions

The modelling of the XENONIT response to electronic and nuclear recoils is based
on a simulation which takes into consideration detailed characterizations of detector
systematics, as well as a comprehensive modelling of the electron-ion recombination
process in LXe. By modelling and fitting the detector response simultaneously for
ER and NR, shared detector uncertainties can be treated coherently and all available
information is used to constrain uncertainties.

3.3.1 Liquid xenon microphysics

The intrinsic signal response model in LXe follows the approach used in the NEST
model [254,255], including the recombination fluctuation [256|. Energy deposited in LXe
goes to three forms: thermalization of the recoiling particle, excitation and ionization
of xenon atoms. The thermalization energy loss is undetectable in the XENONI1T
detector. The deposited energy € can be reconstructed through the average sum (total
number of quanta N;) of number of excimers N, and ion-electron pairs Nj:

where L is the Lindhard factor expressing the fraction of energy loss to thermalization
and W (13.7+0.2¢V from a global fit [254]) is the average energy required in LXe to
create either an excimer or ion-electron pair. Negligible energy is lost to thermalization
in an ER as the mass of the recoiling electron is much smaller than the xenon nucleus.
In NRs, the recoiling xenon atom leaves kinetic energy through elastic scattering off
surrounding atoms (thermalization), resulting in a Lindhard factor of 0.1-0.2 in LXe.
The field- and energy-dependence of the Lindhard factor is parametrized following the
NEST model [255]. The loss of deposited energy to heat in NRs leads to Poissonian
fluctuations of the reconstructed energy:

N, ~ Poiss ((IVy)) . (3.5)

The division of the quanta expressed by the excimer-to-ion ratio Ng;/N; is related to
the excitation and ionization cross sections of recoiling particles on xenon atoms. For
ERs, it is assumed to be constant, and is given a uniform prior ranging from 0.06 to
0.20 [254]. For NR, it is parametrized as a function of deposited energy and electric
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field F, following [255]:
New/N;i = aF~¢ (1 - e—ﬁ*f) : (3.6)

where «, 8 and ( are tuned parameters in the model. This leads to the binomial
fluctuations of N, and N;:

N; ~ Binom (Nq

1 )
' T+ New/N; ) (3.7)
Nel‘ — Nq - NZ

The electrons have a probability 1—r to escape the cloud of ion-electron pairs, depending
on both the deposited energy and the electric field applied:

N, ~ Binom (N;,1—71),

N = NN, (3.8)

where N, and N, are the number of photons generated by ion-electron recombination
and of escaping electrons, while r is the recombination fraction. Due to detector effects,
such as field non-uniformity and intrinsic fluctuations [256], the recombination fraction
r has fluctuations and is modelled as Gaussian:

r ~ Gauss ((r), Ar), (3.9)

where Ar is the recombination fluctuation, modelled as energy-independent. The mean

recombination fraction (r) is described by the Thomas-Imel (TI) box model [257]:

1+ Nis
Nig

(r)=1 (3.10)

For NRs, the TI box model associated with the Lindhard factor has been shown to
match data well [255]. The recombination fluctuation was shown to be subdominated
by the statistical fluctuations [258] induced by equations (3.5) and (3.7), and is set to
0 for NR in the signal response model. For the parametrization of NR recombination
fraction (r),,, equation (3.8) with additional field dependence of ¢ is used:

S = '}’an—(Snrv (311)

where 7, and §,, are parameters tuned to match data, with constraints from the NEST
global fit [255].

For low energy ERs, several recent measurements [256, 260,261,263 indicate that
the TI box model cannot fully describe the recombination process. A modified TI box
model is therefore used to parametrize the ER recombination fraction (r)e,:

(s = <1 B ln(ljz Ni§)> / (1 n e—(e—fg)/ﬁ) ’ (3.12)

G = Yepe S/Wer p0er, (3.13)
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Figure 3.17: Mean photon and charge yields of ER in the XENONI1T calibration data fit is shown
in blue. The blue solid line and shaded region represent the point estimation and 15%-68% credible
region, respectively, of the posterior. The measurements from [256,259-261] are shown along with
the best fit of NEST v2.0 beta [262]. The vertical dashed blue line indicate the energy threshold for
XENONIT ER calibration, below which the detection efficiency drops to less than 10%.

where the Fermi-Dirac term in equation (3.12) and the exponential term in equation 3.13
was added to the TI box model in order to account for the deviation of measurements in
<3keV and >10keV energy ranges, respectively. Similarly to NRs, the field dependence
of the ER TI box parameter ¢ follows a power law as introduced in NEST [255]. The
adjustable parameters fo, f1, Yer, Wer, and &, are not given other constraints than the
matching of the signal response model to XENONI1T data. Figure 3.17 and 3.18 show
the mean photon and charge yields as a function of energy for ER and NR, respectively,
as well as related measurements. The mean photon (N, /e) and charge yield (N, /e) are
defined as:

) +Nex Nz
<N"//€> — V%/'(lzk]\%z/év’b 9 (3 14)
1—(r )
<Ne/€> = %1+Nez/Nz

The calibration of low energy ER in XENONIT is performed using an internal
220Rn source [108]. The calibrated ER sample using S-decays from a 22°Rn source
is analogous to the dominant ER background from 2'Pb 3 decays in the low energy
region (<10keV). However, the response model built for ER in XENONIT is not in
principle applicable to v-induced ER, that at sufficiently high energy may interact with
the inner-shell electrons. When this happens, the vacancy in the inner shell results in
either X-ray fluorescence, which further ionizes the surrounding xenon atoms, or Auger
electrons. Consequently, y-induced ER can have multiple S particles instead of one as
in S-induced ER. The binding energies for K- and L-shell electron in xenon are about
34.6keV and 4.8 — 5.5keV, respectively. According to the NIST database [271], the
corresponding X-rays have mean free paths of about 10 pm and 0.4 um, respectively.
The effect on the recombination of electron clouds separation at this scale is not well
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Figure 3.18: Mean photon and charge yields of NR in the XENONIT calibration data fit is shown in
blue. The blue solid line and shaded region represent the point estimation and 15%-68% credible region,
respectively, of the posterior. Data points are from fixed-angle neutron scattering measurements [264—
270]. Results of XENON100 [258] using data-MC matching on *** AmBe calibration method are shown
with the red solid line and shaded region. The best fit from NEST [255] is shown with the green solid
line. The vertical dashed blue line indicate the energy threshold for XENONIT NR calibration, below
which the detection efficiency drops to less than 10%.

understood yet.

3.3.2 Detector signal reconstruction

Besides the intrinsic response of LXe, detector reconstruction effects on the total re-
sponse are modelled. Detector features bring non-negligible contributions to the bias
and fluctuation of the reconstructed scintillation (S1) and charge (S2) signals. More
specifically, the spatial dependence of S1 and S2, the double photoelectron emission
(DPE) of PMT photocathode [272,273], the position reconstruction uncertainty, the
reconstruction efficiency, bias and fluctuation of the signal, and the acceptance of data
selection in the analysis are taken into account in the model.

Following the generation of photons and electrons in an energy deposition through
the recombination (equation 3.8), photons are detected by the PMTs with a light col-
lection efficiency €. Electrons are drifted to the gas-liquid interface in the electric field
and are extracted under the stronger gas field, amplifying the electron signal with the
gas gain G. Both e¢;, and G are spatially dependent and related to the energy scale
parameters g; and g by:

! (7 — .
gl(x) = DPdpe EL(l‘,y, Z)7 (3.15)
9o(@,y) = €car - G(2,y),

where pgpe is the average DPE probability of PMTs [272,273] and €cy¢ is the extraction
efficiency which is assumed to be constant. The number of hits detected by a PMT Ny
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and photoelectrons generated from the PMT photocathode Ny, can be written as:

N ~ Binom (N, ¢} (),

. 3.16
Npe — Npit  ~  Binom (Npit, Dape) - 19

In addition to the (x,y) dependence caused by the charge amplification, S2 signals
depend on z position due to electrons attaching to impurities as the electrons drift. The
number of electrons that survive the drifting and extraction N, are:

N..; ~ Binom (Ne, e/ “e‘”d)em) , (3.17)

where 7. and v, are the electron lifetime and electron drift velocity, respectively. The
total proportional scintillation light detected by PMTs N, can be approximated as:

Nprop ~ Gauss (NextG, VN AG) | (3.18)

where AG is the spread of the gas gain. For simplicity, we consider AG/G a constant
in the model.

The uncorrected S1 and S2 signals are constructed from Ny and Np,qp, respectively,
amplified by PMTs, digitized and selected by the XENONT1T clustering and classification
software |274]. To account for biases and fluctuations in this process, the uncorrected
S1 and S2 are written as:

S1/Npe —1 ~ Gauss (051, Ads1) ,

S2/Nprop — 1~ Gauss (052, Ads2) (3.19)

where 041 (0s2) and Adgy (Adse) are the bias and spread, respectively, of the S1 (S2) re-
construction. The reconstruction bias and fluctuations are estimated using a waveform
simulation including a realistic scintillation pulse shape, charge amplification model,
electronic noise, PMT single PE spectrum, PMT after pulses, and impurity photoion-
ization.

The S1 and S2 are corrected for their spatial dependence based on the reconstructed
positions Z.. The z position of an event is reconstructed using the time difference be-
tween S1 and S2 signals, and has relative higher resolution than the (z,y) position which
is reconstructed through the S2 hit pattern on PMTs at top array (see section 4.1.1).
We assume the reconstruction fluctuations along x and y axes are identical. The recon-
structed position of x, can be written as:

x, ~ Gauss (z, 0p) , (3.20)

where o, is the position reconstruction resolution, which depends on both 52 area and
the position of event. The corrected S1 (¢S1) and S2 (cS2) are derived based on the
reconstructed position:

Sl = Slﬁ’
€S2 = S§292__ez/(Teva) (3.21)
gZ(ITayr)
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Figure 3.19: (a) The XENONIT ER (top) and NR (bottom) bands. In the top panel, the ER median
line (solid blue) is drawn together with the 20 contours and the NR median (solid red). Data points are
low energy ER calibration data from **Rn source. The bottom panel shows the NR model, with median
and 20 quantiles (solid and dashed red lines respectively). Data points are from neutron calibrations
with ?*! AmBe and D-D fusion neutron gun sources. The derived ER and NR. energy scales are shown
in grey lines in the respective plots. (b) cS1 projection of the signal response model fitted to calibration
data. Solid lines represent the median of the posterior, and the shaded regions show the 15.4% to 84.6%
credible regions of the posterior. The accidental pileup (AC, magenta), ER contamination (yellow),
single-site (red), and multiple-site NR scatter (green) components are considered in the complete model.

Selection criteria were applied to data to ensure the purity of the sample and to
optimize the signal-to-background ratio for the dark matter search (see section 4.3).
The detection efficiency loss arises from the software reconstruction efficiency of Sls,
and from the S1- and S2-related event selections. The efficiencies for these are considered
as functions of Ny, S1 and S2, respectively, in the signal response model. In addition,
the selection of single-site scatters applied to actual data (described in section 3.2.3)
is also implemented in the simulation in order to accurately address the acceptance of
single-site scatters and the rejection power against multiple-site scatters.

3.3.3 Fit to calibration data

The signal response model is constrained using the calibration data from 22°Rn, for
ER, and ! AmBe and D-D generator, for NR (see figure 3.19a). With the calibration
fit, the response model is used to construct WIMP signal and background models for
the statistical inference of dark matter search data [108,109]. The fit is performed
simultaneously using all available XENONI1T calibration data taken during the first
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Figure 3.20: The ¢S2 spectra in different cS1 ranges of the 22°Rn ER, ?*'AmBe and D-D fusion
neutron calibration data (black), and the fitted signal response model (blue). Solid lines and shaded
regions are the median and 1o credible regions of each model component posterior (with same color
code of figure 3.19b).

(SRO) and second (SR1) science data taking periods. The test is based on the binned
likelihood for distributions in Logo(cS2/cS1) versus ¢S1, using the data in the 1 tonne
cylindrical fiducial volume defined in SRO [108]. The likelihood is sampled using the
affine invariant Markov Chain Monte Carlo (MCMC) [275]. The model fitted to ER and
NR calibration data includes also accidental S1-S2 coincidences (AC, see section 4.4.2)
and multiple-site scattering events passing the single scatter selection.

The fit to the ¢S1 spectrum of each calibration data sample is shown in figure 3.19b.
Figure 3.20 shows the ¢S2 spectra in different ¢S1 ranges together with the posterior of
the tested signal response model. The matching between the signal response model to
the calibration data is good, with the goodness of fit p-values for ¢S2 spectra compar-
ison in different ¢S1 ranges all above the 5% threshold set for an acceptable fit. The
derived XENONI1T ER and NR models in the bi-dimensional signal space are shown in
figure 3.19a through the medians (solid lines) and the 20 quantiles (dashed) overlaid to
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Figure 3.21: The XENONI1T ER background model in the WIMP search ROI. (a) ER background
distribution in the (cS1, ¢S2;) observable signal space derived from nominal signal response model to
ER interactions. (b) Change in Logio(cS2;) distributions as 7., (top panel) and Ar (bottom panel)
varies, from the 2.3% percentile to 97.7%th percentile of the signal model posterior, in different cS1
ranges.

the calibration data points. Under the obtained models, the fraction of ERs that leak
in the NR reference region, defined between the median and —2¢ contour of the NR
distribution, is estimated to be 0.3%.

3.4 Background models in the observable space

The XENONIT ER and NR background models in the observable signals space (¢S1,
cS2;) are built based upon the signal response models illustrated in section 3.3. The
obtained ER and NR response models are employed to translate the expected recoil
energy spectra derived from the MC simulations discussed in sections 3.1 and 3.2 into
the final background models within the WIMP search ROI defined by the intervals (3,
70) PE of ¢S1 and (50, 8000) PE of ¢S2;, signal size.

3.4.1 ER background model

The energy distribution of ER background is assumed to be uniform in the ROI due to
the dominance of ?2Rn contribution. The uncertainties of the (cS1, ¢S2;) distribution
for the ER background is dominated by the uncertainties of ., in equation (3.13) and
the recombination fluctuation Ar in equation (3.9). The effects of varying 7., and
Ar are to shift the mean and change the spread, respectively, of the ER distribution
in ¢S2;. Figure 3.21b shows the variation of the ER distributions on Logjo(cS2;) in
different cS1 ranges. The distributions are produced by the signal response model with
the other nuisance parameters marginalized to the point estimation (median posterior)
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after the fit to calibration data. The 7., and Ar distributions are computed at 2.3%,
6.7%, 15.9%, 30.9%, 50.0%, 69.1%, 84.1%, 93.3%, 97.7% percentiles of the posterior
after the calibration data fit.

The ER background distribution in the signal space at the nominal values of ~,
and Ar is presented in figure 3.21a. The ER background is uniformly distributed in the
fiducial volume due to the dominant contribution of the intrinsic contaminant ?*2Rn.
The ER background prediction in the ROI within the 1.3 tonnes fiducial volume and for
the combined (SR0+SR1) livetime of 278.8 days (for a total 0.99t - y exposure) is

627 £ 18 events. (3.22)

The ER expectation value is derived from the fit of the ER model in figure 3.21a
to DM search data. The residual ER background in a NR signal reference region,
defined between the median and —20 quantile of 200 GeV /c2 WIMP signal distribution,
amounts to 1.62 4+ 0.30 events, corresponding to a rate of 2.12 4+ 0.39 events per year in
the 1.3 tonnes FV.

3.4.2 NR background model

The XENONIT NR background model is composed by the contributions of radiogenic
neutrons and neutrinos undergoing CNNS. The neutron background component induced
by muons is neglected as its expected rate is approximately two orders of magnitude
lower than the one due to neutrons from radioactive contaminants in detector mate-
rials. The models of both NR background sources, obtained convoluting the expected
recoil energy spectra with the XENONIT NR response model, are shown in figure 3.22
(note that the same colorbar normalization is used in figures 3.21a and 3.22 for easy
comparison).

For the XENONI1IT DM search presented in this work, the expectation value of
the neutron background derived from MC simulations, with the complete treatment
of the neutron-X component and taking into account the constraint derived from the
observation of neutron multiple scatters in data, amounts to

1.43 £+ 0.66 events (3.23)

in the ROI and inside the 1.3 tonnes fiducial volume, i.e. 1.87 £ 0.86 events per year.
The spatial distribution of the neutron background is derived from MC simulations and
it is shown in figure 3.11. Inside the 0.65tonnes core volume (green dashed line in
figure 3.11) 0.26 £ 0.13 NR events due to radiogenic neutrons are expected. The rate
uncertainty comes from the combination of 50% from MC simulation prediction and
the measurement of multiple scatters as discussed in section 3.2.5. The rate uncertainty
propagated from the NR response model amounts to 15% (3%) for 6 (200)GeV/c?
WIMPs. The spectral shape of the neutron background is very similar to the expected
NR spectrum induced by WIMPs of mass > 100GeV /c2. Thus, the 3% uncertainty
from the NR response model is negligible for the prediction of the radiogenic neutrons
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Figure 3.22: The XENONI1T NR background model derived from nominal signal response model
to NR interactions, in the (cS1, ¢S2,) observable signal space. (a) Radiogenic neutron background
distribution, including the neutron-X population. (b) Coherent neutrino-nucleus elastic scattering
background distribution.

background level. The NR background from radiogenic neutrons is almost 30 times
higher with respect to the one induced by neutrinos with CNNS, which is

0.05 + 0.02 events, (3.24)

where a total 29% uncertainty combines the 15% from the NR model (as the CNNS
spectrum is almost identical to a 6 GeV /c? WIMP) and the indetermination on neutrino
flux and CNNS cross section (as discussed in section 3.2.2).

