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Abstract

The XENONnT experiment, a dual-phase liquid Xenon time projection chamber (TPC),
hosted in the Laboratori Nazionali del Gran Sasso underground facilities, is designed to
achieve unprecedented sensitivity in the direct detection of WIMP dark matter. As the sensi-
tivity of liquid Xenon detectors improves, background contributions from intrinsic radioactive
contaminants become increasingly significant. Among these, Radon-induced Lead isotopes
212Pb7 21py and 2'°Ph pose a major challenge, affecting both low-energy electron recoil
searches and WIMP detection. These isotopes originate from Radon outgassing and Radon
progeny plate-out on detector surfaces, constituting bulk and surface backgrounds through
beta decays and subsequent radiation emissions. A precise characterization of their decay
properties, deposition mechanisms and impact on the experimental signal region is essential
for optimizing background rejection techniques and improving sensitivity to rare-events and
Beyond Standard Model physics searches.

Dedicated measurements of the beta decay branching ratios of 212p}, and 2'*Pb have been
performed using XENONNT data, with the aim of significantly reducing systematic uncer-
tainties for future low-energy rare-events electron-recoil searches. The analysis, based on
high-statistics *0Rn and ?**Rn calibration campaigns, yields ground state branching ratios
of 15.28 £+ 0.137992% and 9.8 + 0.3705% for '*Pb and *'*Pb respectively. These improved
branching ratios measurements enhance the ability to constrain 22ph_ and *Pb-induced
backgrounds in the electron recoil low-energy region, particularly relevant for searches target-
ing Solar-pp neutrinos and other Beyond Standard Model studies. Furthermore, the refined
measurements of >°Pb and 2'*Pb ground state branching ratios contribute to the broader
field of low-background physics, informing Monte Carlo simulations and improving the accu-
racy of background models used in rare-event searches.

In addition to bulk Lead contamination, the 210py, isotope represents a critical back-
ground component due to its long half-life (of about 22y) and its accumulation on detector
Teflon surfaces. A novel six-dimensional physics-driven model has been developed to de-
scribe the 219Ph surface background in XENONT, incorporating charge loss effects, refined
spatial events distributions and energy deposition simulation. This model, validated against
XENONNT science runs SR0O and SR1 data, provides a refined estimate of the 20ph wall
background activity, estimated to be 19.0(10) Bq/ m?. The improved understanding of the
surface background enables the definition of more precise fiducial volumes in future science
runs and potentially improve WIMP searches, by gaining exposure.

The impact of these studies extends beyond XENONnT physics goals, providing critical
insights for future noble liquid TPCs, such as XLZD, both for refinement of sensitivity studies
and for improvements in the materials handling and cleaning procedures. Indeed, on the one
hand, the methodology developed for 212p}, and 2"Pb Lead isotope characterization offers a
framework for assessing and mitigating similar backgrounds, while the direct measurements
of their ground state branching ratios provides improved constraints for future rare-events
analysis. On the other hand, the advancements obtained in the TPC surface background
analysis once more validate the Radon progeny plate-out origins of this background and
reveal the importance of the human-factor in the enhancement of its rate. Indeed, as evident
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by the study results, given the non-uniform spatial distribution observed in the data, the
explanation for the modulation of the surface background rate can be related to cleaning and
handling procedures of Teflon materials.

By advancing the precision of Radon-induced background characterization and surface
event modeling, this Ph.D Thesis represents a major step forward in the optimization of liquid
Xenon experiments for fundamental physics searches. The results presented here contribute
directly to the improvements of electron recoil backgrounds constraints and optimization of
data selection, pushing the discovery potential of both rare-events and direct WIMP dark
matter detection, closer to the ultimate sensitivity limit imposed by the neutrino floor.
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Introduction

At the beginning, there was a singularity. Then, suddenly, an exponential expansion gave
birth to the universe — an unlinked universe, whose distant regions became causally dis-
connected due to its rapid growth. As the cosmos evolved, the radiation-dominated epoch
emerged. When the expansion rate of the universe matched that of photon recombination,
the latter decoupled, giving rise to the first observable imprint of the early universe: the
Cosmic Microwave Background (CMB).

This relic radiation has provided a means to study the primordial universe and interpret
its evolution. Observations within the ACDM model revealed that a significant portion of
the universe energy content was missing. To account for this discrepancy, the existence of an
additional, non-baryonic form of matter was postulated.

The CMB, however, was not the only clue pointing to this missing component. In the
same century, many astrophysicists noted that the combination of known gravitational laws
and visible astronomical objects was insufficient to explain the motion of stars and galaxies.
Pioneers such as Fritz Zwicky and Vera Rubin proposed the existence of an invisible form
of matter—undetectable to their instruments, as well as to current ones — which they called
dunkle Materie (dark matter).