The complete XENONI1T background model includes also a surface background,
due to inward reconstructed events at the TPC wall with reduced charge signal, and
the contribution from accidental S1-S2 pile-ups. Such backgrounds and their models
are presented in section 4.4 along with WIMP signal models.
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Chapter 4

XENONI1T data analysis and
WIMP search results

The dark matter search discussed in this work combines data from the two science runs
of the XENONIT experiment. The first science run (SR0) spanned from 22 November
2016 to 18 January 2017, when an earthquake of magnitude 5.7, occurred in central
Italy, temporarily interrupted detector operation. After a brief period of maintenance,
the second science run (SR1) started on 2 February 2017 and continued until 7 February
2018, marking over one year of stable data-taking operation. Accumulated live time of
DM search data is 32.1 (246.7) days in SRO (SR1) for total 278.8 live-days in the com-
bined exposure (see figure 4.1), corrected for insensitive time periods due to dead-time
of data acquisition system (7.8% and 1.2% in SRO and SR1), Muon Veto triggers or
down-time (1.2% overall) and high energy events that induced large photo-ionization
and delayed electron extraction activity (4.4%). XENONIT is the most sensitive detec-
tor to date and set the world-best upper limit on the WIMP-nucleon spin-independent
cross section for WIMP masses above 6 GeV /c? with a minimum of 4.1 x 10~%"cm? at
30 GeV /c? [109], as will be presented in this work.

The XENONI1T data analysis work flow is presented in this chapter, from reconstruc-
tion and characterization of detector’s signals (see section 4.1) towards the statistical
inference approach adopted to interpret the observed dataset (see section 4.5). The de-
tector response to physical interactions in the active LXe target is calibrated during the
time span of the science runs. Internal 2°Rn and external neutron sources are deployed
to calibrate the low energy ER and NR, respectively, whose modelling was discussed in
section 3.3. The dependency of recorded signals from the interaction position across the
TPC is characterized with internally diffused 83™Kr calibration source, that allows to
study the position reconstruction performances upon which a set of corrections to the
observed S1 and S2 signals is based. The presence of mono-energetic lines (at higher
energy with respect to the ROI for DM search) in the XENONIT background spec-
trum provides the mean to assess the experimental energy scale, reconstructed from the
combined information of the corrected S1 and S2 signals, and to monitor the stability
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Figure 4.1: XENONIT live time in the first two dark matter search runs, SRO (whose end is indicated
by a grey dashed vertical line) and SR1. The collected exposure, corrected for dead-times due to
insensitive detector conditions, is shown as a blue line. Periods indicated by colored boxes refer to
data collected in the presence of various calibration sources: *°Rn for low energy ERs [228] (17.1 days,
magenta), 3" Kr for spatial corrections [225] (every ~2.5 weeks, red), LED to monitor PMT gains [276]
(~2times a week, grey), 2! AmBe [203] (30.0 days, cyan) and D-D fusion neutron generator [229] (1.9
days, blue) for NRs.

of signals over time (see section 4.2). The selection criteria imposed to data, includ-
ing the fiducial volume definition, data quality cuts and single scatter events selection,
are discussed in section 4.3 as well as the resulting acceptance to DM signal. The
XENONIT ER and NR background models were presented in section 3.4. The com-
plete background model also features two sources of non-standard interactions which are
modelled with data-driven approaches: accidental coincidences of spurious S1 and S2
signals and surface events happening at the TPC edges (in the PTFE lateral reflectors)
whose charge signal is partially trapped at the surface. The final background predic-
tions for the XENONIT 1tonnexyear DM search are presented in section 4.4 along
with the adopted WIMP signal model. The results obtained with the profile likelihood
analysis (outlined in sections 4.5.1 and 4.5.2) on the collected DM search data are finally
discussed in section 4.5.3.

4.1 Detector characterization and signal reconstruction

Events from the XENONI1T detector are reconstructed processing the raw waveforms
of each PMT, recorded by the DAQ system, through a custom-developed data proces-
sor software, named Processor for Analyzing XENON, PAX (described in [203]). A
sophisticated waveform simulator (called FAX) has been developed for optimization of
software algorithms used in PAX, such as PMT hit finding in raw waveforms, clus-
tering and peak classification. In addition, FAX is used to estimate the XENONIT
event reconstruction efficiency and bias. The reconstruction of interactions’ vertex po-
sition (discussed in section 4.1.1) is a crucial feature of the dual-phase TPC technology
for background suppression through active volume fiducialization but also for position-
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dependent corrections to both S1 and S2 signals (see section 4.1.2). XENONIT utilizes
periodical calibrations with 83™Kr, which is the ideal source to characterize the spatial
dependency of detector response as it rapidly (within 1 hour) diffuses in the LXe target
and provides high-statistics peaks at 9 and 32keV (which are often reconstructed as a
merged 41.5keV line). The complete characterization of the detector response to known
mono-energetic gamma lines (external gammas from detector materials or induced dur-
ing calibration runs) allows to reconstruct the actual energy deposited by an interaction
from the observable S1 and S2 and to estimate the energy resolution of the experiment
(see section 4.1.3), which is crucial to explore new physics channels whose expected
signal is a peak in the observed energy spectrum.

4.1.1 Position reconstruction

The position of interactions occurring in the active TPC volume (specifically between
the cathode, at the bottom, and the grounded gate electrode, at the top) is reconstructed
in three dimensions. The z coordinate is determined by the time difference between the
prompt S1 and the delayed S2 signal due to the drift of freed charges under the electrical
field.

The position in the (z,y) plane is obtained from the pattern of hits on the top PMT
array of the delayed and amplified S2 signal. A total number of 15 PMTs, out of 127,
in the top array are excluded from the data analysis (as can be seen from figure 4.2b)
due to vacuum leaks, low single photoelectron (SPE) acceptance or impulsive light
emission (flashing). In particular, one PMT switched off during SRO, showing low SPE
acceptance, has been recovered for SR1 (after reducing its self-trigger threshold), while
another PMT operative in SRO was excluded in SR1 due to flashing. In the bottom
PMT array, which has no influence on position reconstruction, 20 (1) among the 121
PMTs were turned off during SRO (SR1).

Several position reconstruction algorithms have been developed and tested for
XENONIT. Two of them, Neural Network (NN) and Top Pattern Fit (TPF), pro-
vide the best results in terms of position resolution. The NN algorithm is developed
based on the Fast Artificial Neural Network library (FANN) [278|, while the TPF al-
gorithm [279] makes use of a maximum likelihood technique based on the measured S2
hit pattern in top PMTs. The NN and TPF algorithms give similar position resolution
of ~2cm at very small S2 signals (200 PE); NN is chosen for the (z,y) reconstruction
in the XENONIT combined (SRO+SR1) DM search.

Position reconstruction algorithms are trained with MC simulations of the PMT hit
patterns caused by known initial positions of electron extraction. The optical simula-
tions are performed using the XENONI1T detector model [135,280] developed with the
GEANT4 toolkit [234]. Optical parameters, such as refractive index, PTFE reflectiv-
ity, xenon absorption length and Rayleigh scattering length are tuned by matching the
light collection efficiency between 8™ Kr calibration data and simulated optical photons.
Training samples for position reconstruction are large amounts (O(10%)) of uniformly
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Figure 4.2: (a) Simulation of electric field streamlines between the gate (grounded and immersed in
liquid xenon, ~2.5 mm below the liquid-gas interface) and the anode hexagonal mesh (with positive high
voltage, in the gaseous region ~5mm above the gate mesh) performed with the COMSOL Multiphysics
software [277]. The proportional scintillation S2 signal is originated right below the anode, whose
hexagonal cells opening diameter is about 4mm. (b) Example of the S2 hit pattern on top PMTs
for a simulated S2 event showing how the proportional scintillation light distributes across the active
PMTs (those switched off during SRO and SR1 are indicated by a hollow circle of blue and red color,
respectively). The origin of simulated optical photons is marked with a green star.

distributed S2 events in the gaseous amplification region, generated within a hexagonal
mesh-like structure that reproduces the realistic S2 generation just below the anode
hexagonal electrode mesh, as suggested by simulations of electric potential in that re-
gion (see figure 4.2a). Figure 4.2b shows the hit pattern on the PMTs of top array from
a single simulated event whose original position in the (z, y) plane is marked with a
green star.

The position reconstruction error, defined as the distance between the true and the
reconstructed position, depends on the S2 size, being larger for low energy signals. The
resolution derived from MC simulations is ~4 mm for S22 2000 PE and worsen up to
~10mm for 200 PE S2s. Moreover, the position resolution worsens toward the TPC
lateral edges up to a factor ~2 at the maximum radius (47.6cm). The effect of dead
PMTs is seen for radii larger than 41 cm reducing the precision of reconstructed position.
Photon reflection on the lateral PTFE panels in the GXe gap also affects the position
reconstruction error, in particular around r = 45cm. In the future XENONnT TPC a
non-reflective lateral wall in the GXe region will be used to alleviate this issue.

The performance of position reconstruction is also evaluated with data-driven ap-
proaches. The resolution can be derived from the two-step scatter produced by gamma
emission of the 83™Kr calibration source or from the 2*BiPo beta-alpha decay coin-
cidence (also exploited to constrain 2'4Pb concentration as discussed in 3.1.2). The
metastable krypton subsequently decays to the ground state in two steps by emitting
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Figure 4.3: Impact of drift electric field distortion on position reconstruction. (a) Reconstructed
(x, y) position of 8™Kr events before correcting for the electric field distortion. The revealing bite
structure coincides with the 24 sliding PTFE reflectors (red) which form the TPC wall along with
fixed PTFE reflector panels (green). Pillars (orange) to fix the PTFE reflectors and field shaping
rings (pink) to uniform the drift electric field are also shown. (b) Reconstructed (2, z) position of
the TPC edge (from ER background data) in three different time periods during SR1. Filled circles
are edge positions before adding time-dependence to the position correction in April 2017 (magenta),
September 2017 (blue) and January 2018 (green). Hollow circles indicate the edge position after adding
the time-dependence. The TPC wall is drawn as a vertical black dashed line.

a 32.1keV gamma and then a 9.4keV conversion electron (with 154 ns half-life). The
double S1 structure is resolved thanks to the short width of S1 pulses in XENONI1T,
while the two S2s are distinguished only for events in the top layer of the TPC, where
the S2 signal is narrower due to the smaller diffusion. The mean free path of the 9.4 keV
gamma is about 10 pum, thus the location in LXe of the two 83™Kr transitions can be
assumed coincident. Therefore, the difference of reconstructed position between the two
lines can give an estimate of the position resolution. Analogously, the 214Po alpha decay
(with 164 ps half-life) has a range in LXe of ~50 pm, producing then a second S2 after
the 21Bi f in the same position. The inferred reconstruction errors from both methods
are compatible and give a resolution of ~5mm for large S2s and ~2cm at 200 PE.

Correction for electrical field distortion Electron attachment on PTFE has been
observed during XENONI1T operation. Based on NN algorithm, reconstructed positions
of events produced by the homogeneously distributed 8™ Kr calibration source reveal a
“bite” structure, as shown in figure 4.3a, that coincides with the 24 PTFE reflector
panels making up the TPC wall. Such an effect leads to a non-axially symmetric
electric drift field and to inward biased field lines at the TPC edge. Together with
electric field leakage through the cathode electrode, charge attachment on PTFE panels
is responsible for non-uniform drift field that challenges the position reconstruction. A
three-dimensional correction in the (r, z, ¢) space has to be applied to the distorted
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reconstructed positions, particularly at the bottom of the TPC due to the larger drift
length along inward biased field lines. A data-driven method is preferred with respect
to a complete 3D electrical field simulation considering that the electron attachment
mechanism is not well understood yet and the extremely time-consuming calculations
required. A position correction map binned in 180 ¢ sectors and 40 z slices and finally
interpolated to ensure continuity, is derived from the observed non-uniformity in the
spatial distribution of 83™Kr events. The correction map is also validated against 1" Xe
events, from the xenon isotope activated during neutron calibrations (see section 4.2.1),
which are also expected to be uniformly distributed. Moreover, the corrected positions of
neutron interactions produced by the external sources (*4! AmBe and neutron generator)
show good consistency with the simulated distributions.

As electrons keep building up on PTFE panels, a more severe electric field distor-
tion is observed in later stages, which requires the implementation of a time-dependent
position correction (see figure 4.3b). The time evolution of the induced bias on re-
constructed positions is evaluated through 33 Kr calibrations that are performed pe-
riodically (approximately twice per month) during the XENONIT science runs. The
reconstructed TPC edge is also evaluated on background data by Gaussian fitting to
the radial distribution of the outermost events, which are due to external gammas from
detector materials. As shown in figure 4.3b, the reconstructed TPC edge, before the
time-dependent correction, moves inwards with time as result of the continuous charge
accumulation on the PTFE wall. Viable improvements to reduce such charge up in
XENONNT are minimizing the region at the TPC edges with electric field lines closing
on the PTFE wall and allowing for electrodes to touch the external surface of the side
reflector.

4.1.2 Signal corrections

The size of the detected raw S1 and S2 signals is dependent on the event location in the
detector. The detection efficiency of photons generated at the interaction site (S1) and
in the gaseous xenon phase (S2) varies across the detector due to geometrical effects,
variations of the thickness of the gaseous amplification region, electron attachment to
electronegative impurities in LXe and electric field inhomogeneities. The corrections
applied to S1 and S2 for such detector effects are described in this section.

S1 light collection efficiency The correction for geometrical effects impacting on the
light collection of S1 signal is derived using 83" Kr calibration data. The light collection
efficiency (LCE) is determined by measuring the 32.1keV line in discrete (r, ¢) regions
in slices of z. The LCE correction map, shown in figure 4.4a, is calculated by comparing
the observed S1 signal amplitudes in each spatial bin with the average across the TPC
and finally interpolating between bins. The corrected S1 signal is then defined as

S1
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Figure 4.4: The XENONIT S1 light collection efficiency, defined as the relative S1 signal yield
across the TPC volume with respect to the average. (a) Azimutally averaged LCE map, as a function
of the reconstructed interaction vertex, exploited for position-dependent correction of S1 signals in
XENONIT. The variation, up to a factor ~2 is mainly caused by solid-angle effects and light reflection.
(b) LCE profile along the z coordinate. The high-statistic measurement with ®™Kr calibration data
(red) is compared with xenon activation lines available after neutron calibrations. In particular, the
39.6keV de-excitation line, due to neutron inelastic scattering off 12°Xe, and the 163.9keV internal
transition of ®!™Xe, activated through thermal neutron capture on **°Xe or inelastic scattering of
131X e are exploited. Error bars are not shown here as they are smaller than the data points size.

The LCE is smaller at the top of the TPC due to internal reflection occurring at the
liquid-gas interface, resulting in larger photon absorption as the path length increases
when moving closer to the anode. A decreasing LCE towards the TPC lateral edge
is consequence of solid-angle effects. The largest variation, of a factor ~2, is along z.
Consistency is observed in the comparison with the LCE estimated from mono-energetic
lines of activated xenon isotopes [281] during neutron calibration runs (see figure 4.4b),
when available. The uncertainty on the LCE map is estimated in each volume bin
normalized to the mean LCE and it is smaller than 1%.

Electron lifetime The loss of ionization electrons due to attachment to electroneg-
ative impurities in the LXe (H20, Og, etc.) is described by the electron lifetime 7.
The initial number of electrons created at the interaction site is exponentially reduced
during the drift-time needed to reach the liquid-gas interface. This effect is the most
important correction for S2 signals and is highly dependent on the impurity concentra-
tion in the target. Since the xenon is continuously purified, the electron lifetime is a
parameter changing over time and has to be monitored regularly. The LXe purity could
in principle also impact on the S1 signals via light absorption on impurities (primar-
ily HoO). However, the attenuation length of the scintillation light was always much
larger than the detector dimensions, even during detector commissioning (> 10m). The
electron lifetime is evaluated by measuring the combined S2 from the two consecutive
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Figure 4.5: Electron lifetime evolution during the two XENONI1T science runs. The green line and
shaded region show the best fit of the electron lifetime model and its uncertainty, respectively. Data
points are from measurements made with ¥™Kr calibration runs. Steady improvement up to ~650 ps
is obtained through continuous recirculation and purification of xenon. Drops are related to detector
maintenance operations or power outages.

83mKr decays (41.5keV line) as a function of electron drift time. Figure 4.5 shows the
result of 7, versus time, during the two science runs of XENONIT. In order to gain
a continuous function of the electron lifetime evolution, measurements are fitted by a
model that takes into account variations of the estimated impurity concentration (under
the assumption that Oy has the dominant impact on 7.) based on slow control param-
eters, like xenon cooling power and recirculation flow to the purification system. The
electron lifetime trend is also verified using mono-energetic alpha decays from the 2?2Rn
chain, daily observed in background data. During SR1, 7. levelled off to about 650 s
corresponding to an oxigen impurity concentration of ~0.5 ppb, limited by outgassing
materials and the flow in the purification loop.

S2 amplification and LCE The proportional scintillation signal S2 is produced very
localized in the gas region confined by the liquid-gas interface and the anode electrode,
which features a distance of about 7.5 cm from the top PMT array. The partition of the
S2 signal onto the two PMT arrays is almost double on the top, with only a few sensors
contributing from the top PMT array and a uniform distribution over the bottom PMT
array due to solid angle coverage.