Since then, both theoretical and experimental physicists have tried to unravel this mys-
tery, giving birth to the dark matter hunt. The former approached the problem by expand-
ing existing frameworks, such as the Standard Model of particle physics, or by considering
already-known astrophysical objects, such as black holes, leading to a vast array of dark mat-
ter candidates spanning 89 orders of magnitude in mass. The latter focused on developing
new detection techniques to identify potential interactions with these elusive particles.

Among the numerous candidates, the Weakly Interacting Massive Particle (WIMP) emerged
as one of the most promising. With a mass in the GeV to TeV range, WIMPs naturally fit the
observed dark matter energy density within the ACDM framework, assuming an interaction
cross-section comparable to that of the weak force. This remarkable theoretical alignment,
often referred to as the WIMP miracle, sparked a sense of excitement in the scientific com-
munity, driving early direct detection experiments to focus on this candidate.

It is within this scientific and historical context that the Xenon dark matter project was
conceived. Over the past two decades and across four generations of detectors, the XENONnT
experiment has reached unprecedented sensitivity levels, excluding a substantial portion of
the WIMP parameter space and weakening the hypothesis of its existence. Achieving this
level of sensitivity required not only advancements in detector technology but also a profound
understanding of potential background sources, along with the development of purification,
distillation and veto systems.

To push the sensitivity of rare-event searches even further, precise background character-
ization and mitigation are essential. A thorough understanding of background sources and
their distinctive signatures is crucial for improving discrimination techniques and refining
future detector designs.

This thesis focuses on the characterization of major radioactive backgrounds in XENONnT,
ailming to optimize future experiments by providing a more detailed understanding of these
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contaminants. Specifically, the work targets three Radon induced lead isotopes — 212Pb,
214Pb, and 2!°Pb — which contribute significantly to the experiment background.

The first two studies, presented in Chapter 4 and Chapter 5, focus on improving the
precision of the beta-decay branching ratios of 212ph and ?'Pb. These results are critical for
refining background constraints in Solar-pp neutrino searches and other low-energy electron
recoil studies, both in XENONnT and similar liquid Xenon experiments.

The third isotope, 210Pb, originates the surface background, which affects all liquid noble
gas TPCs. Traditionally, WIMP searches have relied on data-driven templates and fidu-
cial volume cuts to suppress this background contribution. Contrarily, in Chapter 6, a six-
dimensional physics-driven model is introduced to describe the behavior of 210ph on detector
surfaces. This model validates the hypothesis regarding the origins of the surface background
while reinforcing the understanding of the detector response. This refinement in the modeling
of surface background, obtained with this study, will provide valid inputs to future XENONnT
analysis for the optimization of fiducial volume selection, pushing the experimental WIMP
sensitivity, thanks to the increased exposure.



Direct Dark Matter Searches

At the time of this writing, the universe is claimed to be dark and flat, where the ordinary
luminous baryonic matter only constitutes the 5% of the total cosmological density budget.
All the rest is composed by dark matter (27%) and dark energy (68%) [1]. This is the outcome
of the analysis led by Plank’s Collaboration on Cosmic Microwave Background (CMB) data
survey by assuming the ACDM standard model of Big Bang cosmology.

According to the ACDM model, the dark matter particles should be able to interact with
the ordinary ones. Additionally, given the indirect evidences of the presence of dark matter
clustering around galaxies, there may be the chance of directly observing these particles with
Earth-based experiments. More specifically, by assuming a physics-motivated distribution
of the dark matter particles in the Milky-Way galactic halo and considering a specific dark
matter candidate, for example the Weakly Interacting Massive Particle (WIMP), it is possi-
ble to predict its expected signal rate in a properly designed particle detector. Eventually,
to enhance the dark matter discovery probability, a series of techniques can be employed
to reduce the background rate from ordinary matter radiation. At the time of this writing,
no experiments searching for direct dark matter interactions have returned a positive re-
Sultl, excluding the existence of a large portion of the expected combined mass/cross-section
parameter space for WIMPs. Likewise, both accelerators experiments, designed to detect sig-
natures of the SUperSYmmetric (SUSY) model, and indirect searches, probing cosmic rays to
detect any possible dark matter annihilation product, obtained null results. All these results
combined have lately pushed part of the scientific community in shifting its interest towards
different dark matter candidates. However, given that the WIMP hypothesis has not been
fully ruled-out, a large part of the community is still focussing its effort in developing and
designing more sensitive experiments, reaching unprecedented purity and precision levels. As
a result, these improvements opened the opportunity of investigating alternative new physics
channels and refining the knowledge of already known physics processes.

This Chapter does not intend to constitute an introductory manual about dark matter
and its possible detection methods. About this subject, many comprehensive reviews can be
used as reference, such as [3] and [4]. Moreover, for this Thesis purposes, no alternatives to
the ACDM model (to which recent observation may point to) or modified gravity theory (as
a possible alternative explanation to cold dark matter particles) are discussed. This Chapter

'with the remarkable exception of the DAMA /LIBRA claims [2]

3
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Figure 1.1: (Edited from [5]) A history of the universe reported with both temporal axis (bottom,
blue) and temperature one (top, black). The plotted stacked curves represent the radiation energy
density contribution (£2, in white), the baryon energy density contribution (€2, in light-blue), the dark
matter energy density contribution (2py in French blue) and the A (dark energy) energy density
contribution (2, in dark blue). As reported in the bottom of the scheme, the trend of these energy
density contributions chronologically defines three different eras: the radiation-dominated Era, the
matter-dominated Era and the A-dominated Era. The present energy density values are those of [1].
The most important events of interest to this Chapter are labelled in gray.

provides an essential introduction to the physics case that led to the design and construction
of the XENONNT experiment, to which the Chapter 2 is dedicated. After a brief introduction
to the footprints the presence of dark matter particles has left in the different stages of the
expanding universe in 1.1, the particle dark matter properties and the experimental efforts
for direct dark matter searches are respectively described in 1.2 and in 1.3.

1.1 The Role of Dark Matter in the Expanding Universe

How the universe was born and how it became the one we can observe nowadays is the bread
and butter of cosmologists and, as every other physics field of searches, it is based upon one
main model that is continuously probed by means of experimental observations. The most
scientifically accepted cosmological model is the ACDM Big Bang Theory, that foresees three
different eras, as schematically represented in Figure 1.1. These stages are defined after the
dominating energy density content in the universe: the radiation-dominated era, the matter-
dominated era and the dark energy-dominated era. The variation of the total universe energy
density, and thus its transition between these stages, strictly determines the expansion rate
of the universe and its history. In formulae, the universe expansion rate H(t) is described by
the Friedmann equation that, by assuming a flat Euclidean universe as suggested by several

evidences [6], can be written as:
_ 8nG

3

where G is the Newton’s constant and p(t) is the universe energy density. Thanks to the
astronomical observations [1], it is possible to measure the value of the today’s expansion rate
Hy, also known after the name of Hubble’s constant. Assuming Hy = 67.32km st Mpc_l, a
critical universe energy density p,, that in a flat geometry equals today’s energy density pg,

H?(t) p(t), (1.1)

3H; _ _
pe=po =5 =0852x10"gem™ (1.2)
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is obtained.

According to the standard model of the Big Bang cosmology ACDM the ratio 2 of the
actual (or observed) density p, to the critical density p, is the sum of three main different con-
tributions: the matter energy density parameter €2, the radiation energy density parameter
Q). and the energy density parameter due to the cosmological constant §2,. In formulae:

Q=0 +Q + Q. (1.3)

Supposing the universe has a flat geometry, an () value equal to 1 is obtained. This implies
that Equation 1.3 can be interpreted as how the total universe energy density is shared
between the three different components. Moreover, the ACDM model interprets the
parameter as the sum of two different contributions: the baryonic matter energy density
contribution €y, and the cold dark matter one Qpy;. The existence of this latter term has
been postulated and required as an important ingredient of the ACDM model, in order
to interpret many cosmological and astrophysical observations. Additionally, the neutrino
energy density contribution 2, contributes to the matter or radiation budget according to
the considered cosmological time at which €2 is probed.

In this Section, a very brief description of the different universe stages along with the role
that the hypothetical cold dark matter particle has played and hence the footprints (indirect
evidences) it left behind, is reported. For a more detailed introduction to this physics topic,
it is recommended to refer to specific textbooks, such as [6] or [7].

1.1.1 The Radiation-Dominated Era

After the Big Bang that gave birth to the space-time, an inflation era caused a violent
expansion of the universe, increasing its size exponentially within a fraction of a second. This
rapid expansion helped to smooth out any irregularities in the density of matter and energy,
setting the stage for a more uniform radiation-dominated cosmos. Following the period of
inflation, the universe continued to expand but at a slower rate. As the universe cooled,
protons and neutrons began to combine to form the first atomic nuclei in a process called
Big Bang Nucleosynthesis (BBN), primarily producing hydrogen and helium isotopes.

Even if not directly assessable, it is possible to observe second order effects of the primor-
dial light nuclei production and hence infer their abundance in the early universe. This result
also sets important constraints to the ordinary matter energy budget content, providing an
indirect proof to the dark matter existence hypothesis.