Considering electron lifetime corrected S2 signals, two effects determine a varying
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Figure 4.6: S2 signal distribution in the (x, y) plane of the 41.5keV line of 8*™Kr observed by the
top (top panel) and bottom (bottom panel) PMT array. The color scale shows the size of S2s corrected
for the electron lifetime. On the right panels, the result of a bi-dimensional quadratic fit to the data
(in the left panels) is shown together with contour levels indicated by black circles.

amplitude of the observed signal across the (x, y) plane for mono-energetic events. Dif-
ferent extraction field intensity caused by electrode warping and tilt results in large-scale
variations of S2s, while small-scale differences are primarily induced by non-functioning
PMTs in the top array. Different PMT gains do not play a role since those are accounted
for at the processor level. For measuring anisotropies in the amplification gain and the
light collection efficiency for the proportional scintillation S2 light, the 41.5keV signal
from 83™Kr is exploited. Figure 4.6 shows the spatial (, y) distribution of data together
with the measured electron lifetime corrected S2 amplitude (in color scale) observed by
the top and bottom PMT arrays. To account for the large-scale variations, the S2 sizes
are fitted by a bi-dimensional quadratic function depending on x and ¥y such that the
corrected S2 signal is given by

N2 Y
€S2 =82 x —— x <1 _ple =20+ = w) ) , (4.2)
e—ta/Te rH

where 1/e~%4/ is the electron lifetime correction and ry = Vg +y3. The fitted
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quadratic functions to the top and bottom PMT arrays are shown on the right panels
of figure 4.6. The extraction efficiency is approximately 20-30% lower at the edge of the
detector compared to the center. This effect is primarily induced by anode sagging that
causes a distortion of the electric field at the liquid-gas interface and therefore impacts
on the electron extraction efficiency. Moreover, the displacement of the best-fit zg and
yo from zero, in particular for the top array, suggests a slight tilt of the gate electrode
resulting in a larger gas gap for negative values of y. After applying this first stage
to correct for large-scale variations, residual anisotropies are accounted for by fitting
¢S2 distributions in bins of 7 and ¢. For the bottom PMT array, very small variations,
up to 5%, between adjacent bins are found, while small-scale corrections to the ¢S2
signal observed by the top array reach a 14% level due to the smaller solid angle which
increases the impact of non-functioning PMTs.

The final S2 correction map combines all these effects. The less significant impact
of small-scale distortions in the bottom PMT array motivated the usage of the bottom
S2 signal (c¢S2;) throughout the WIMP search in order to minimize uncertainties from
reconstructed position of events.

4.1.3 Energy scale

The parameters describing the detector efficiency in detecting light and charge signals
are the primary scintillation gain g1 = cS1/n, and the secondary scintillation gain
g2 = ¢S2y/ne, where n, and n. are the number of photons and electrons produced
by an interaction in LXe and the observables ¢S1 and ¢S2;, are corrected for position-
dependent effects (as described in section 4.1.2). For electronic recoils, almost all the
energy is converted into light and freed charge, thus the energy of the interaction can
be reconstructed using the combination of S1 and S2 signals:

cS1  ¢S2
E= <g1 + g2> - W, (4.3)

where W = 13.7£0.2€V is the average energy required to produce one quanta (photon
or electron) [282]. To calibrate the energy scale, sources producing mono-energetic
lines of known energy can be deployed outside the detector, injected into the liquid
xenon or activated during neutron calibrations. In a highly sensitive experiment such
as XENONIT, even the low residual radioactivity of detector materials can be exploited
for calibration. High energy ~y-rays from %0Co in the stainless steel cryostat or from 4°K
in the PMTs can penetrate far enough into the detector to use them for this purpose. By
fitting the anti-correlation between the measured light and charge yields from various
radioactive sources, one obtains g; and ga (see figure 4.7). The light and charge yields
of each mono-energetic line are evaluated by means of elliptical fits in the (cS1, ¢S2;)
space and dividing the observed signal amplitudes by the known energy of absorbed
gammas.
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Figure 4.7: Mono-energetic gamma peaks in XENONI1T exploited to extract the detector response
parameters g1 and g2. The light and charge yields of ®*™Kr (injected for calibration runs), '°"Xe
and *'™Xe (activated during neutron calibrations) and external gamma lines (from detector materials
radioactive contaminants) are fitted with the linear anti-correlation in equation (4.3). Extracted values
of g1 and g2 are reported in the inset with only the statistical uncertainty from the fit.

The estimated values for g; and go for XENONIT are

g1 = 0.1426 4 0.0001 (stat) & 0.0017 (syst) PE/ph

g2 = 11.5540.01 (stat) & 0.24 (syst) PE/e, (44)

whose uncertainty is dominated by systematics mainly derived from the evaluation of
g1 and g in different sub-volumes of the TPC. As evident from figure 4.7, an excellent
linearity is observed with XENONI1T, from tens of keV up to few MeV. The energy
resolution, shown in figure 4.8, is evaluated from the broadening of observed ¢S1 and
cS2y, signals for all the identified peaks in the XENONI1T ER spectrum. The resolution
improves at higher energies and its parametrization is obtained as

o 31.0+04

E VE
where gamma lines above 1.5 MeV are excluded from the fit since the event reconstruc-
tion is not yet optimized for relatively large energies (as discussed in section 3.1.2).

+(0.37 +0.03), (4.5)

4.2 Time stability of signals

The XENONIT detector has been continuously running over 1 calendar year during
the two dark matter search runs, with the exception of the ~ 10 days interruption
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Figure 4.8: Energy resolution of the XENONIT detector. Black data points are measured mono-
energetic gamma lines present in background or calibration data: 33 Kr (41.5keV), *™Xe (136.9 keV),
125%e (221.6keV), 29" Xe (236.1keV), °Xe (276.6keV), >Pb (351.9keV), 2°°Tl (510.8keV), 2'*Bi
(609.3keV), 228 Ac (968.0 keV), 2*Bi (1120.3keV), 9°Co (1173.2 and 1332.5keV), “°K (1460.8keV), 2'*Bi
(1764.5 and 2204.1keV), 2°®T1 (2614.5 keV). For comparison, measurements from EXO Phase IT [283]
(cyan), PandaX [111] (green), XENON100 [192] (orange) and LUX [284] (blue) are shown.

between SRO and SR1 caused by an earthquake. It is therefore important to monitor
the time stability of detector parameters and of the observed S1 and S2 signals, as
instabilities can potentially introduce a bias in the data analysis and would eventually
require appropriate modelling and corrections (one example is the significant impact on
position reconstruction of charge accumulation at the TPC wall).

In the combination of the two XENONIT science runs, the LXe temperature and
GXe pressure is successfully kept constant at —96.0°C and 1.94 bar, respectively, both
with RMS below 0.02%. The LXe level is mantained at 2.5 mm above the gate electrode,
with observed fluctuations in sensor reading of 2% RMS. As already mentioned in
section 4.1.1, a total of 35 (36) PMTs are excluded from the analysis of SRO (SR1). The
PMT gains are monitored weekly with a pulsed LED configured to produce signals of
few photo-electrons using the model independent approach described in [276]. For the
majority of PMTs, gains are stable within 2% with fluctuations dominated by statistical
uncertainty in the gain measurements. The gain of some PMTs is found to be decreasing
during the science runs. This is the case of PMTs affected by vacuum leaks, all showing
an increasing afterpulse rate [285] by 1-2% during SR1. A Fermi-Dirac function is
exploited to model the time evolution of the gain for 19 PMTs showing such a behaviour.
Single electron (SE) peaks can be selected from data since they occur after large signals
as a consequence of impurities or exposed metal photo-ionization, or delayed extraction
of charge from the liquid-gas interface. The SE gain, i.e. the amplitude of S2 signals
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per single electron, is extremely sensitive to variations of pressure in GXe, liquid level
and the extraction electric field. It is monitored over time and a stability at 2.5% RMS
is found in SRO (mainly due to O(0.1 mm) liquid level variations), while the SE gain is
stable within 0.2% during SR1.

The possible evolution over time of light and charge yields can be monitored through
mono-energetic signals present in the detector across the science run duration either con-
tinuously (such as external gammas and alphas from ?22Rn), in occasion of calibration
runs (33™Kr) or for a limited period following neutron calibrations (activated xenon
isotopes). All these sources are exploited to measure the stability of S1 and S2 signals
in the long SR1 that lasted 371 days overall (see section 4.2.2). During the brief SRO
(58 calendar days), the signal stability was monitored with the 164 keV gamma line of
13Im¥Xe activated by a 2! AmBe calibration run just before SR0, which was the lowest
mono-energetic peak available (see section 4.2.1).

4.2.1 Gamma rays from activated xenon

Gamma rays from decay of xenon metastable states, such as 122"Xe and 31" Xe, which
emit gamma rays at 236.1keV and 163.9keV [286], respectively, are generally exploited
as reliable and precise calibration sources for LXe detectors [281]. They can be produced
by thermal neutron capture on ?8Xe and ¥%Xe, or by fast neutron inelastic scattering
on 2Xe and '3'Xe. In XENONIT they are activated during calibration runs in which
an external source of neutrons, either 22! AmBe [203] or D-D fusion neutron gun [229], is
deployed beside the cryostat. The activation of metastable states results in a spatially
uniform activity in the XENON1T TPC. Thanks to their half-lives of 8.9 (12*Xe) and
11.8days (1¥1™Xe), activated xenon isotopes are suitable sources to monitor the light
and charge yields over few weeks following neutron calibrations. Besides the spatial
uniformity and the high intensity, as can be seen in figure 4.9a, another advantage
of using '31"Xe and 12*"Xe is that they offer gamma lines of relatively low energy
compared to the external gammas (O(MeV)). A lower energetic ER peak in XENONIT
is the 41.5keV line from 83" Kr, which is present only during the calibration runs (that
typically last few hours) due to its short half-life of 1.83 hours.

For the SRO data taking, a 83 Kr calibration was performed few days before the start
of the science run. To monitor the signal stability during SRO, the 163.9 keV gamma line
of 1™ Xe is therefore used, which is made available by an 2! AmBe calibration run as
evident from the measured 3™ Xe event rate shown in figure 4.9b. Events are selected
with double-Gaussian fit in the corrected signals space (cS1, ¢S2;), as in figure 4.9a,
and binned in time to ensure enough statistic for the evaluation of the light and charge
yield. As the activity of 131™Xe decreases with time, less data are available in final days
of SRO, which requires a more coarse time binning. No data are available for a period
of two weeks during the science run, when a low energy ER calibration with injected
220Rn (orange interval in figure 4.10) prevents the identification of a clean '3'™Xe peak.
Light and charge yield are stable throughout SRO at 0.6% and 0.9% level, respectively,
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Figure 4.9: (a) Activated metastable xenon lines in XENONIT data. In the left panel, the selection
of mono-energetic gamma peaks of '3'™Xe (163.9keV) and 2" Xe (236.1keV) through elliptical fits in
the observable signal space. In the right panels, the vertical (top) and radial (bottom) distribution of
both peaks along the TPC volume showing spatial uniformity. (b) Event rate of *'™Xe gamma line
(blue points) in early stages of the first XENONIT science run. The metastable isotope is activated
mainly via neutron capture on 3°Xe during the *! AmBe calibration campaign (blue interval), when
the event rate of the 163.9keV de-excitation gamma raises. The residual activity extends during SRO
data taking (whose start is indicated by the grey dashed line) with an exponential fall with fitted
half-life of 12.2 £ 0.5d, compatible with the expected 11.8d [286].

and show local variations <2% as presented in figure 4.10.

4.2.2 Monitoring signal stability with mono-energetic lines

In the much longer SR1 time span, compared to SRO, regular ®¥™Kr calibrations are
available throughout the run, while events from xenon activation lines ('3'™Xe and
129mXe) are present only in the first half of SR1 because the neutron calibrations were
performed on March and May 2018. Several sources, of different energy and nature,
are exploited to monitor the signal stability over SR1. At the lowest energy, 83mKr
decays give a measurement approximately every two weeks. It is possible to measure
the prompt scintillation S1 signal of both the emitted gammas of 32.1 and 9.4 keV from
the two-step decay of 33™Kr to the ground state. Exploiting the fraction of events
with non-resolved S1 peaks, the light yield from the combined 41.5keV line can be also
monitored. Conversely, the two S2s can be resolved only for transitions happening at the
very top of the TPC and only the charge yield at 41.5keV can be measured in extended
volumes. The time evolution of signals at higher energies is evaluated through gamma
lines originated from radioactive contaminants in detector materials. Specifically, the
1.8 and 2.2MeV gamma lines of 2'Bi and the 2.6 MeV gamma of 2°¥T1 are monitored
on a monthly basis. A very high rate source that allows a finer time binning comes from
a-decays of 2?2Rn, from which light and charge yield of 5.5 MeV alpha interactions are
evaluated day-by-day over the entire SR1.

The combined result from all the different sources is shown in figure 4.11 in terms of
the relative deviation from the mean of the corrected S1 and S2; signals as a function
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Figure 4.10: Time stability of light (left panel) and charge (right panel) signals during SR0 evaluated
from corrected S1 and S2; amplitudes of the 163.9 keV 13Im¥xe line. The activated xenon line is the
lowest energy gamma peak present in background data during the short time span of SR0. No data
are available during the 22°Rn calibration (orange interval) since the 18Imye cannot be clearly selected.
The colored horiziontal dashed line and band represent the average signal yield and the 1o deviation,
respectively, derived from the measurements (points) over the SRO duration. The light (charge) yield
is stable at 0.6% (0.9%).

of time. Good consistency is found among measurements of the various mono-energetic
peaks considered. The light yield stability is estimated at the 0.16% and 0.18% RMS
level from #3™Kr and ?2?Rn measurements, respectively. Higher variability results from
the monitored charge yield evolution, with 1.4% (1.2%) RMS obtained from 83™Kr
(#22Rn). All the sources show a slight increase of charge yield causing an overall variation
during the whole SR1 of about 5%. Several hypothesis to explain the increasing trend
of charge yield are being explored as it is not yet fully understood. From waveform
simulations, that take into account the increasing afterpulse rate observed in some
PMTs, one obtains indication for an induced charge yield increase of 1.5% over the
SR1 duration, which however would be just a partial contribution. A steady decrease
of the liquid level can cause larger S2s as consequence of a bigger amplification gap,
but no significant decreasing trend from sensor reading is observed. Effects or artifacts
related to electric drift field distortion and electron lifetime correction are excluded
by measurements of the charge yield in different sub-volumes, where the same trend is
observed. Variation of the extraction field could in principle be caused by slow shifting of
the anode towards the gate electrode or charge accumulation at the liquid-gas interface,
however no verifications of such hypothesis are currently available.

Despite the charge yield is not fully stable during SR1, the size of the observed
increase is still within the systematic uncertainties in the determination of the signal
response to ER in the energy range of interest for WIMP search. When an effective
correction is applied to ¢S2; signals based on the charge yield trend in figure 4.11, no
significant difference in the ER band model derived from both background and 2?°Rn
calibration data is obtained. Such a correction is therefore not applied, as the impact
of the charge yield increase is negligible for the WIMP search data analysis.
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Figure 4.11: Relative deviation from the mean of light (left panel) and charge (right panel) yield
during the second long XENONIT science run. The signal time stability is monitored with different
sources of mono-energetic lines: 3™ Kr (9.4, 32.1 and combined 41.5keV) during the bi-weekly cali-
bration runs, *'™Xe (163.9keV) and **™Xe (236.1 keV) from April to August 2018 following neutron
calibrations with ** AmBe and neutron generator, external gammas of ?!*Bi (1.8 and 2.2MeV) and
20877 (2.6 MeV), alpha decay of ?**Rn (5.5 MeV). The RMS deviation for the average light and charge
yield is 0.16% (0.18%) and 1.4% (1.2%), respectively, from **™Kr (***Rn) data.

4.3 Data selection and efficiency

The XENONI1T data for dark matter search are selected imposing boundary criteria
on several parameters to ensure data quality and reject non-physical events or known
backgrounds. The region of interest, where we look for WIMP-nucleon spin-independent
interactions, is defined in the observable signal space as ¢S1 € (3, 70) PE and ¢S2;, €
(50, 8000) PE. The single scatter selection of equation (3.2), discussed in section 3.2.3,
is applied in order to reject multiple-site interactions that are not expected by WIMPs.
From all the studies performed on single scatter events in the ROI to characterize the
detector response and to define data selection criteria, the data in the NR signal region
are excluded. A blinding cut below the —2¢ boundary of ER band and above the —4.5¢
NR band quantile is imposed to avoid any possible bias in decisions about data analysis
methods.

An internal fiducial volume containing 1.3t of the total 2t active LXe target mass
in the XENONI1T TPC is used for this analysis, whose dimensions and shape definition
are discussed in section 4.3.1. Selection criteria to reject badly-reconstructed events at
the data processing level drive the detection efficiency, which describes how sensitive
is the experiment to physical interactions, in particular to those producing very feeble
(S1) signals. Further selections are imposed at the analysis level in order to discard
low quality data and to ensure the correct coupling of S1 and S2 peaks within the
event time window. The description of the selection criteria adopted in the XENONI1T
data analysis, together with the resulting acceptance loss to WIMP signal, is given in
section 4.3.2.

A small fraction of events is discarded without considering any of their properties
due to operational conditions during data taking. If at least one channel in the data
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acquisition system is unable to collect events, no data are recorded. This rejects anoma-
lous long signals emitted by single PMTs keeping the relative channel busy. Events in
coincidence with Muon Veto triggers are also removed, as well as time intervals in
which the MV is inactive due to operational reasons. The pulse rates of each channel
are scanned to look for sudden, drastic increases due to emission of light flashes from a
PMT that is sometimes observed in XENONI1T phototubes. In that case, the short time
periods of enhanced pulse rates are removed from the exposure. After high energy back-
ground events, delayed S2 signals can reduced the detector’s sensitivity to low energy
interactions for several milliseconds. Therefore a condition is imposed to discard events
occurring within a certain time window after a previous one, whose length depends
on the amplitude of the S2 signal in the precedent event. These selection conditions
remove time periods of data and are, therefore, taken into account as corrections to
the exposure time and not included in the cut acceptance calculation. The consequent
livetime reduction in the combined exposure of SR0O and SR1 amounts to ~7.5 %.

4.3.1 Fiducial volume definition

The fiducial volume (FV) used for the DM search with XENONIT data is optimized
by considering the spatial distribution of all background components (see section 4.4).
The maximum radius of FV is chosen to be 42.84 cm in order to leave < 100 surface
background events (see section 4.4.1) that constrain the normalization of this component
in the likelihood fit to unblinded data. A larger radius would introduce a too tight
constraint on the tail of the radial distribution of surface events with respect to the
extrapolation from the bulk of this population at the edge of the TPC. The z region is
restricted between -8 cm', to exclude mis-reconstructed events from the gas region, and
-94 cm, since below the electric field is less uniform.

The shape of FV is thereafter optimized based on the expected spatial distribution
obtained from the background models restricted to the (¢S1, ¢S2;) portion of signal
space where the WIMP signal has the highest significance, i.e. below the ER band
median where the signal-to-background ratio extracted from the normalized models
is higher. The optimization is performed only for the z dimension, maintaining az-
imuthal symmetry, since the backgrounds are modelled in their radial distribution and
the XENONI1T likelihood function features a dependency on r (see section 4.5.3). Up-
per and lower bound in z are defined in radial bins so that the sum of all backgrounds
in the aforementioned energy region of interest is uniform within 10% across z. In
this way, background contributions from radioimpurities in detector materials are kept
sub-dominant with respect to the intrinsic 2'4Pb background that induces uniformly
distributed ERs inside the FV. The obtained shape, shown in figure 4.12, cuts away
the top and bottom corners where external backgrounds are predominant. In order to
take into account also the background from radiogenic neutrons that mainly occurs at

!The coordinate system is chosen so that the gate electrode corresponds to z = 0 and negative
values to increasing depth towards the cathode, the bottom edge, that is at z = —97 cm.
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Figure 4.12: The XENONIT fiducial volume (magenta line) containing 1.3t LXe mass in the (z, y)
projection, left, (the maximum radius is drawn) and in the (r?, z) space, right. The TPC boundary
(black line), maximum radius of a reference 0.9t mass (blue dashed), and core 0.65t mass (green
dashed) are also shown. Yellow shaded regions display the 1o (dark), and 20 (light) probability density
percentiles of the neutron background model. The reconstructed position of background events in the
energy region of interest for DM search (excluding event in the NR blinded region) is drawn as black
points inside the 1.3t F'V and as smaller grey dots outside.

extreme z, the fiducial volume is segmented into two bins. The inner core mass (delim-
ited by green dashed line in figure 4.12) is optimized based on the neutron background
distribution in bins of r and z and contains a ~80 % lower neutron rate compared to
the total fiducial volume.

The LXe mass actually contained in the FV is determined with two different ap-
proaches: from the ratio of 8™ Kr calibration events in the selected volume with respect
to the total sensitive volume and from geometrical considerations. The two values
are combined and their difference is taken as systematic uncertainty on the obtained
estimate of 1.30 4+ 0.01t for the total F'V and 0.65 £ 0.01t for the inner core LXe mass.

4.3.2 Detection efficiency and selection criteria

Detection efficiency Event detection in XENONIT is established by requiring that
all events must contain a valid S1 and S2 pair and that the S1 signal is seen by at
least 3 PMTs in coincidence within 100 ns. The event detection efficiency, shown as the
green curve in figure 4.14, is estimated through FAX waveform simulations of S1 and
S2 peaks of different amplitude, and is dominated by the S1 detection efficiency. A
data-driven method, where small S1s are simulated via bootstrapping single PMT hits
from relatively large S1s (from 20 to 100 PE) in data, is consistent with the detection
efficiency estimated from simulations.
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Data quality cuts Conditions are imposed to remove events that are either falsely
reconstructed, members of known background populations, or generally of low quality.
If an event contains a large fraction of signals (>300PE) prior to the primary S2
(excluding the primary S1), it is deemed noisy and removed.

In addition, if the S1 signal is completely dominated by a single channel exhibiting
an abnormally large signal, it is assumed to be the product of a PMT malfunction and
thus removed.

Events where the primary S1 and S2 are not the largest peaks of their type are
also rejected to suppress the effects of pile-up, double scatters, or improper interaction
pairing.

S2 events are always produced at the gate position and have a fixed fraction of
light collected in the top PMT array of around 63%. A selection condition requires
this fraction to be respected in order to suppress signals that are mis-reconstructed or
contain contributions not coming from the original S2.

Reliable S2 position reconstruction is ensured by demanding that the reconstructed
S2 positions exhibit a sufficiently high likelihood given their top-array hit pattern. The
likelihood for a given position is computed using simulated per-PMT light collection
efficiency maps. Events with low likelihood may be combinations of multiple S2s or
events that are reconstructed in the wrong (z, y) position, often due to inactive PMT
channels. The latter case is especially critical for the lowest energy S2s and is the
target of a further selection condition that removes events where the reconstructed
position using two independent algorithms (Neural Network and Top Pattern Fit, see
section 4.1.1) is sufficiently different.

Finally, since single electron S2s can be mis-classified as S1s, potentially contributing
to low energy accidental coincidences (see section 4.4.2), it is required that the S1 must
not have shape properties compatible to SE S2s.

The acceptance of this class of selection criteria, referred to as data quality cuts, is
shown in figure 4.13 (red line).

S1-S2 pairing A few selection conditions that demand the correct pairing of S1 and
S2 are applied to ensure that the PAX processor has identified a valid interaction,
within the event time window defined around a trigger, and that it has reconstructed
the interaction correctly.

The width in the time domain of the S2 peak is dependent upon the depth of
the primary interaction due to diffusion of the electron cloud. Using calibration data
sources, a diffusion model is built in waveform simulations and used to generate a large
dataset extending across the full energy spectrum. If the observed spread of the S2 peak
is incompatible within the 99% quantile of the expected width based on the diffusion
model, the event is rejected.

Due to geometrical effects of photons reflecting on PTFE surfaces of the TPC, reflec-
tions at the liquid-gas interface and absorption by opaque components (e.g. electrode
grids), the S1 hit pattern is heavily influenced by the three dimensional location of the
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Figure 4.13: Acceptance of data selection criteria (black) versus the raw S1 (left panel) and S2 (right
panel) signals, with the specific contribution of the single scatter selection (blue), data quality (red)
and S1-S2 pairing (green). The uncertainty of the estimations is displayed as shaded region. The total
acceptance is higher than 92% over the full analysis range.

primary interaction inside the TPC. Since the (z, y) position is extracted from the S2
and the z coordinate is computed from the drift time, compatibility of the S1 pattern
with the reconstructed position represents a completely independent confirmation of
the correct interaction pairing. The fraction of light seen in the top PMT array is de-
termined at each position in the target volume using Monte Carlo simulations. For a
given event in data, a binomial distribution is constructed based on the total number
of photons detected in the event and the expected fraction that should be detected in
the top array (based on the simulations). If the actual fraction detected falls into the
extreme tails of the binomial distribution (p-value < 0.001) the event is removed.

The S1 hit pattern across all active PMT channels is also checked for likelihood
given the interaction position, similarly to the condition previously described for S2
peaks.

The green line in figure 4.13 shows the acceptance as a function of S1 and S2 for
the described selection criteria.

Signal efficiency The signal efficiency (or acceptance) of all the selection conditions,
defined as the fraction of true WIMP signals that survive the selection cuts, is estimated
with a combination of simulations and calibration control samples. The acceptance of
the single scatter selection together with the two classes of cuts discussed above is shown
in figure 4.13 as a function of the raw S1 and S2 signals. The combined acceptance is on
average ~96 % on S1 and ~93 % for S2. It is primarily influenced by the data quality,
impacting mostly the S2 acceptance, and by the S1-S2 pairing criteria, while the single
scatter selection has a >99% acceptance.

The total XENONI1T signal efficiency as a function of the nuclear recoil energy scale
(derived from the model described in section 3.3) is shown in figure 4.14. That includes
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Figure 4.14: Total efficiency curve of XENONIT (black), including the energy ROI selection, for
SRO (dashed) and SR1 (solid) as a function of true NR energy (keVy,,). The efficiency of S1 detection
(green) and the combination with selections (blue) are shown. The shaded bands show the 68% credible
regions for SR1. The expected spectral shapes (purple) of 10 GeV /c?(dashed) 50 GeV /c?(dotted) and
200 GeV /c?(dashed dotted) WIMPs are overlaid for reference.

the detection efficiency (green), which limits the sensitivity to extremely low energy
events, the acceptance of all the data selection criteria (blue), including single scatter,
data quality and S1-S2 pairing conditions, which drive the efficiency above ~10keV.
The upper bound of the analysis range (cS1 = 70 PE) defines the limit of the efficiency
at higher energies (black line). The overlaid NR energy spectra of WIMPs of 10, 50 and
200 GeV /c?(purple) indicate how much the acceptance loss at very low energy affects
the sensitivity to light (more) or heavy WIMPs (less).

4.4 Background and signal models

The XENONIT data analysis is performed in a “blinded” way, meaning that the col-
lected data in the most sensitive region to WIMP signal in the analysis space are kept
secret until the background and signal models are built. The blinded box in the (cS1,
cS2y) space, shown as a blue area in the left panel of figure 4.15, is defined between
—20 quantile of the ER distribution and —4.50 quantile of the NR band.

Standard interactions in the XENONI1T TPC can be modelled combining knowl-
edge of LXe and detector-related responses with MC simulations, as for the ER (see
section 3.4.1) and NR (see section 3.4.2) background models. For background events
where the knowledge of the response is incomplete or missing, data-driven methods have
to be developed to model the events and make predictions in the blinded WIMP signal
box. This is the case for two other relevant background components in XENONIT:

111



Chapter 4. XENONIT data analysis and WIMP search results

R [cm]
10 20 30 40

8000

4000

20001 75+

CSZb [PE]
o
S

400

..

200

2
;.{'

“es,
LI )
e ® .

2 it

3 | | [+ 1 | 1 | 1 | 1 | 1
20 30 40 50 60 70 500 1000 1500

cS1 [PE] R? [cm?]

Figure 4.15: The XENONI1T collected data over SRO and SR1 in the observable signal space (cS1,
€S2;), left panel, and in their radial distribution versus c¢S2;, right panel. The blinded region is shown
as blue shaded area in the signal space, defined between —20 quantile of the ER distribution and
—4.50 quantile of the NR band over the full range of ¢S1. Background data (black points) in the not
blinded portion of the ROI are shown. The two main background models outside the blinded region,
ER (grey) and surface background (light blue), are drawn as shaded areas (1o, darker, and 20 contour,
light). From the radial distribution, it is evident how much the surface background is confined to the
outermost layers of the TPC.

surface events (described in section 4.4.1) and accidental S1-S2 coincidences (discussed
in section 4.4.2). The adopted WIMP signal model is presented in section 4.4.3. The
final results of the XENON1T DM search with the two science runs are inferred based
on the background predictions, which are reported in section 4.4.4.

4.4.1 Surface background

Several experiments [287, 288] have demonstrated that detector surfaces exposed to
ambient air during construction phase are contaminated by a large amount of radon
progeny, in particular 2'9Pb. With a 22 years half-life, 2'9Pb decays constantly within
the lifetime of the XENONIT experiment. For dark matter searches, ion recoils of
206ph from 2!°Po alpha decays, 3-decays and the resulting X-rays and Auger electrons
of 219Pb are particularly important. Due to incomplete knowledge of LXe properties
and detector physics in presence of PTFE, as well as complicated decay structures, a
full model including the relevant physics processes is not yet achieved in XENONI1T.
Instead, a data-driven approach is adopted to predict the event distribution.

As uncertainties in the position reconstruction are quasi-symmetrical, surface events
are reconstructed nearly symmetrically around the PTFE TPC boundary. Events falsely
reconstructed outside the TPC are used to model the background distribution in S2,
cS2y, S1, and z space, with a kernel-density-estimation method, producing a distribution
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Figure 4.16: Spectrum of the surface background in ¢S1 and Logi0(cS2;). The NR reference region is
evidenced between the NR median and —2¢ quantile lines, marked in red and black lines, respectively.

Fsurfy(cS1, €S2y, S2, z). The projection in ¢S2, and cS1 space is shown in figure 4.16.
Due to significant charge losses, surface background overlaps with the nuclear recoil
region of interest (between NR median and —20 line). In contrast, the r distribution
provides excellent rejection power (as can be seen in figure 4.15).

The position reconstruction uncertainty depends mainly on the (uncorrected) S2
signal amplitude (see section 4.1.1). To construct the distribution of surface background
in r and S2 space, low energy events originating at the PTFE reflectors are selected with
S2 and S1 values below the NR blinded region as well as 2°Po a-decays. In each S2 slice,
the radial distribution of the control-sample events is fitted, including an uncertainty
band estimated by varying fitting methods. The bi-dimensional distribution of surface
background, denoted as fgy, r(2)(r, S2), is then folded with fg,;¢(1y(cS1, €S2, S2, 2) to
form a complete model of surface background as fg,,¢(cS2, ¢S1, S2, r, z), including the
uncertainty in the radial distribution. The normalization of the surface background is
constrained by the bulk of the distribution in DM search data shown in figure 4.15.

4.4.2 Accidental coincidences

The accidental coincidence (AC) of uncorrelated S1 and S2 (referred to as lone-S1 and
lone-S2, respectively) is another background component considered in XENON1T. Lone-
Sls and -S2s originate from energy depositions in non-active regions of the detector,
where the scintillation or ionization signal is lost. For example, an energy deposition in
the region below-cathode will not produce an ionization signal, and a deposited energy
very close to the gate may see its scintillation signal blocked by the electrode mesh or
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Figure 4.17: Spectrum of the AC background in ¢S1 and Logio(cS2s). The highlighted reference
region lies between the NR median and —20 quantile lines, marked in red and black lines, respectively.

hidden inside the almost-coincident and larger S2 signal.

The lone-S1 sample is obtained by searching for S1s in the time window before the
large primary S1 in each digitized event waveform. The lone-S2 population is extracted
using events without S1 found in the digitized waveform, or with the reconstructed z
position larger than the maximum drift time. The event selections involving S1 (S2) are
excluded for obtaining lone-S1 (lone-S2) samples. Because of the lack of correlation be-
tween lone-S1s and lone-S2s, the reconstructed positions of ACs are considered uniform
in the active volume. Sampling and randomly pairing the lone-S1 and -S2 distributions
yields the (cS1, ¢S2p) distribution of the AC background, where the signal correction
and event selections that are related to S1 and S2 correlation with event position, such
as the selection based on S2 width versus drift time and S1 fraction on top PMTs versus
drift time, are applied. The AC model is validated against data outside the DM search
ROL

The AC rate follows Rac = Rj_gs1 X Rj_g9 X At, where R;_41 and R;_,o are the rates
of lone-S1s and lone-S2s, respectively. At is the coincidence window, which is fixed to
the maximum drift time of XENONI1T TPC (674 us for SRO and 727 ps for SR1). The
lone-S1 rate is determined as R;_s; = 0.9 £ 0.2 Hz, where the uncertainty comes from
differing rates of single electron S2 and dark counts in the event time window preceding
the primary S1. The estimated lone-S2 rate is R;_so = 2.6 £ 0.1 mHz. The resulting
predicted AC rate in ROI for SRO and SR1 combined is therefore 0.6 4 0.1 (t-y)~!. As
shown in figure 4.17, the AC distribution is concentrated at low c¢S1, very relevant in
the search for light WIMPs.
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Figure 4.18: (a) Differential rate expected in a xenon target by WIMP-nucleon spin-independent
interactions under the assumption of a standard DM galactic halo [289] and the Helm nuclear form
factor [293], which is responsible for the reduced rate at ~94keV. The recoil energy spectra induced
by WIMP of masses from 5 Ge\//c2 to lTeV/cz7 with cross section og; = 2 x 10™%° cm2, are shown in
different colors. (b) The XENONIT dark matter signal model in the (cS1, cS2;) space of a 200 GeV /c?
WIMP. The spectral shape of light (< 20 GeV/c?) WIMPs shrinks towards the lowest portion of the
cS1 range. The model of a 6 GeV/c? WIMP is very similar to the CNNS model (figure 3.22b), while
the shape in the energy space is almost identical among heavy WIMPs.