The Big Bang Nucleosynthesis

The BBN process starts at about 1s after the Big Bang, when the cosmic temperature T
reached the threshold of 1 MeV. The synthesis of light nuclei begins with the production of
deuterium via p(n,v)D which becomes efficient once the number of photons per baryon above
the temperature of the deuterium binding energy threshold (2.23 MeV) falls below unity at T’
about 0.1 MeV. After that moment, the formation of other light nuclei starts, following the
reaction chains D(p,~)*He, *He(D, p)*He and *He(*He,~)Li. The rates of these reactions
are determined by the density of baryons n,, that is usually normalized to the relic black
body photon density n, (fixed by CMB measurements) as n = ny,/n,. In Figure 1.2, the
theoretical predictions of these light nuclei abundances are shown against a wide range of
baryon to photon ratio 7 and the baryonic matter energy density contribution €2,,.
Primordial light nuclei abundances measurements (light-blue boxes in Figure 1.2) are
assessed via astrophysical observations pointing at sources formed at much later epochs with
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Figure 1.2: (Edited from [4]) The primordial abundances of “He, D, *He, and "Li as predicted by the
standard model of Big-Bang nucleosynthesis. Boxes (light-blue) indicate the observed light element
abundances. The narrow vertical band (yellow) indicates the CMB measure of the cosmic baryon
density, while the wider band (dashed light-blue) indicates the BBN D+*He concordance range.

respect to BBN, even after the stellar nucleosynthesis started. This latter process may alter
the measurement of the primordial abundances of light nuclei, since it causes the genesis
of heavy elements (metals), such as C, N, O and Fe, via light nuclei fusion. Therefore,
to experimentally constrain the BBN predictions, it is necessary to exploit low-metallicity
astrophysical sites [4]. Since Big Bang Nucleosynthesis (BBN) is the sole production source
of deuterium (D), which is entirely processed in the cores of stars, the measured primordial
abundance of this isotope is particularly stringent. Furthermore, the 1 parameter can be
determined from the acoustic peaks in the CMB power spectrum. The consistency between
nevp and ey (see Figure 1.2) further supports the Standard Big Bang cosmology model.
The combination of these measurements, returns a baryon energy density contribution of
Oy, = 4.97(3) %, assuming a Hubble parameter value of h = H,/100 kms™ " Mpc '= 0.6732
from [8]. This result eventually limits the total baryonic contribution to the universe total
energy density, suggesting that most of the matter in the universe is made up by a non-
baryonic dark component.

1.1.2 The Matter-Dominated Era

As the temperature dropped further, photons decoupled from matter, creating what we now
observe as the CMB, and the universe transitioned into the matter-dominated era. After this
time, the BBN nuclei were allowed to capture electrons and form the first neutral atoms,
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leading to the recombination epoch. Over billions of years, the force of gravity pulled matter
together to form stars, galaxies, and larger structures, such as galaxy clusters and superclus-
ters.

Both these processes, the photon decoupling and the large structure formation, provide
strong evidences in support of the hypothesis of the particle dark matter existence. Moreover,
the related cosmological observations set important constraints to its properties as discussed
in 1.2.

The CMB Anisotropies

The CMB is a remnant of the primordial universe, that preserves every information (evolved
according to the universe expansion rate) of the last scattering surface since the decoupling.
CMB shows a perfect black body spectrum today peaked at T, = 2.7255(6) K [9], presenting
anisotropies of the order of 10°. These anisotropies can be studied via spherical harmonics
(Y,,(6,¢)) expansion:

17(0,9) = Z U Yim (0, ¢). (1.4)
Im

Given no preferred directionality and the very weak phase correlations observed in the CMB
sky, it is possible to study its features in the [ power spectrum:

11+ 1)

D, =
! 2

(Japm ). (1.5)

Focussing on temperature power spectrum (7'7), its | = 0 component corresponds to the
black body radiation temperature, while at [ = 1, the dipole anisotropy is introduced by the
Local Group motion with respect to the CMB sky. At higher-order multipoles [ > 2, instead,
the anisotropies return information about density perturbations in the early universe.

Figure 1.3 shows the Plank Collaboration results on the T'T power spectrum fit considering
the minimal ACDM model consisting of just six parameters [1]. Among the best fit values,
Qbh2 = 0.02237 £+ 0.00015 and QDMh2 = 0.1200 £ 0.0012 were found, returning 2, = 0.685 +
0.007, assuming €2 = 1. These results, given the great precision of ACDM model in describing
the observed data, once again reinforce the necessity of admitting the existence of a cold dark
matter component to explain the early universe stages.

The Large-Scale Structure Formation

The formation of the large-scale structures in the universe is a direct consequence of primor-
dial small density fluctuations that acted as seeds, subsequently evolved under the influence
of the gravitational pull. Detailed three-dimensional maps of today’s universe, obtained via
extensive galaxy redshift surveys, such as the 2-degree Field Galaxy Redshift Survey and the
Sloan Digital Sky Survey, reveal that galaxies are not uniformly distributed in space, but
are instead arranged in a web-like structure [4]. In recent years, in order to understand how
the cosmic-web, in its complexity of filaments and voids, could have been formed, advanced
simulations, incorporating various physical processes like gas dynamics, star formation and
black hole growth, have been conducted. The Millennium Simulation [10] and the more recent
IMustrisTNG simulation have demonstrated the theoretical predictions would not match the
observed distribution of the cosmic-web, except for admitting the existence of a dominant
cold dark matter component present since the early universe.
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Figure 1.3: (Edited from [9]) Planck 2018 TT power spectrum. The ACDM theoretical spectrum best
fit to the likelihoods is plotted in red in the upper panel. Residuals with respect to this model are
shown in the lower panel. The vertical scale changes at [ = 30, where the horizontal axis switches
from logarithmic to linear. The error bars show +1o0 diagonal uncertainties, including cosmic variance
(approximated as Gaussian) and not including uncertainties in the foreground model at I > 30. The
1o region in the middle panel corresponds to the errors of the unbinned data points.

1.1.3 The Dark Energy Dominated Era

Galaxy clusters and superclusters continued to evolve and change under the influence of
gravity and dark energy, which drives the expansion of the universe. Many indirect probes
to the existence of dark matter can be still observed in today’s universe. More specifically,
these evidences mainly derives from the missing matter component that is required to justify
astrophysical observations of galaxy clusters and superclusters.

Missing Matter Component in Today’s Universe

The first modern astronomical observation of missing matter component referred as dark
matter, is certainly the one of the Coma cluster by Fritz Zwicky in 1933, reported in [11]
and later discussed in [12]. In his study, Zwicky reported the observation of rotational
velocities for some galaxies of the cluster, that greatly overcame the expectations considering
the computed luminous mass of the cluster. More precisely, by exploiting the virial theorem, a
gravitational matter content of about two orders of magnitude greater than luminous matter
content of the Coma cluster was found. In later years, thanks to an update of the measured
Hubble constant, this discrepancy was reviewed and refined, confirming the existence of a
non-null mismatch. This still surviving discrepancy, possibly explained by a missing matter
component, nowadays stands as an indirect proof to the existence of dark matter.

A second very famous indirect evidence to the dark matter existence in today’s universe
was found in Andromeda M31 spiral galaxy [13], and later confirmed with a lager spiral
galaxies survey [14], by Vera Rubin and collaborators. By measuring hydrogen spectral lines
in several galaxy emission regions, they were able to reconstruct the rotational velocity curves
as function of distance from the galactic center. These curves cannot be solely interpreted
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with the observed luminous matter budget and its distribution. Specifically at large distances
(r) from the galactic center (r > 25 Mpc), where the galactic disk gravitational contribution
to the rotational velocity drops as 1/r according to the Newtonian gravity theory, the ob-
served data points reached a plateau. This mismatch between observed data and theoretical
expectations, that is visible and consistent for a very large set of different spiral galaxies, can
be recovered once the existence of a non-luminous matter density 1/ % profile (at large dis-
tances) is assumed. This missing matter component is nowadays attributed to the presence
of dark matter halos.

A third set of astrophysical observations pointing to the existence of a non-luminous mat-
ter are performed by exploiting the gravitational lensing effects. With no doubt, the most
famous observation is about the 1E 0657-558 merging galaxies cluster, also known as the
Bullet cluster [15]. In this specific case, a displacement with 8¢ significance between the
gravitational lensing measured center of mass and the one deduced with the measured intr-
acluster plasma emitted X-rays is observed. Since the collisionless galaxies matter budget is
not enough to explain the detected gravitational lensing effects, also in this case the inclu-
sion of a prevalent dark matter component is necessary to the explanation of the observed
phenomenon.

1.2 The Dark Matter Identikit

Each footprint a hypothetical dark matter particle candidate has imprinted in the universe
expansion history, partially reveals some of its properties. If we assume that all these ob-
servations could be explained by a single dark matter particle, it has to satisfy the following
listed main conditions.

Dark or, equivalently, electrically neutral leading to a null or very weak electromagnetic
coupling.

Cold or, equivalently, non-relativistic at the moment of its decoupling from the pri-
mordial universe particle soup.