4.4.3 Adopted WIMP signal model

The dark matter model assumes WIMP elastically scattering off nuclei of the LXe target
via spin-independent (SI) interaction with cross section ogr. A standard DM isothermal
halo [289] is considered, in which trapped WIMPs have a Maxwell-Boltzmann velocity
distribution. In the assumed astrophysical model, the local dark matter density is p, =
0.3 GeV/cm? [290], the most probable WIMP velocity is equal to vy = 220 km/s [291]
with a cut-off corresponding to the galactic escape velocity vese = 544 km/s [291]. The

differential rate of WIMP SI interactions in a target medium of mass number A is given
by [292]:

AR _pyosi A [P [(R TR p

B = B o VD g, (4.6)
where p, is the proton-WIMP reduced mass, m, the WIMP mass, f(|v; + vg|) the
distribution of the composition of WIMP and Earth’s velocity vp = 232km/s in the
Milky Way, and vpez = Vese+vE. The Helm form factor [293] F'(q) is assumed to correct
for diffractive effects that reduce the nuclear cross section as a function of the transferred
momentum ¢ in the WIMP-nucleon recoil. The expected recoil energy spectrum of DM
is therefore dependent on the WIMP mass, as shown in figure 4.18a.

The DM signal model in the observable space (shown in figure 4.18b) is built based
on the NR response model illustrated in section 3.3 and assuming uniform distribution
in the fiducial volume. The uncertainty of the DM signal model is propagated from the
determination of NR response model into a rate uncertainty of 15% (3%) for WIMPs
of 6 (200) GeV/c? mass.
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4.4.4 Background predictions for the XENON1T DM search

All the background components and the WIMP NR signal are modelled as unbinned
probability density functions in the three main analysis dimensions: ¢S1, ¢S2; and
the radial coordinate r. Additionally, in order to take into account the dependency
of the neutron background from the vertical coordinate z (with particular reference
to the neutron-X distortion mainly influencing the bottom edge of TPC), events are
categorized as being inside or outside the 0.65t core mass (described in section 4.3.1).

Table 4.1 summarizes the expectation value of each background in the combined
exposure (278.8days) of the two XENONIT science runs. The final inference on the
unblinded dataset is performed exploiting the full parameter space. In table 4.1, the
background predictions are also presented in specific sub-ranges of the energy space
and fiducial volume, where DM signal is expected while specific backgrounds are sup-
pressed. A reference NR signal region is defined between the median and —20 quantile of
200 GeV /c2 WIMP model in the (cS1, ¢S2;) space, which contains only a 0.3% of resid-
ual ER background contribution due to the small overlap between the ER and NR band
distributions. The 0.9t fiducial volume with a more strict radial bound (r < 34.6 cm),
with respect to the full 1.3t FV (r < 42.8 cm), contains a negligible contamination of
surface background which is confined to higher radii. The inner core volume (0.65t)
contains a highly reduced event contribution from radiogenic neutrons. Although the
ER rate is estimated from measurements of a-decays activities from the 22?Rn progeny,
dark matter search data provide the most stringent constraint. The ER rate normaliza-
tion is therefore derived from the likelihood fit on the unblinded data since it is left as
a free parameter. Electronic recoils due to intrinsic 2'4Pb SB-decays are the major back-
ground in any of the restricted NR signal reference sub-spaces. The expected number of
events from a 200 GeV/c? WIMP, assuming a SI cross section equal to 10746 cm? (ap-
proximately the lowest excluded cross section for this mass before XENONIT results),
is also shown in table 4.1 for comparison.

4.5 Statistical inference on unblinded data

The statistical interpretation of the observed XENONIT data is performed under the
hypothesis test approach to determine confidence intervals on the parameter of interest
for DM search, the WIMP-nucleon SI cross section. The background-only (or null)
hypothesis Hy and the signal hypothesis H,, dependent on the WIMP cross section o,
are based on the models and expectation values described in the previous section. The
definition of the test statistic used, the procedure to compute discovery significances
and confidence intervals are described in section 4.5.1. The specific likelihood function
used in the analysis of the collected XENONIT data in the 1tonnexyear exposure
of the combined runs SRO and SR1 is presented in section 4.5.2. The WIMP search is
“blinded” and “salted” to avoid fine-tuning biases based on observed data in the expected
signal region. The unblinded and de-salted XENONI1T data in the region of interest for
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Fiducial Volume 1.3t 1.3t 0.9t 0.65t
Energy Region Full NR Ref. NR Ref. NR Ref.
ER 627 + 18 1.6 +0.3 1.14+0.2 0.6 +0.1
Neutron 1.44+0.7 0.8+04 04+0.2 0.14+0.07
CNNS 0.05+0.02 0.03+0.01 0.02+0.01 0.01
AC 0.6+0.1 0.13+£0.03 0.08£0.02 0.05+£0.01
Surface 106 + 8 4.8+04 0.02 0.01
Total Background 735 4 20 7.4+0.6 1.6+0.3 0.8+0.1

WIMP (057 =107 cm?) 7.6 £0.2 3.6t0.1 247+£0.07 1.77+£0.05

Table 4.1: Predicted number of background events for the XENON1T WIMP search in the combined
278.8 days exposure of the two science runs. The full analysis space is defined as ¢S1€ (3, 70) PE,
cS2, € (50, 8000) PE and inside the 1.3t fiducial volume (described in section 4.3.1). Background
expectation values of each component are reported also in the NR signal reference region (between the
median and —20 quantile of 200 GeV/c* WIMP model in the (cS1, ¢S2;) space) and in the 0.9t and 0.65 t
sub-volumes. The expected number of dark matter signal events is reported for comparison relatively
to 200 GeV/c? WIMP mass and WIMP-nucleon SI cross section equal to 107*¢ cm?. Uncertainties
smaller than 0.005 are not shown.

DM search are shown and discussed in section 4.5.3 along with the results of the final
statistical inference on the WIMP hypothesis.

4.5.1 Statistical interpretation framework

Test statistic The profile log-likelihood ratio is used as the test statistic both for
confidence intervals and discovery assessments. The likelihood L(o, 8|x) is a function
of the signal strength o, corresponding to the WIMP-nucleon SI cross section in this
case, and a number of nuisance parameters @ given the measured set of outcomes x of
an observable:

Ny
k
L(o,0lz) = [[ [ [ pr(xf]o, 0). (4.7)
k oi=1
The index k runs over separate measurements, for example different calibration and
dark matter search datasets, and the index ¢ runs over the N, independent observations

z¥, which are assumed to follow the probability density function (PDF) fi(z|o,8). The
test statistic is the profiled log-likelihood ratio

q(o) = —2log ——=, (4.8)

where 6,6 are the unconditional maximum likelihood estimators (MLE) of signal and

nuisance parameters, while 6 are the nuisance parameters that maximize the likelihood
with the condition that the signal strength is o (conditional MLE). To avoid un-physical
regions, the best-fit signal ¢ is constrained to be non-negative.
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Figure 4.19: Coverage of confidence intervals constructed using the Feldman-Cousins profile con-
struction as a function of the WIMP-nucleon ST cross section for 1 tonnexyear search of a 50 GeV/c?
WIMP. Errorbars indicate 1o confidence intervals around the best estimate. Orange squares show the
result using the profile construction, while the blue circles show the coverage including the 3¢ threshold
for reporting upper limits. The green line and band highlight the sensitivity and 1o band of expected
exclusion upper limits.

Confidence intervals Confidence intervals may be considered as a repeated hypoth-
esis test performed at each value of the parameter of interest. A signal hypothesis H,, is
tested against the data computing the p-value of the observed test statistic (o) under
such hypothesis. Given the low background of XENONIT, analytic approximations of
the test statistic expected distribution [294] do not hold. Therefore, the distribution of
q(o) is computed using toy MC simulations of the background and signal models, where
the auxiliary measurements related to each nuisance parameter are also varied per toy
MC data sample.

The confidence interval is computed with a Feldman-Cousins (FC) construction [295]
in the profile likelihood, including all o for which ¢(o) < go(0), where the acceptance
threshold ¢, (o) is the 1 — ath percentile of the test statistic distribution. As in the case
of a standard FC construction, this will provide one- or two-sided confidence intervals
depending on the data, and thus avoids the flip-flopping under-coverage associated with
switching between one- and two-sided tests. For a 90% confidence interval (i.e. a = 0.1,
which is the choice for the XENONIT DM analysis), coverage at ¢ = 0 will lead to
a two-sided interval in 10% of cases in the absence of signal. For the XENONIT DM
analysis, decision is made to use a higher excess reporting threshold, so that only the
upper edge of the confidence interval will be reported if the discovery significance is
lower than 30. This leads to over-coverage at low signals, with an example shown in
figure 4.19 affecting limits below the 1o sensitivity band.

In the case of a downwards fluctuation of observed data, a 15% power-constraint
would be applied to set a lower threshold below which upper limits would not be set,
as proposed in [296].
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Discovery significance and sensitivity The discovery significance based on the

actually observed data can be calculated distinctly with respect to the FC confidence

interval construction, choosing to run a test to reject the background-only hypothesis

(as described in section A.1.3). In this case, the test-statistic is evaluated at the null-

hypothesis, o = ¢(c = 0), whose distribution under Hj is denoted as f(qo|Hp). The
obs

significance of a given observed test statistic ¢§”° on data can be written in terms of
p-value as

o0
PHy = /Obs f(ao[Ho) dgo. (4.9)
90

The local discovery significance above is computed for a single signal hypothesis. To
compute a global discovery significance, the distribution of the most significant p-value
for any hypothesis is estimated with toy Monte Carlo simulations, and compared with
the result from data.

Conversely, the sensitivity of XENONI1T in the DM search presented in this work is
computed using the test-statistic ¢(o) and testing the signal hypothesis H, on simulated
toy MC pseudo experiments, based on the final XENONIT signal and background
models, analogously to the method described in [135,297].

4.5.2 The XENONI1T likelihood function

The log-likelihood used in the spin-independent analysis is a sum of extended un-binned
likelihoods for the two science runs, extended un-binned likelihoods for ER calibration
data and terms expressing ancillary measurements of nuisance parameters 0,,:

10g Liotat(0,8) = Y _1og LsR sci(7, 6)
SR

+ 3 10g Lsn ca0) w10
SR
+ ) 108 Ly (6n).

The index SR runs over data-taking periods, SRO and SR1, and Ly, Lca are the
likelihood terms for the dark matter search data and 22°Rn calibration data, respectively.
Ancillary measurements of nuisance parameter 6, are included in Ly, (6,,). The un-
binned likelihoods take the form:

N
SR SCI(Ua )_ OIS( SR’ Mtot(aa )) H 1t t(U 9) fc(xz’ ) ) (411)
i=1 L ¢ O™

where the index ¢ runs over events in the relevant science or calibration dataset, and
ot (0, 0) = >, pe(o, 8), with the index ¢ indicate each signal or background component
expectation, p.(o,0) which may be a function of nuisance parameters, or a nuisance
parameter itself. The PDFs; f.(x;|0), for each component are functions of the analysis
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coordinates x; = (cS1j,¢S2;,1;) and are evaluated for each event in the likelihood. The
calibration likelihood log Lgg ca1(0) utilizes a smaller volume, r < 36.94 cm, and depends
only on the ¢S1 and ¢S2 dimensions, since the events of interest are uniformly distributed
in space and with the smaller radial edge the surface background contamination is
removed. The additional spatial binning that distinguish the inner core volume (0.65t)
from the rest of the 1.3t FV, is technically implemented as combination of two separate
un-binned likelihoods, analogous to equation (4.11), where the relative expectations
inside and outside the core mass are determined using the (r, z) distribution of the
different components.

Nuisance parameters The signal and background models, consisting of expectation
values and distributions in analysis space depend on several nuisance parameters. Ex-
pectation values for all the modelled backgrounds in the science data as well as AC and
ER rates in the ??YRn calibration likelihood are all constrained by a nuisance parameter
that reflect their uncertainty. The rate of radiogenic neutrons is considered correlated
between science runs, while all other background rates enter separately in the SR0O and
SR1 likelihoods.

The neutron and CNNS rates are constrained by ancillary measurements expressed
as Gaussian likelihoods, given a true expectation value . and measurement uncertainty
0. as central value and width, respectively. The signal expectation is dependent on the
WIMP mass, the signal acceptance and a multiplicative factor, esgr, expressing the
uncertainty of the signal expectation for a fixed cross section, which in turn depends on
mass, ranging from 0.15 at 6 GeV /c? to 0.03 at 200 GeV /c?. The accidental coincidence
rate pac sr is measured as lying between two extreme estimates and is assigned a
uniform PDF between the lower and upper reference. No auxiliary measurements are
assigned to ER and surface background rates as their high statistics in the science data
sample constrains them. In the case of surface background, the fact that the part of the
distribution that mostly would affect the inference is blinded, at low ¢S1 and radius,
motivates the conservative assumption of not imposing an auxiliary constraint.

In addition to uncertainties on the rates, the ER and surface background PDFs also
have shape uncertainties. For the surface background, the main uncertainty is the dis-
tribution in the inner parts of the detector, leading to choosing the slope of the radial
distribution as a shape uncertainty. The science data fit finally constrains the radial
dependency of the surface background. The nuisance parameters o, and Ar, governing
the photon yield and recombination fluctuations, in the detector response model (de-
scribed in section 3.3) are propagated to the likelihood acting as shape uncertainties to
the ER background model.

A mis-modelling term, or “safeguard”, proposed in [298], is added to the ER back-
ground model. It consists of a signal-like component added or subtracted to the nominal
ER model. This modification is motivated by the importance of the ER model for the
final inference, and the idea that a spurious signal-like over- or under-estimation in the
background will have the greatest impact, giving spuriously strong limits or significant
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excesses, respectively. Moreover, the ER model is simultaneously fitted to calibration
data, which allows the safeguard component to be constrained by the much higher (ap-
proximately 10 times for SRO and SR1) statistics of the calibration dataset. The ER
background PDF with the inclusion of the safeguard term is written as

fER(m|a7 oER) = B : [(1 - a) : fER nominal(m|0ER) +o- fsignal(m)] ) (412)

where « is the safeguard nuisance parameter. If the mis-modeling term causes the PDF
to be negative, it is truncated to 0. The normalization of the PDF in the analysis space
is ensured by the factor 8, which is a function of a and nuisance parameters that affect
the ER distribution OgR.

4.5.3 The XENONI1T dataset and final results

The XENONI1T data are unblinded after the background and signal models are fixed, as
well as the statistical interpretation method. In addition to blinding, a salting procedure
is performed injecting an undisclosed number and class of fake events in order to protect
against fine-tuning of models or selection criteria in the post-unblinding phase.

Unblinded dataset The XENONIT dataset is unveiled in figures 4.20, 4.21 and
4.22, showing the unblinded data after de-salting, which found two injected 2*' AmBe
salt events, randomly selected, which had not motivated any further scrutiny of the
analysis method. A total of 14 events is found in the NR signal reference region (between
the median and —2¢ quantile of the 200 GeV /c? WIMP signal distribution in the (ST,
cS2p) space) in the full 1.3t fiducial volume and 2 of them lay within both the 0.9t and
0.65 t inner volumes. The observed number of events in the 1.3t FV indicates an excess
over the expected background of 7.4 4+ 0.6 events. However, it is important to notice
that the inference on the measured dataset is performed in the full parameter space and
taking into account the distribution of each event in it.

The 1D projection in the ¢S2; signal space is shown in the bottom panel of figure 4.20
with data in the 1.3t FV and in the 0.9t volume, where the surface background dis-
tributed at very low ¢S2; is suppressed.

The best-fit models of backgrounds and signal on the full XENONI1T dataset are
exploited to assign a relative probability to single events to be compatible with each
of the models in the likelihood function. In figures 4.20 and 4.22 such probabilities
are shown through pie charts assigned to each observed event, considering as reference
the signal model of a 200 GeV/c? WIMP, for which the best-fit cross section is 4.7 x
107%" cm? (corresponding to 3.6 events in the full ROI). Small charts (mainly single-
colored) correspond to unambiguously background-like events, while events where the
WIMP probability is >1% are enlarged for visibility (with increasing sizes corresponding
to 1%, 5%, 10%, 20% probabilities). Three events show a WIMP probability larger than
20% and none of them is located in the center of the TPC, as can be seen in the (x, y)
projection in figure 4.22 (left panel). One is close to the bottom edge of the FV (see
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Figure 4.20: The XENONI1T unblinded dataset for dark matter search with the combination of the
two science runs (SRO and SR1) for a total exposure of 278.8d and within 1.3t fiducial LXe target
mass. The distribution in the energy space (¢S1,cS2s) of events that pass all selection criteria, described
in section 4.3, is shown. Events are drawn as pie charts representing the relative probabilities of the
background and signal components for each event, with the color code given in the legend, under the
best-fit model for 200 GeV /c> WIMP signal and the resulting best-fit cross section o = 4.7 x 10747 cm?.
Shaded regions show the projection of the ER (grey) and surface (blue) background components. The
1o (purple dashed) and 20 (purple solid) percentiles of the 200 GeV/c? WIMP signal are overlaid for
reference. The NR signal reference region is defined between the two red dotted lines. Grey lines show
isoenergy contours in NR energy. Vertical shaded regions are outside the ROI.
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Figure 4.22: Spatial distributions of the XENONI1T DM search data. Events are drawn as pie charts
with the same marker description as in figure 4.20. Grey points are events reconstructed outside the
fiducial mass. The TPC boundary (black line), the 1.3t fiducial mass (magenta), the maximum radius
of the reference 0.9t mass (blue dashed), and the 0.65t core mass (green dashed) are shown. Yellow
shaded regions display the 1o (dark) and 20 (light) probability density percentiles of the radiogenic
neutron background component.
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Figure 4.23: The 90% confidence level upper limit on WIMP-nucleon spin-independent cross section
from the XENONI1T 1 tonnexyear search with the 1o (green) and 20 (yellow) sensitivity bands. Pre-
vious world-best results from LUX [110] and PandaX-II [111] experiments are shown for comparison.
Results from past and future detectors of the XENON DM Project are drawn as black solid lines
(XENONI10 [134] and XENON100 [105]) and dashed line (XENONNT projected sensitivity in 20 txy
exposure [135]). The neutrino discovery limit [138] (orange) is also shown for reference, as well as a
supersymmetric DM model [299] constrained by accelerator experiments, astrophysical observations
and direct detection searches.

figure 4.22, right) and below the bulk NR distribution in the (cS1, ¢S2;) space (see
figure 4.20), both properties compatible with the expected neutron-X contribution to
background. A second event is located at large radius where the surface background is
dominant, even though the position in the energy space is displaced from the bulk of
surface background model and falls inside the NR band. The third WIMP-like event
shows, instead, almost equal compatibility also with the ER and neutron background
models.