Collisionless or, equivalently, much less self-interacting than baryons.
Stable or, equivalently, characterized with a lifetime longer than the age of the universe.

By assuming or partially relaxing these requirements, a dark matter particle candidate zoo
spanning a humungous mass range (89 orders of magnitude) can be derived. At low mass
values, this range is limited by quantum effects at 1 x 1072? 6V (70¢V) for boson (fermion)
candidates, due to its Compton wavelength (the Tremaine-Gunn limit) [4]. At high values,
the limit on the mass range derives from the stability against tidal disruption of structures
immersed in dark matter halos, which requires a dark matter candidate mass lower than few
solar masses [4].

For the introductory purposes of this Thesis, the focus is here directed towards the WIMP
candidate. For a more broaden introduction to the other possible dark matter candidates
refer to [16].

1.2.1 The WIMP Dark Matter Candidate

The WIMP dark matter candidate is a thermal relic of the primordial universe. The success of
this hypothesis, among all possible others for dark matter, has to be attributed to the freeze-
out production mechanism that, to explain the cosmology dark matter predicted abundance,
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Figure 1.4: (Edited from [5]) Comoving dark matter number density Y as the temperature drops
below its hypothetical mass value Mpy;.

naturally required a candidate mass and cross-section values neatly fitting into the standard
model of particle physics. This natural coincidence is also known after the name of WIMP
miracle.

In few words, the freeze-out mechanism is the hypothesis of a particle relic production
due to the prevailing of the universe expansion rate over the one of its interaction with the
primordial universe particles thermal bath. A relic of this kind is the CMB, that has been the
subject of intense studies [9] and will still be for several future ones [17]. Other two predicted
early universe freeze-out relics are the CvB, the cosmic neutrino background, that is the
target of proposed future experiments [18] and the WIMP relic. If this dark matter particle
existence is assumed, a possible direct detection of it would constitute the observation of the
earliest product of our primordial cosmos.

Supposing that in the early hot universe the Standard Model (SM) and WIMP dark
matter (DM) species were in thermal equilibrium, the chemical equilibrium was guaranteed
by the production (annihilation) processes (DM+DM <« SM+SM), while the kinetic one was
regulated by the elastic scattering with SM particles (DM +SM «» DM +SM) [19]. Recasting
the Boltzmann equation for annihilation [7], considering the comoving WIMP number density
Y, it is possible to get the evolution equation:

= =T%ov) (YE2Q - Y2) (1.6)

where Ygq is the equilibrium abundance and (ov) is the thermally averaged annihilation
cross-section [7]. At universe temperatures much larger than the WIMP mass T' > Mpy;, the
reaction proceeds rapidly guaranteeing the chemical equilibrium between species (Y ~ Ygq).
In this limit, the statistical mechanic distribution function (independently of boson or fermion
statistics) simplifies and returns Y ~ Ypq < 10°* [6]. At the time for which T~ Mpy, Yiq
starts to be exponentially suppressed. Eventually, the WIMP DM number density becomes
so little, that the annihilation rate drops below the expansion one. It is at this moment
(roughly when Ty, = T < Mpy/10 [6]) that the freeze-out mechanism produces the WIMP
relic, literally freezing Y to its value at the time of this decoupling. Figure 1.4 depicts the
comoving WIMP number density Y trend according to the ratio Mpy/T.

It is worth noticing that for increasing (ov), the freeze-out abundance value decreases
while the time (or equivalently the ratio Mpy/T) at which the decoupling occurs increases.
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All this information can be recast, following [6], to determine the DM energy density contri-
bution as:

MDM 1 x 10_8 GeV_2

Q ~ 0.1
b Tf.o. <UU>

(1.7)

The observed DM energy density contribution can then be easily reproduced once (ov) =<
1 x 1078 GeV 2 is assumed. This value for the interaction cross-section is typical of the
electroweak interaction scale, conveying the miracle image to the WIMP DM candidate as
the perfect missing link between cosmology and particle-physics.

A WIMP DM candidate of this kind has a limited, yet quite extended, mass range (10 GeV-
120 TeV) [19]. Within this range and different values of predicted cross-sections, many beyond
SM theories lay. The most famous one, predicting the existence of a particle perfectly fitting
into the WIMP relic cosmological scenario, is probably the SUSY, that would provide an ele-
gant and simple solution to the SM gauge hierarchy problem [4]. The SUSY model introduces
the existence of new particles beyond the SM ones, among which the lightest one (also known
after the name of LSP, the lightest SUSY particle) is predicted to be stable and, if electrically
and color neutral, it would constitute a perfect WIMP candidate. However, null results from
both LHC and direct WIMP searches experiments have led to a rather pessimistic attitude
towards the validity of the SUSY paradigm [20].