Results of statistical inference The profile likelihood analysis on the measured
data with XENONIT in the science runs SR0O and SR1 indicates no significant excess
with respect to the background expectation at any WIMP mass in the directly scanned
range from 6 GeV /c? to 1 TeV/c2. The FC construction of the confidence interval on
the WIMP-nucleon SI cross section returns a 90% confidence level upper limit, which
is shown in figure 4.23.

The limit falls within the calculated sensitivity across all masses, weaker with respect
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to the median sensitivity for WIMP masses larger than 30 GeV /c? and stronger at low
masses. This result, with 1 tonnexyear exposure (278.8 live-days and 1.3t target mass),
improves the current most stringent constraints on WIMPs >6 GeV /c?, with the lowest
cross section value excluded at 4.1 x 10747 cm? for WIMPs of mass 30 GeV /c2.

The calculation of the discovery significance based on the best-fit background model
finds a p-value of 0.28, 0.41 and 0.22 at 6, 50 and 200 GeV /c?, respectively. Therefore,
the local discovery significance is lower than 0.8c across the whole WIMP mass range
tested. If the background-only local p-value is calculated on a simple Poisson plus
Gaussian uncertainty statistics in the NR reference region (where a numerical excess of
events is observed), the result gives a rejection significance of ~ 1.9¢, not significant
enough to trigger modification in the background model, fiducial boundary or alternate
signal models. Such a choice is conservative as the observed excess anyway results in a
weaker exclusion limit with respect the expected median sensitivity.

The 20 sensitivity band spans one order of magnitude in the WIMP cross section
space, as a consequence of the large random variability of observed upper limits due
to statistical fluctuation of the background (which is usually extremely low in rare-
event searches). Besides the actual limit obtained with the present DM search, the
XENONIT median sensitivity, which is not affected by the aforementioned variability, is
about 7.0 times better than previous most sensitive experiments to >50 GeV /c> WIMPs
(LUX [110] and PANDAX-IT [111]). The imminent XENONnT upgrade with increased
target LXe mass of 6tonnes (the commissioning phase foreseen in 2019) will improve
upon the XENONIT results by about one order of magnitude.
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The search for dark matter continues. Strong and numerous evidences suggest the
existence of dark matter and have triggered comprehensive experimental efforts of the
scientific community (chapter 1). No clear discovery has been established so far in
experiments at colliders, nor in those exploiting direct and indirect detection techniques.

The XENON Collaboration focuses on direct search for WIMPs, the most natural
and popular DM candidate. With the currently operating XENONI1T experiment,
unprecedented sensitivity to WIMP-nucleon interaction has been achieved among all
dark matter detectors (chapter 2). XENONIT is the first ton-scale LXe dual-phase
TPC with its 3.2t xenon mass (of which 2.0t are contained in the active volume).
From November 2016 to February 2018, XENONIT collected dark matter search data
for 278.8 live-days, resulting from the combination of the two science runs SRO (32.1d)
and SR1 (246.7d), for a 1txy exposure WIMP search (discussed in this work). The
XENONIT detector represents the current stage of the XENON Dark Matter Project
that started in 2007 with the prototype TPC XENON10, followed by XENON100, both
providing world-best constraints on WIMP-nucleon cross section. Proceeding on the
path already marked of target mass increases and background reductions, the upgrade of
XENONIT, named XENONnT, will quickly replace its predecessor by 2019. XENONnT
will feature about 8t (6t) total (active) LXe mass and aims at lowering the (already
ultra-low) background level by a factor 10 to boost the sensitivity by a further order of
magnitude.

The ER background in XENONIT (section 3.1), indeed, is the lowest background
ever achieved in a direct detection dark matter experiment. In the low energy region of
interest for WIMP searches, the measured ER differential rate is

8273 (syst) & 3(stat) (t -y - keV) ™!,

stable over the data taking period. This measurement agrees with the expectation from
MC simulations, that are also able to correctly predict the ER spectrum at higher en-
ergies (up to few MeV), as deduced from the good matching between simulated and
measured spectrum. Within the 1.3t fiducial volume in which the DM search is car-
ried out, the ER background rate is dominated by intrinsic sources: -decays of 2!4Pb
(part of the 222Rn decay chain) and ®°Kr (isotope present in "*Kr) account for 75%
and 11% of the total, respectively (while double-beta decay of 3Xe contributes to just
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1%). The "*Kr/Xe concentration, monitored with RGMS measurements, is reduced
by three orders of magnitude during early XENONIT operation by means of online
cryogenic distillation, reaching an average 0.66 £ 0.11 ppt during SRO and SR1. The
222Rn concentration is kept under control through a screening campaign to accurately
select detector materials with low ??2Rn emanation. Online ??2Rn distillation was also
tested by operating the cryogenic distillation column in reverse mode. This approach
will be fully exploited in XENONnT. The ~ 10 1Bq/kg activity of 2*Pb is constrained
by measuring the rate of 2'8Pb a-decay (12.6 + 0.8 nBq/kg) and 2*BiPo delayed co-
incidence (5.1 £ 0.5uBq/kg). The ER background expectation for the 1txy WIMP
search is constrained by data and amounts to 627+ 18 (1.6 £ 0.3) events in the full (NR
reference) analysis space.

The NR background (section 3.2) due to cosmogenic neutrons is suppressed thanks
to the passive water shield and the active Cherenkov veto provided by the Muon Veto
system. The contribution of coherent neutrino-nucleus scattering is estimated with
MC simulations (taking into account the recently measured CNNS cross section by
the COHERENT experiment) and it corresponds to 3% of the total NR background
budget, which is dominated by radiogenic neutrons. The expectation value of neutron
background is 1.4+0.7 (0.1440.07) events in the 1.3t FV (inner core 0.65t volume and
NR reference region). PMT components are responsible for ~ 50% of the radiogenic
neutron background as estimated form MC simulations. The neutron background model
includes also the neutron-X population, with at least one additional scatter in the region
below-cathode (sensitive only to the primary scintillation light) besides the single scatter
in the fiducial volume. The distribution in the signal space (S1, S2) of neutron-X
events is distorted due to lower S2/S1 ratio. This class of events contributes to 14%
of the total neutron background budget, affecting in particular the bottom region of
the TPC. The final prediction of radiogenic neutron background is also constrained
by the measurement of 9 NR multiple scatter events in XENONIT data that, taking
into account the best estimate of the single-to-multiple scatter ratio, provides a scaling
factor to the purely MC prediction of 1.5J_r8:g.

The ER and NR background models, and NR, WIMP signal as well, are finally ob-
tained through the detector signal response model (section 3.3), which describes the light
and charge signals generation and propagation across the detector in order to establish
the relationship between the recoil energy and the observed S1 and S2 signals. Runs
with internal ??°Rn and external neutron sources are conducted to collect calibration
data for low energy ER and NR interactions, respectively. The XENONIT model for
ER and NR interactions is simultaneously fitted to calibration data. The derived over-
lap between the ER and NR bands corresponds to a residual 0.3% ER contamination
in the reference NR region defined between the NR median and the —2¢ quantile.

Additional background components in XENONI1T are accidental pile-ups of spurious
S1 and S2 signals, and surface events (section 4.4). The expected background due
to accidental coincidences is evaluated based on the lone-S1, -S2 rates, obtaining a
prediction of 0.6 &= 0.1 events. Due to the finite position reconstruction resolution, ER
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events happening at the lateral PTFE reflector surface have a non-null probability to
be reconstructed inside the FV. Such events present abnormally small S2 since part of
the ionization electrons are captured at the surface and do not contribute to the charge
signal. The surface background model, built with data-driven methods, overlaps with
the NR region in particular at the lowest energies inducing a background expectation
of 106 £+ 8 (0.02) events in the 1.3t FV (inner 0.9t volume and NR reference region).

The spatial dependency of detector’s response is mainly calibrated with an intense
83mKy source of mono-energetic gamma lines at low energy, periodically diffused in the
LXe volume, in order to define proper corrections to the S1 and S2 signals on event-by-
event basis (section 4.1). We observe a distortion of the electric drift field which requires
an effective correction of the reconstructed event position, based on the reconstructed
position distribution of ®3™Kr events which are uniformly distributed in the TPC. Such
correction is also time-dependent as a consequence of continuous charge accumulation
on the TPC wall responsible for drift field distortion. Both S1 and S2 signals are
corrected for the collection efficiency of primary and secondary scintillation light. The
charge signal is further corrected for the measured electron lifetime, whose evolution
during SR0O and SR1 is modelled, with an average value of ~ 650 us corresponding to
~ 0.5 ppb concentration of electronegative impurities that capture free electrons during
their drift.

The time stability of signals is monitored with several mono-energetic lines present
in the detector for long periods (section 4.2). During SRO, light and charge yields are
monitored with de-excitation gamma lines of 2"Xe and '3!™Xe isotopes, activated
during neutron calibration runs, and are found stable within 0.6% and 0.9%, respec-
tively. In the longer SR1, other sources are also exploited to monitor the signal stability,
such as 83™Kr, external gammas and ???Rn. All the measurement agrees with a light
yield stable within 0.2% and with a slight increase of the charge yield by about 5% over
the whole SR1 period. Effective correction for the observed charge yield variation is not
necessary as its size is not large enough to produce a significant effect on the ER model
determination.

Several selection criteria are imposed to data (section 4.3) to ensure data quality and
reject un-physical events, leading to a WIMP signal acceptance of ~ 96% ( ~ 93%) for
S1 (S2) signal. The total XENONIT efficiency for WIMP search as a function of energy
takes into account also the detection efficiency, dominated by a 3-fold PMT coincidence
condition. The region of interest is defined in the signal space as ¢S1€(3, 70) PE and
cS2,€(50, 8000) PE.

The portion of analysis space where WIMP signal is expected with highly reduced
ER contamination, referred to as NR reference region, is kept blinded until the analysis
methods, background and signal models are fixed. Unblinded data reveal 14 events in
the full 1.3t FV within the previously blinded region, 2 of which contained in the inner
0.9t volume free of surface background. The final inference on the WIMP-nucleon spin-
independent cross section ogy is conducted exploiting a likelihood function parametrized
in four dimensions: cS1, ¢S2; (signal space), r and z (spatial coordinates). The sys-
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tematic uncertainties related to the normalization and shape of the background and
signal models are included as nuisance parameters. A confidence interval on ogy is
obtained via Feldman-Cousin construction in order to get an exclusion limit or two-
sided interval (implying discovery) depending on the likelihood-based statistical test
on data, avoiding the flip-flop problem due to the a priori decision on reporting upper
limit only. The profile likelihood analysis (section 4.5) reports no significant excess over
the expected background and exclusion limits are obtained for the WIMP mass range
(6, 1000) GeV /c?. Local discovery significance is found lower than 0.8 at any WIMP
mass, not significant enough to claim discovery even though a small excess is observed.
The resulting upper limits on og; improve the previous most stringent constraints for
WIMP heavier than 8 GeV/c?. The minimum is found at

4.1 x 1074 cm? for 30 GeV /c? WIMP.

The obtained limit curve shows upper (lower) ~ lo fluctuation with respect to the
expected median sensitivity at high (low) WIMP masses. The XENONIT sensitivity
reached in this 1txy DM search improves upon the best sensitivity of other LXe TPC
detectors by a factor ~ 7.

The next phase of the XENON Dark Matter Project, XENONnT, is already under
construction at LNGS. The commissioning of the increased TPC is expected to start by
2019. With this upgrade, the sensitivity will improve by one order of magnitude in 5
years of data acquisition, and the XENON Collaboration aims to stay at the forefront
of the dark matter search rush in the next years.
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Projected WIMP discovery
potential

Direct experiments searching for WIMPs have been producing dramatic improvements
in the last decade covering more than 3 orders of magnitude in the WIMP cross section
parameter space, as in the case of the XENON DM Project from the first world-leading
XENONI0 [134] results to the current best limit of XENONIT [109] (presented in this
work). Noble-liquid dual-phase TPCs with liquid xenon target have proven the best
sensitivity to WIMPs so far. Although no evidence for DM signal has been found, great
efforts are ongoing to keep scanning lower WIMP cross sections. Figure 1.10 shows the
un-tested parameter space, below the current world-best WIMP exclusion limit from
XENONIT [109], along with the projected sensitivities of future noble-liquid experi-
ments (LZ [136], XENONnT [135], DARWIN [140], using LXe, and DarkSide-20k [300],
using liquid Argon) that will approach the neutrino discovery limit [138] drawn in grey.

The sensitivity curves assess the level at which an experiment, given the predicted
background and assumed exposure, is expected to be able to set exclusion limits on the
WIMP-nucleon SI cross section (as a function of the WIMP mass) with, typically, 90%
confidence level. The sensitivity of XENONnT (dashed blue curve in figure 1.10) and
XENONIT, before the actual realization of the experiment, is studied in [135,297]. On
the other side, one can also wonder what is the expected capability of an experiment
to claim WIMP discovery, besides the power in excluding DM. The sensitivity calcu-
lation is based on hypothesis test to reject the signal hypothesis (which includes the
background and WIMP models), while the rejection of the background-only hypothesis
is related to discovery. The discovery potential of XENONI1T, based on the preliminary
background expectations exploited to estimate also the sensitivity before the detector
construction [135], is presented in section A.1. Discovery limits are evaluated in terms of
WIMP-nucleon cross section below which rejection of the background-only hypothesis
can not be achieved with a given significance (e.g. 3 or 50). In order to put a constraint
on the WIMP mass and cross section in case of discovery, a bi-dimensional profile like-
lihood analysis needs to be performed. The expected performance of XENONIT in
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reconstructing the WIMP parameters is studied in section A.2.

The evolution of the potential to WIMP discovery in the long-term perspective
assuming the ultimate scenario for Xe-based DM detectors is studied in section A.3,
where all the backgrounds but the CNNS component are supposed to be suppressed
and discovery limits are evaluated as a function of increasing exposure.

A.1 Discovery potential of XENONI1T

The XENONI1T discovery potential extends the projected sensitivity studies in [135,297]
for the benchmark exposure of 2tonne-year. The physical model considered (see sec-
tion A.1.1) is based on preliminary Monte Carlo background predictions, fully described
in [135]. The latest MC background predictions for the DM search with XENONIT
(discussed in chapter 4) are presented in sections 3.4 and 4.4, and have been updated
mainly following more precise information about detector response characterization (sec-
tion 3.3) and constraints derived from measurements with collected XENON1T data (see
sections 3.1.2 and 3.2.5). The expected discovery limits, presented in section A.1.3, are
estimated with the profile likelihood approach (see section A.1.2) testing the rejection
of the background-only hypothesis by simulating a large number of MC datasets based
on the XENONIT physical model.

A.1.1 Physical model

The XENONI1T physical model used to study the DM discovery potential is composed
by the signal, due to WIMP-nucleon spin-independent interaction, and the ER and NR
backgrounds, originated by known particles producing a single (electronic or nuclear)
recoil inside the fiducial volume. The standard ER and NR backgrounds are considered.
The ER background is mainly caused by radioactive contaminants intrinsic to the LXe
target (?22Rn, ®°Kr) and also by external gammas from detector materials and solar
neutrinos (see section 3.1 for a detailed description). Neutrons and CNNS neutrinos
contribute to the NR background (see section 3.2). The WIMP signal model assumes
standard properties of the local DM halo, as described in section 4.4.3, to calculate the
expected recoil energy spectrum for each WIMP mass in the range from 6 to 1000 GeV /c?
(see figure 4.18a).

The parameter space features the prompt scintillation signal S1 and an idealized dis-
crimination variable Y, which is a simplification of the usual discrimination parameter
logo (S2/S1) used in XENON100 data analysis [301]. The background and signal mod-
els in the S1 observable space are shown in figure A.1. They are obtained by converting
the expected recoil energy spectra into the observable S1 signal via the modelling of
the detector signal response described in [135], which is mainly driven by the light and
charge yield models extracted by XENON100 [302] and other direct measurements for
NRs and by the NEST v0.98 model [254,303] for ERs. Moreover, the XENONI1T model
in this study is restricted to a super-elliptical fiducial volume (FV) containing 1 tonne
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Figure A.1: S1 distribution of the total background (black) and of specific components: ERs (blue),
NRs from neutrons (red) and CNNS (magenta). The expected WIMP NR signal spectrum is shown
(green) for 10 (dashed), 100 (solid) and 1000 GeV/c? (dotted) mass with cross section of 2 x 1074¢
2 x 107* and 2 x 107*6 cm?, respectively. The vertical dashed lines delimit the (3, 70) PE region of
interest for DM search. These spectra assume a 99.75% ER rejection with a flat 40% NR acceptance
(see text).

LXe target mass.

The probability density functions (PDFs) of both ER and NR backgrounds are
assumed to be Gaussian in the Y discrimination parameter space, with a separation
that reproduces the discrimination performance achieved in XENON100 [192], namely
99.5, 99.75, 99.9% ER rejection power with 50, 40, 30% acceptance to NRs, respectively.
The Y distribution of the ER model has central value 4 = 0 and ¢ = 1, while for the
NR model (which applies also to the WIMP signal) y = —2.58 and o = 0.92. The
spectra in figure A.1 assume an ER rejection cut at the 99.75% quantile of the ER
distribution in Y, giving a selection of the parameter space where the WIMP signal
is expected with ER suppression. However, the statistical method used in this work
exploits a profile likelihood analysis on the whole data sample without any hard cut on
the ER population (see section A.1.2).

The expectation values, i.e. the expected number of observed events, of each com-
ponent of the XENONIT model are calculated from the integral of the S1 spectra in
the region of interest (3, 70) PE multiplied by the assumed experiment running time
and the fiducial mass. The background (and signal) expectations in 2 tonne-year expo-
sure are reported in table A.1. The ER rate takes into account early assumptions made
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No ER 99.75% ER
discrimination discrimination

Background

ER (uer) 258 0.65
Neutrons 1.10 0.44
CNNS 1.18 0.47
Total NR (unr) 2.28 1.55
Signal (1sig)

10 GeV/c?2 WIMP (o = 2 x 10746 ¢cm?) 4.63 1.85
100 GeV/c2 WIMP (o = 2 x 10747 cm?) 7.13 2.85
1 TeV/c2 WIMP (0 =2 x 10746 cm?) 8.85 3.54

Table A.1: Number of expected events without and with 99.75% ER discrimination (giving 40%
NR acceptance) in a 2years long science run assuming 1t fiducial mass and in the ROI for WIMP
search of (3, 70) PE in the S1 parameter space. Background expectations are based on preliminary MC
predictions, described in [135], under the assumption of 1 uBq/kg 222Rn and 0.2 ppt #Kr concentrations
contributing to the ER background.

about the concentration of intrinsic contaminants at the level of 1 nBq/kg for 222Rn and
0.2 ppt for #Kr (see section 3.1 for a detailed discussion about ER background sources
and their estimated contribution based on XENONI1T measurements).

The main uncertainty in the NR model considered [302] is due to the relative scin-
tillation efficiency in LXe, Lqg, which parametrizes the photon yield for NRs. Other,
sub-dominant, systematic uncertainties come from the indetermination in the NR charge
yield, Q,, and from the uncertainty in the predicted ER and NR background rates of
10% and 20%, respectively. The uncertainties from the NEST model [254] on the light
and charge yields for ERs are much smaller than those related to NRs. Therefore, shape
uncertainties on the ER background model are neglected.

A.1.2 Statistical model

The statistical framework adopted to study the XENONIT discovery potential makes
use of the profile likelihood approach. The spectral shapes in the S1 space of the
XENONIT model components (signal and backgrounds) are defined as PDFs, called
fsigs fER, fnR for the signal, the ER and NR backgrounds, respectively, where fg;, is
intended to vary with the WIMP mass. The expectation values for each component
are named fsig, ppr and pygr. The Gaussian PDFs in the Y parameter space are
indicated by ggpr, for the ER background, and gyg, for the WIMP signal and NR
background. The analysis is performed through an unbinned and extended likelihood
function, meaning that simulated data are sampled from the functions f. and g. (where
¢ indicate a specific component) and each event is identified by a point in the unbinned
(S1,Y) bi-dimensional space. The parameter of interest (POI) is the signal strength jis4
which is proportional to the WIMP-nucleon cross section . The extended likelihood
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function is defined as

) Nobs e Mot Nobs
L(o) = Pois(Nops|pot) - [ [ P(S1i, Vi) = T peer - P(S1,Y:), (A1)
i=1 Nops! 3]

where N is the total number of observed events, o1 = ftsig + ER + NR, S1; and
Y; are the measured values in the two observables for the i-th event. The probability of
each event P(S1;,Y;) can be expressed in terms of the model components:

P(51:, Y1) = :t [Hsig - Foig(S13) - gnr(Y?)
+uer - fEr(SL) - gER(Y) (A.2)

+ unr - fNr(S1) - gnr(YD)].

Systematic uncertainties are introduced in the likelihood through nuisance param-
eters. The dominant systematics due to L.g indetermination, especially at very low
NR energies, does not significantly affects the spectral shapes of neutron, CNNS and
WIMP models, as shown in [297]|. Therefore, only the variation in the expected num-
ber of events is affected by the considered uncertainties, as it is assumed also in [304].
Modifying Leg to its +20 values induces a variation up to a factor 4 of the expectation
value for CNNS and 6 GeV /c? WIMPs, while for the neutron background and 50 GeV /c?
WIMPs the variation is about 10%. All the systematic uncertainties are parametrized
through normal constraints added to the likelihood function, with the nuisance param-
eters which in turn affect the expectation values of model components. The nuisance
parameters are named 0z, 0, Ong, Opr relatively to Leg, 9y and the uncertainty on
the ER and NR background rate predictions. The complete log-likelihood function is
then written as

—2In L(0;0) =2 [psig(0;05,00) + per(0er) + unr(c,00,0NR)]
Nobs

—2 Z h’l{ [MSig(U; 0@799) ’ fszg(SlZ) . QNR(Y;)]
=1
+ [uer(OER) - fER(SL:) - 9ER(Y})] (A.3)

+ [unr(0z,00,0nm) - INr(ST:) - gnr(Y)] |
+ (0 —02)% + (B0 — 60)” + (Bur — 0pr)* + (Onkr — O%R)%,
where 8 = (6;,0q,0pr,0NR) and the last term expresses the Gaussian constraints on
the nuisance parameters, with #° describing the nominal value (e.g. #% = 0 corresponds
to the median Leg in the assumed model [302]).
A.1.3 Discovery limit calculation
The significance of a new process, in a frequentist approach, is estimated with hy-

pothesis test of the null hypothesis Hy (background only) against the alternative H,
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which includes both background and signal. The test statistic commonly used for such
statistical inference on a given dataset is the profile likelihood ratio:

Ao) = , (A.4)

where 6 and 6 are the best-fit values that maximize the likelihood, called maximum

likelihood estimators (MLE), and 6 is the conditional MLE of the nuisance parameters
assuming the value o for the parameter of interest.

To assess the discovery potential of XENONIT, we test the background only hy-
pothesis, on simulated datasets based on the XENONIT physical model, and try to
reject it. The test statistic to evaluate agreement of data with the Hy hypothesis is
defined as [294]

= L(,0) (A.5)
0 0 if 6 <0
The case gp = 0 indicates the maximum agreement with the background-only hypothesis
Hy, i.e. 6 =0. If the maximum likelihood estimator & of ¢ is found to be negative, this
cannot be considered as an indication of disagreement with Hy due to the presence of
a signal and hence qq is set to 0.

In order to evaluate the rejection significance of the hypothesis Hy, it is necessary
to know the expected distribution of the test statistic under such hypothesis, i.e. the
PDF f(qo|Ho). The PDF is evaluated by generating a large number of toy MC datasets
under the Hy hypothesis and computing each time the value of the profile likelihood

ratio test statistic gg. The observed value q(o)bs from a generic dataset can then be used

{—mnmo) L) s>
qo =

to evaluate how much it is far from 0 (indicating the maximum agreement with Hy).
If ngs > 0, the rejection of the null hypothesis Hy can be claimed with a significance

obs

given by (1-p), where p is the p-value defined as the integral of f(go|Hop) above ¢§**:
p= / .. f{aolHo) dgo. (A.6)
95"

To evaluate the discovery potential, it is also necessary to compute the PDF of
the test statistic gop under several signal hypotheses H,, assuming different values of
o > 0. Then the median of each f(qyo|H,) is taken to perform an hypothesis test over
Hj in order to calculate the expected discovery potential of the experiment. For a fixed
significance level, e.g. 99%, the discovery limit is set at the value of the POI such that
H is rejected with (1-p)=99% significance. This also means that for higher values of o,
XENONIT would be able to claim discovery with even larger significance. A discovery
potential curve is obtained by setting the discovery limit for different WIMP masses.
Larger quantiles of f(qo|H,) can be also considered besides the median. For example,
the 90% quantile corresponds to 90% probability to discover a signal with cross section o
with the fixed 99% significance threshold, while the median discovery limit corresponds
to 50% probability of a 99% significant discovery.
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Figure A.2: Cumulative distribution of the profile likelihood ratio test statistic PDF f(qo|Ho) gen-
erated from 10° toy MC data samples (orange) and of the asymptotic distribution x?/2 (cyan) for 10
(left) and 1000 GeV/c> WIMP mass (right). The grey vertical line indicates go = 9, corresponding to
a significance level of 30 in the asymptotic approximation.

A total exposure of 2 t-y is fixed to evaluate the XENONI1T discovery potential curve.
The expected test statistic PDFs under signal (background) hypothesis are computed
by simulating 10* (10%) toy MC datasets.

Test of asymptoticity Based on the Wilks theorem [305] and the Wald approxima-
tion [306], it has been demonstrated that the PDF of the likelihood ratio, more precisely
—2In\(0), approaches a noncentral chi-square distribution for 1 degree of freedom when
the data sample size is large. In particular, if the asymptotic limit holds, f(qo|H) fol-
lows a half-chi-square distribution x?/2. Moreover, a simple relationship holds between
the significance of rejection of Hy and the test statistic gg in this case:

Z = /G, (A7)

where Z represents the number of standard deviations for a Gaussian distribution
corresponding to the one-sided definition of p-value. Hence, Z = 3 corresponds to
p = 0.00135 or to a significance of 1 — 0.00135 = 99.865%.

The validity of the asymptotic limit under the configuration used is tested by com-
paring the distribution f(qo|Ho) computed from 10° MC data samples (in 2 t-y exposure)
to the x2/2 distribution, for different WIMP masses, as shown in figure A.2. The two
cumulative density functions (CDFs) differ for small gy, but the discrepancy is highly
reduced at go = 9. The p-value computed at gy = 9 is evaluated for several WIMP
masses with a ~ 10% uncertainty related to the number of generated toy MC datasets
Nioys taken as \/N/Ntoys, where N is the fraction of datasets giving go > 9. The differ-
ence with respect to p = 0.135%, given by the x?/2 distribution, is found equal to 27,
19, 22% for WIMP mass of 6, 50, 500 GeV /c? respectively.
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Figure A.3: XENONIT discovery potential at 3o significance in 2 tonne-year exposure (assuming 1t
fiducial volume) calculated with the simple likelihood approach in which systematic uncertainties are
neglected. The median discovery limit (blue line) is shown together with the 1 and 20 bands (green
and yellow, respectively) which are driven by statistical fluctuations only. (b) Comparison between the
median discovery limit (cyan) and the sensitivity curve (exclusion limit) at 90% confidence level (red)
calculated assuming the same physical model and likelihood function for the benchmark exposure of
2 tonne-year.

Discovery limits at 30 significance We first consider the case where no nuisance
parameters are introduced in the likelihood function, meaning that the test statistic is
based on a simple likelihood ratio

L(c=0) .r A
w = —2In 56 ife>0 (A.8)
0 if 6 < 0.

The discovery significance is fixed at 30, corresponding to the rejection of Hy with
99.865% confidence level. The median discovery limit obtained over the WIMP mass
range from 6 to 1000 GeV/c? is shown in figure A.3a with the 1 and 20 uncertainty
bands. For comparison, the median discovery limit curve is drawn in figure A.3b along
with the median sensitivity (exclusion upper limits) at 90% confidence level (CL) with
the same likelihood ratio approach, following the method described in [297]. Across all
WIMP masses, the 90% CL exclusion limit is a factor ~ 2 better in terms of WIMP-
nucleon cross section values probed, with respect to the 3o significance discovery limit.

With the introduction of the nuisance parameters 8, the profile likelihood ratio test
statistic takes the form of equation (A.5). The discovery limit curve under the complete
treatment of systematic uncertainties is shown in figure A.4a, from which the enlarge-
ment of the 1 and 20 bands is evident due to the introduction of nuisance parameters.
The median discovery potentials at 3o significance calculated with the simple likelihood
ratio and with the complete profile likelihood are compared in figure A.4b. The two
discovery limits coincide for signals from WIMPs of mass larger than 30 GeV/c?. The
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Figure A.4: XENONIT discovery potential at 3o significance in 2 tonne-year exposure (assuming
1t fiducial volume) calculated with the profile likelihood approach in which systematic uncertainties
on the NR relative scintillation efficiency Leg, the NR charge yield Q, and on the predicted ER and
NR background rates are introduced through nuisance parameters. The median discovery limit (blue
line) is shown together with the 1 and 20 bands (green and yellow, respectively) which are driven
by the combination of statistical and systematic uncertainties, resulting larger than those shown in
figure A.3a. (b) Comparison between the median discovery limit at 30 significance in 2tonne-year
exposure calculated with the complete profile likelihood treatment (cyan) and with the simple likelihood
approach (red). The introduction of nuisance parameters cause a worsening of the median discovery
limit at low WIMP masses since the dominant systematic uncertainty from Leg is significant in the low
recoil energy region where the expected spectra of CNNS background and light WIMPs are confined.

uncertainty on the NR light yield at low energies, which mostly affects CNNS and light
WIMPs, causes the worsening up to about 70% observed at 6 GeV /c? WIMP mass (see
also table A.2), in addition to the widening of the 1 and 20 bands. The minimum of the
30 discovery potential curve of XENONIT is achieved at 2.5 x 10747 cm? for 40 GeV /c?
WIMP mass. If a larger quantile of f(qo|H,) is considered, instead of the 50% corre-
sponding to the median limit, the discovery potential is shifted to higher cross sections.
At the minimum, 40 GeV/c? WIMP mass, the discovery potential weakens by a factor
1.7 (2.4) if the 90% (99%) quantile of the expected discovery limit band is considered
as reference, as shown in table A.2.

A.2 WIMP parameter reconstruction with XENON1T

The discovery potential describes which is the smallest signal (or WIMP-nucleon cross
section value) that would allow XENONIT to claim discovery with a certain signif-
icance level. In case of discovery, the interest will first move to the understanding
the basic properties of the observed signal. In this section, we study what would be
the XENONIT capability to reconstruct the WIMP mass and its cross section. The
expected WIMP parameter reconstruction performance with XENONIT is evaluated
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30 Discovery Limit on WIMP-Nucleon SI Cross Section [cm?]

WIMP Mass Simple Likelihood Profile Likelihood
[GeV /c?] 50% 50% 90% 99%
6 2.2 x 1074 39x 107 59x107% 80x107%
40 2.5 x 10747 25x 10747 42x107% 6.1 x 10747
1000 2.9 x 10746 29x 1074 48 x107% 7.2x 10746

Table A.2: XENONIT discovery limits at 3o significance level in 2t-y exposure for 6, 40 and
1000 GeV /c> WIMP mass obtained from the profile likelihood analysis and the simple likelihood cal-
culation (where systematic uncertainties are neglected). The profile likelihood discovery potential is
reported for the median (50%), 90% and 99% upper quantiles of the discovery limits distribution shown
in figure A .4a.

from simulated MC datasets, based on the physical model described in section A.1.1,
and using an extension of the profile likelihood framework exploited to compute the
discovery potential (see section A.1.2).

A.2.1 Confidence regions definition

In the study of discovery potential the cross section o was the only parameter of in-
terest for the likelihood function, with the limit calculation repeated for each tested
WIMP mass. In order to infer the basic WIMP parameters from a dataset containing
a significant signal, the likelihood function is set to have 2 parameters of interest: the
WIMP-nucleon SI cross section o and the WIMP mass m,. The signal expectation
value and S1 shape feature a continuous dependence on the WIMP mass, in this case,
and the bi-dimensional extension of the likelihood function (A.3) can be written as

—2In L(my,0;0) =2 [psig(my, 03 05,00) + per(0Er) + pnr(0c,00,0NR))
Nobs

-2 Z ln{ [Msig(mx705 Oc,0q) - fsig(Sli’mx) : gNR(Yi)}
=1

+ [wer(0ER) - fER(S1:) - 9ER(Y))]
+ [unr(Oc,00,0NR) - fNR(SL;) - gvr(Y5)] }
+ (0. — 02)* + (80 — 09)* + (Bmr — 0%R)° + (Onr — O} R)*.
(A.9)

Both the POls, o and m,, affect the expected number of signal events ps as the cross
section o acts as an overall scaling factor, and because for different WIMP masses the
shape and the normalization of the S1 WIMP spectrum changes.