1.3 Experimental Efforts for Direct WIMP Searches

The WIMP DM paradigm can be tested, probing the existence of such particles, by means of
detecting either its production aftermaths at accelerators, or its products of annihilation or
decay from the cosmos or, eventually, the effects of its direct interaction in common particle
detectors. Very briefly (for an extensive treatment see [3]), the target of these searches are
here below listed.

Accelerator-based detection aims to produce DM particles. To this purpose, high-
energy pp collisions, lower-energy eTe” collisions and beam dump experiments are exploited.
DM particles can be revealed, for example, by means of missing transverse momentum or
energy in processes like pp— DM +DM + z, where z could be of different natures: a hadronic
jet, a photon or a lepton generated from the decay of a Z or W boson.

Indirect Detection aims at searching cosmic rays excesses potentially due to DM anni-
hilation or decay processes. To these purposes, galactic and extra-galactic charged particles,
photons or neutrinos reaching Earth- and space-based experiments are studied, searching for
such signatures.

Direct Detection aims at detecting the recoil interaction of a DM particle with an Earth-
based instrumented target. The event produced by a passing DM particle hitting one of the
nuclei or electrons of a highly shielded and closely monitored underground detector target, can
in principle be observed and recognized as such, if it represents an excess on top of the known
expected background. The target material defines the WIMP mass range the experiment is
sensitive to. This DM search approach is treated in more details in the following paragraphs.
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1.3.1 The ABC of WIMP Direct Dark Matter Detection Approach

Direct DM searches are based on the assumption of an existing DM halo permeating the Milky
Way. WIMP particles possibly making up this halo have a non-null probability, according
to their foreseen cross-section, of interacting with properly tuned instrumented targets that
may detect their passage [21]. The ingredients for such detection to occur are the existence
of a DM halo, an expected kinematically-available WIMP signal rate and a tuned particle
detector. These three essential requirements are described in the following.

Apparent Milky Way WIMP Wind

Inconsistencies between the measured rotational velocity curves and the baryonic contribution
are also observed in the Milky Way [3]. These indirect evidences suggest the existence of a
Milky Way DM halo, with a non-null density at the radial position of the Solar system.
The value of the local DM density, pg, ranges between 0.2-0.6 GeV/cm3 according to the
selected halo model. For coherency purposes, direct WIMP DM experiments consider the
po = 0.3GeV/ cm® recommended value derived from a simplified smooth, isothermal, and
spherical DM halo called standard halo model [22].

A second aspect of this halo, very important for direct DM searches, is the velocity
distribution of its particles. In the rest frame of the galactic center, the velocity distribution
is supposed to be an isotropic Maxwell-Boltzmann with a sharp cut-off at the escape velocity

(Uesc.):
@) = N exp(—v* /05 ) O (vese. — v) (1.8)

where N is a normalization factor and vy ~ 238km/s identifies the most probable velocity.
The escape velocity represents the limit above which DM particles prefer to evaporate off the
galaxy with respect to maintain their binding status with the halo. v, is estimated to be
about 544(35) km/s [23].

Given that direct DM experiments are Earth-based, the laboratory rest frame distribution
velocity has to be computed by considering Sun and Earth motions around the galactic
center. The Galilean composition, by means of Sun (galactic disk) rotation velocity v ~
220km/s and a yearly-averaged Earth one vg ~ 29.8 km/s, easily returns the wanted velocity
distribution [3]. This relative motion generates an apparent Milky Way WIMP wind which
boosts the DM flux potentially perceived by the Earth-based detectors.

As described in the following paragraph, the laboratory rest frame WIMP velocity distri-
bution is fundamental for the computation of the expected signal rate in a counting exper-
iment. Moreover, the characteristic orbital motion of the Earth around the Sun introduces
a sinusoidal temporal variation to f(v). In turn, this O(5 %) modulation impacts the com-
putation of the WIMP flux, imprinting a peculiar signature to the expected signal. This
characteristic behavior could be exploited for direct DM searches, as firstly described in [24].
A review to annual modulation WIMP experiments can be found in [3].