Asimov dataset To study the parameter reconstruction performance achievable, we
would need to simulate a large number of toy MC datasets (with a given injected
signal) and fit them by maximizing the likelihood function in order to take into account
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statistical fluctuations. However, under the asymptotic approximation, the construction
of likelihood contours for a particular dataset provides the equivalent information, as
suggested in [294]. Such a dataset, called Asimov dataset, is defined such that when
one uses it to evaluate the MLE for all parameters, one obtains the true parameter
values. Because in the XENONIT statistical model we have event-by-event spectral
information (S1 and Y) and the likelihood used is unbinned, the Asimov dataset must
contain a number of events (signal and backgrounds) equal to the expectation values,
and distributed in S1 and Y as the known spectra as well. The expectation values
can be fractional, hence the corresponding number of generated events in the Asimov
dataset is taken as the closest integer. For all the n events of a specific type (signal, ER
or NR background) in the data sample, the relative PDFs in both S1 and Y spaces are
taken into account by dividing them into n slices so that the probability of each slice is
the same (i.e. 1/n). Hence, the extracted values of S1 (and Y) to be associated to the
events namely correspond to the quantiles [1/n, 2/n , ... ,1]. If only one event from
a given model component is generated, its S1 and Y are taken as the most probable
values. Finally, the set of Y values sampled is shuffled randomly in order to preserve
the assumed de-correlation between the S1 and Y observables.

Maximum likelihood confidence regions Simulated toy datasets, with desired
true values of WIMP mass and number of signal events are generated assuming 2t -y
exposure. For a given MC dataset, the 2 parameters of interest (m,, o) are estimated
from their MLE, which are the values 7, and ¢ that maximize the likelihood func-
tion (A.9). Bi-dimensional confidence regions in the (m,, o) space are computed via
likelihood scan. In the large sample approximation, the region that covers the true
value at 1 — v confidence level, is constructed by finding the values of POIs (m,, o) at
which the log-likelihood function decreases by €2, /2 [307]:

In L(my,0) = InLyee —Q,/2, (A.10)

where Ly,q, = L(m,,6). For two fitted parameters of interest, the correspondence
between (2, and the confidence level is:

1-vy Q,
68.3% 2.30
90% 4.61 (A.11)
95%  5.99
99% 9.21

A.2.2 Expected reconstruction performances

Similarly to the study of the discovery potential, we consider the simple case where no
nuisance parameters 6 are introduced in the likelihood function (A.9). Figure A.5 shows
the confidence regions obtained for three different sets of true values (mj}, o*) from the
likelihood fit of toy MC pseudo-experiments. The true cross section values are chosen
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Figure A.5: Confidence regions in the WIMP mass-cross section parameter space calculated with
bi-dimensional likelihood scan, neglecting systematic uncertainties in the likelihood function (A.9),
on simulated toy MC datasets assuming 2t-y exposure for three sets of true values, marked with a
magenta dot: (a) 8 GeV/c? and 7.3 x 107* cm?; (b) 50 GeV/c? and 3.1 x 107*¢ em?; (c) 500 GeV /c?
and 2.1 x 107* cm?. The contours with 1o (68.3%), 90%, 95% and 99% confidence level are shown
in cyan, blue, navy and yellow areas, respectively. The maximum likelihood estimators (m,,5) of
WIMP mass and cross section are marked with a red triangle. True cross section values are chosen
to be between the LUX exclusion limit [308] (drawn as green line and high transparency shaded area
above) and the XENONI1T discovery limit (orange line and high transparency shaded area beneath),
calculated in section A.1.3.

within the region between the LUX exclusion limit [308] and the median XENON1T
discovery potential curve with 3o significance computed in section A.1.3. The capability
to set a confidence interval on the WIMP mass becomes weaker for increasing masses.
Above m, ~ 100 GeV /c?, WIMP spectroscopy is not feasible due to the degeneracy of
WIMP spectra in the region of interest.

When the nuisance parameters are considered in the likelihood function, the MLE
m, and & are computed from the unconditional maximum likelihood

Linaz(my, 0,0) = L(1ny, 5, 0), (A.12)

where m,, o and @ are all free parameters in the maximization of the likelihood over
a given dataset. The bi-dimensional confidence regions, in the presence of nuisance
parameters, are based on the value of the conditional likelihood function. The nuisance
parameters are profiled out for each point in the (m,, o) space by calculating the

conditional maximum likelihood L(m,, o, é), where 6 is the conditional MLE for fixed
values of m, and o. The confidence regions are then computed by evaluating the

variation of L(m,o,®) in the POI space with respect to the unconditional maximum
likelihood (A.12).

Profile likelihood contours for different WIMP signals calculated over the related
Asimov datasets are shown in figure A.6, aside the likelihood contours obtained by a
simple likelihood analysis on the same datasets. As expected, the impact of the system-
atic uncertainties is more significant at low WIMP masses, while above ~ 30 GeV /c?
becomes negligible. The profile likelihood confidence regions are enlarged in particular
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Figure A.6: Confidence regions in the WIMP mass-cross section parameter space calculated with
bi-dimensional profile likelihood scan, that takes into account systematic uncertainties, (right panels)
compared to the contours obtained with a simple likelihood analysis (left panels) on the same simulated
Asimov datasets. Assumed true values are WIMP mass of 10 (a-b) and 20 GeV/c? (c-d) with cross
section of 2.0 x 107%% and 3.7 x 10745 cm?, respectively. The exposure is fixed at 2t-y. The color code
of contours at different confidence level is the same as in figure A.5.

in the cross section projection, while the constraint on the WIMP mass is only slightly
reduced, even at the lowest masses. This behaviour is a consequence of the fact that
the considered systematics only affect the normalization of the S1 spectrum and not its
shape.

A.3 Discovery potential evolution with exposure

Great efforts and huge improvements have been achieved in the direct WIMP search
throughout the last decade. Several experiments have been reducing the allowed pa-
rameter space by setting exclusion limits on the WIMP-nucleon SI cross section. At
the current stage of the WIMP search history, there are about three orders of magni-
tude still to be probed before hitting the “neutrino floor” [138], as shown in figure 1.10.
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The irreducible CNNS background for non-directional detectors will limit the discovery
potential of noble-liquid direct detection experiments in the ultimate scenario of very
large target mass and maximal background reduction.

In this section we focus on the WIMP discovery potential evolution as a function
of the increasing exposure of Xe-based direct detection experiments. We consider the
ultimate background scenario where only the irreducible NR background due to neu-
trinos (CNNS), assuming that external backgrounds from radioactive contaminants in
detector materials and intrinsic xenon contaminations can be dropped thanks to larger
Xe mass shielding the internal fiducial volume and improved xenon purification. The
physical model used (see section A.3.1) relies on the expected recoil energy spectra
of signal and background, following a phenomenological approach proposed in [138].
Two WIMP mass regimes are tested, computing the discovery limits (with the profile
likelihood method described in A.1.3) for 6 and 100 GeV/c? WIMP mass at different
exposures (see section A.3.2).

A.3.1 Physical model and likelihood function

The background model consists in the recoil energy spectrum induced by CNNS inter-
actions due to astrophysical neutrinos (solar, atmospheric and from Supernovae). The
WIMP signal model assumes a standard DM halo, as done in section A.1.1 and detailed
in section 4.4.3. The analysis space is mono-dimensional in the recoil energy of NR
interactions of signal and background in a LXe target (therefore the smearing of S1 and
S2 observable signals is not taken into account in this case). The parameter of interest
is again the WIMP-nucleon SI cross section . We consider one nuisance parameter 6
related to the systematic uncertainty on the neutrinos fluxes, which affects the expected
number of background events up. A Gaussian constraint on the nuisance parameter is
imposed, so that 8 = 1 corresponds to 1o deviation from the central value of py:

=y - (L+€-0), (A.13)

where ,ug is the nominal number of expected CNNS events and £ is the assumed relative
systematic uncertainty. The log-likelihood function for this study can be expressed as

—2InL(030) =2 [psig(o) + p1p(0)]
Nobs
— 2> In[psig(0) - faig(Ei) + m(6) - fo(Ei)] (A.14)
=1

+ (0 — 6°)2,

where E is the recoil energy and f(F) is the PDF given by the spectrum of WIMP
signal or CNNS background.

The calculation of discovery potential is carried out exploiting the profile likelihood
ratio test statistic, defined in equation (A.5), to estimate 3o significance discovery limits
at the 90% quantile of the expected distribution.
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A.3.2 Discovery potential projections

In this section, we report on the calculated evolution of the discovery potential as a
function of the total exposure for a fixed WIMP signal model, hence a fixed WIMP mass.
The sensitivity (and the discovery potential as well) of XENONIT and other xenon-
based DM detectors is highly reduced for light WIMPs with mass of few GeV /c2. For this
reason, two cases of 6 and 100 GeV/c? mass are considered, assuming an idealized low
energy threshold (100 eV) for 6 GeV /c? mass and higher threshold (4 keV) for 100 GeV /c?
WIMP, following the approach used in [138].

The discovery limit calculation is repeated over a wide range of exposures by simu-
lating O(10°) toy MC datasets to estimate the expected PDF of the test statistic under
both the signal and null hypotheses. This is referred to as “frequentist” calculation.

In the large sample limit, where datasets have a large number of events, as in
the case of large exposures, the distributions of the test statistic gy under any given
hypothesis can be predicted analytically, as discussed in previous sections. Given the
simple relationships holding between the discovery significance Zy and the test statistic
qo, in equation (A.7), it is sufficient to compute the value of gy under the Asimov
dataset (go,4) to estimate the significance of the rejection of a given background-only
hypothesis Hy. Since we want to use the 90% quantile of the f(qo|H,) distribution,
corresponding to N = —1.28¢0 deviation from the median, to estimate the discovery
limit, the significance can be calculated as [294]:

Zo(N) = \/qo,a + N. (A.15)

The discovery limit at Zy = 3 significance and at the 90% quantile of the signal hypoth-
esis, is therefore equal to the cross section o, for which the gg 4 value, corresponding to
that specific H, hypothesis, satisfies the condition

qoa=(Z—N)?=(3+1.28)>=18.33. (A.16)

The discovery potential, under the asymptotic limit assumption, can be calculated by
generating only the Asimov dataset for each signal hypothesis H, (described in sec-
tion A.2.1), computing the test statistic go 4 on it and finding the cross section o for
which gg 4 = 18.33.

Low mass and low threshold We study the discovery potential to a 6 GeV/c?
WIMP signal within a region of interest defined in the interval (0.1, 100)keV of the
recoil energy space. In this configuration, the dominant component of CNNS back-
ground comes from ®B solar neutrinos. The uncertainty on ®B and hep neutrinos flux
is 14% [243]. Therefore, we assume a systematic uncertainty on the background expec-
tation value of £ = 14%. The signal and background PDFs are shown in figure A.7a
The evolution of discovery potential to 6 GeV /c2 WIMPs obtained with the “frequen-
tist” calculation (cyan) is shown in figure A.7b, where it is compared to the analogous
calculation in [138] (black). There is good agreement except at the highest exposures,

145



Appendix A. Projected WIMP discovery potential

Exposure [ty]
107° 10* 107 1072 107" 1 10 10 10°
é E T T ] o 107! grrrmm—r T mrmg
E E 5 E 6 GeV/c WIMP ]
F . background: CNNS E _i‘ r - Bil]irdc ]
107 E "u"‘ signal: 6 GeV/c” WIMP = 2 10742 ~——e—— Frequentist calculation —
E i S E Asymptotic calculation E
102E E ER ]
E ] n_T 43 —
107 E 2 10F \‘\ E
: ] = | ~ ]
107 . r R ]
E E 1074 E Rl =
O 1 = - E
1055 _ E S ] 1
F ] sl _
0°g E N - 3
o et et N - 1
107! 1 10 102 1074 ; i 7. FRTITT IRRERTTIT MR RTTTT WA | 1. | ; RTTT MRt | s. L .
Recoil Energy [keV] 107 102 10" 1 10 100 100 10* 10° 10°
Expected CNNS events (ub)
(a) (b)

Figure A.7: (a) Normalized recoil energy spectrum of 6 GeV/c? WIMP signal (cyan) and CNNS
background (red), mostly due to ®B solar neutrinos, in the (0.1, 100) keV energy window. The spectral
shapes are almost indistinguishable below ~ 3keV, above which the hep neutrinos component changes
the CNNS spectrum. (b) Evolution of discovery limits at 3o significance level and 90% quantile of the
expected distribution as a function of exposure (upper x-axis) for 6 GeV/c> WIMP. The asymptotic
(vellow) and frequentist (cyan) calculations of discovery potential are compared to results in [138]
(black). The lower x-axis shows the expected number of CNNS events corresponding to the exposures
in the upper x-axis.

where the calculated discovery limit eventually keeps improving at exposure 2 10t -y
(such a trend is discussed at the end of this section). The result from the asymptotic
calculation is overlaid (yellow), showing that the asymptotic approximation is not valid
at very low exposures, when p; < 10 events.

High mass and high threshold The discovery potential for 100 GeV /c2 WIMPs
with an energy threshold of 4 keV, calculated in the asymptotic approximation is shown
in figure A.8b. The CNNS background components playing a role above the 4 keV
threshold are hep solar neutrinos, atmospheric (atm) and neutrinos from diffuse Super-
novae (dsnb). Three nuisance parameters are introduced in the likelihood function in
order to take into account the different systematic uncertainty in the flux of neutrinos
from different sources: &pep = 14%, atm = 20% and Egenpy = 50%. The summed spectral
shape, shown in figure A.8a (red), is taken as the background PDF. Similar trend is
observed with respect to the low WIMP mass case, with good agreement with results
in [138] and improvement of discovery limits at very large exposures.

Impact of systematics and spectral shape The impact of systematic uncertainties
on the background prediction is studied evaluating the evolution of discovery potential
assuming different systematics on the CNNS expectation value for 6 GeV/c? WIMP
(see figure A.9a). The uncertainty py, - £ affects the improvement of the discovery limit
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Figure A.8: (a) Normalized recoil energy spectrum of 100 GeV/c?> WIMP signal (cyan) and CNNS
background (red), with isolated contributions from hep solar neutrinos, atmospheric neutrinos (atm)
and from diffuse Supernovae (dsnb) in dashed lines, in the (4, 100) keV energy window. (b) Evolution
of discovery limits at 30 significance level and 90% quantile of the expected distribution as a function
of exposure for 100 GeV/c? WIMP. The asymptotic calculation of discovery potential (magenta) is
compared to results in [138] (black).

when it becomes comparable with the statistical uncertainty 1/ Vb on the predicted
number of background events. At large exposures, where the systematics pupé becomes
dominant over 1/ /b, the limit shows a constant trend as the required number of signal
events over the background to claim discovery is proportional to u. Depending on the
amplitude of the normalization uncertainty, the plateau for the achievable discovery
limit appear at higher cross section and therefore at smaller exposures.

However, after the plateau (between approximately 10 and 10% expected CNNS
events in figure A.7b), discovery limits show improvement. Such behaviour can be
attributed to the slight difference between the signal and background spectral shape
(see figure A.7a). In fact, if the exposure is sufficiently large, and equivalently g, the
high energy tail of the background spectrum can effectively contribute to the observed
population of background events. For such events the signal and background probability
significantly differ. Hence, fluctuations in the background normalization (governed by
€) can no longer account for the presence of signal events. The discrimination power
between signal and background begins to play a role only at very large exposures.

To test this hypothesis, we compare the results of figure A.7b with the discovery
limits obtained neglecting the spectral shape information in the profile likelihood. We
consider a simple counting analysis, where the likelihood function is given by the prob-
ability to observe N events when up + us are expected multiplied by the Gaussian
constraint on the nuisance parameter:

L(/*Lsig; 9) = POiS(N‘,Ufsig + Mb(e)) ’ Gaus(a; 0, 1) <A17)
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Figure A.9: (a) Evolution of discovery limits at 3¢ significance level and 90% quantile for 6 GeV /c?
WIMP, from asymptotic calculation, for different assumptions about the systematic uncertainty in the
predicted CNNS background rate. Relative uncertainties on the CNNS expectation value, from 0 to
50%, are considered and shown with different colors. (b) Discovery potential improvement, for 6 GeV/ c?
WIMP, as a function of exposure. Yellow dots corresponds to the calculation made in figure A.7b,
while pink triangles represent the discovery limit obtained by assuming an identical PDF for signal and
background in the profile likelihood analysis. The calculation carried out with a counting experiment
model, where the spectral information is completely dropped, is shown as blue squares. This result
demonstrates that the further improvement in discovery potential, after the plateau due to systematics
in the CNNS prediction, is attributable to tiny differences in the spectral shape of WIMP signal and
CNNS background.

In principle, such configuration is equivalent to consider the complete likelihood model,
defined in equation (A.14), in which the signal and background spectra have identical
shape. If the PDFs of signal and background are indistinguishable, the discovery limit
on the WIMP cross section scales as [138]

Vo + (Ep)? 1 +§2,U«b. (A18)

O Disc X =
b b

When systematics dominate over statistical uncertainty, i.e. &?u, > 1, the discovery
limit flattens becoming constant with increasing exposure, as opjsc x & and no further
improvement is possible.

Figure A.9b compares the evolution of discovery limits obtained with the simple
counting model (blue) and artificially assigning the 6 GeV /c? WIMP PDF to the back-
ground model (pink) to the result of figure A.8b with the complete profile likelihood
treatment. If spectral shapes are not taken into account, a plateau is encountered
as predicted by equation (A.18). The systematic uncertainty on the background nor-
malization becomes irrelevant when the exposure is so large that a sensible number
background events is expected in the sub-dominant region of the recoil energy spectrum
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that differs from the WIMP signal. It should be noted that in this study no uncertainty
on the spectral shapes is taken into account. Even tiny shape uncertainties on both
WIMP signal and CNNS background could therefore play a role in the ultimate DM
search at large exposures when the CNNS expectation value approaches ~ 10% events.
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