Basics of WIMP Signal Rate Computation

Given their mass and chargeless nature, WIMPs are expected to scatter off atomic nuclei
within the targets. The resulting nuclear recoil (NR) can then be detected with a properly
tuned instrumentation. The expected differential rate of WIMP scattering according to the
nuclear recoil energy Eng is [3]:

dR pom do
dExg | My M / vfe)qE
NR N{HLDM Jo. NR

min

dv (1.9)
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where My is the nucleus mass, m is the detector total mass, fg is the DM velocity distribution
in the Earth reference frame, o is the WIMP scattering cross-section and wv,,;, is the lower
velocity kinematics bound. This latter is easily found, once the nuclear recoil energy is recast
in terms of non-relativistic elastic scattering parameters:

MQUQ qz
Enp = —(1 — 0) =
NR My ( cos ) 2 My

(1.10)

where p = MpyMy/(Mpy + My) is the system reduced mass, 6 is the scattering angle in
the center of mass-frame and ¢ the transferred momentum. Thus, the lower bound velocity

result to be
Vmin = \/ MxExr/(21%). (1.11)

The derivation of v,;, in the elastic scattering approximation is only possible by the very low
momentum transfer. At higher values of ¢ for which the de Broglie wavelength is comparable
or even smaller than the size of the nucleus, this latter would no more respond coherently.
In this limit, corrections to the coherence loss are expressed, for example in the interaction
cross-section, with the form factor F'. The form factor is a function of Eyg and is different
for DM spin dependent (SD) and independent (SI) interactions. In this latter case, F is the
Fourier transformation of the nucleon density and can be approximated with an analytical
function proposed by Helm [25]. The WIMP interaction cross-section is hence expressed on
the nucleon level and, regardless of the specific underneath coupling nature, it is defined as
the sum of spin independent and spin dependent contributions as:

do M 0 0
2.2 (UéI)FSQI(ENR) + UéD)FgD(ENR):) (1.12)
dExg  2uw

where O'SRSD) represents the SI (SD) cross-section at zero momentum transfer. The SI cross-
section in the limit of small momenta transfer is [3]:

2

0 0 W
o) 120 B p25y (1.13)

HN

where M2N is the WIMP-nucleon reduced mass, A is the nuclear mass number and oy is
the SI WIMP-nucleon cross-section, which is, along the WIMP mass, the parameter direct
DM experiments explore and report as result. It is worth noticing that for WIMP masses
well above the full target nuclear mass (Mpy > My), og; ~ A enhancing the sensitivity
of experiments exploiting heavy nuclear targets. However, as a drawback, the large size
of high mass number nuclei translates into a heavy suppression of the Helm form factor,
which eventually limits the sensitivity enhancement. This can be seen in Figure 1.5, where
the differential WIMP signal rate is reported for several target materials. As shown by
this plot, within a simplified WIMP interaction mechanism [27], the differential signal rate
exponentially decays with Eyg. For comparison purposes, in the Figure 1.5 the nuclear recoil
energy has been reported in unit of nuclear recoil equivalent keV, keVygr. This energy scale
differs from the electronic recoil one due to heat-loss quenching effects.

The spin dependent cross-section derivation involves more complex considerations, as
described in [3]. In the limit of small momenta transfer, it is possible to show that:

2
0) ¢=0 U
o = 2 S(q =0)ox sp; (1.14)
N

where S(q) represents the collected nuclear response function dependent on the transferred
momentum and oy gp is the SD WIMP-nucleon cross-section. Differently from the SI case,
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Figure 1.5: (Edited from [26]) Nuclear recoil spectra induced by a Mpy = 100GeV WIMP in
various common target materials, assuming a spin-independent WIMP-nucleon cross-section ogq; =
1 x 10~*" ¢m?. The rate for spin-independent interactions increases with A2, i.e. prefers heavy target
materials. On the other hand, the rate for large nuclei (Xe) decreases at higher energies due to the
form factor suppression.

the large WIMP mass approximation does not have the additional enhancement due to the
A? coherent factor. This translates into a generally weaker experimental sensitivity. Beyond
the standard SI and SD models, additional effective Lagrangian terms have been proposed in
literature to include alternative nuclear coupling and responses [28].

Common Experimental Techniques

The total energy loss of a recoil in a WIMP detector can be expressed as the sum of the three
possible energy deposition channels: excitation, ionization and heat. Given the chargeless
WIMP nature, similarly to neutrons, there is an enhanced probability for these class of
particles to directly interact with nuclei and deposit more energy in heat channel. This
energy loss yields a quenching effect that is correctly assessed by the Lindhard theory in
semiconductors [25], while in liquid noble targets a semi-analytical approach is exploited [26].

This quenching effect creates the opportunity of discriminating signal- and background-
like events, if two or more energy deposition channels are read out. According to the tech-
nology exploited, the experimental sensitivity cover a specific portion of the WIMP vanilla
paradigm mass region. These experimental techniques can be classified in two groups accord-
ing to their WIMP sensitivity mass range: above the GeV scale or at the GeV scale.

Above GeV scale the noble-liquid dual-phase time projection chamber (TPC) technol-
ogy holds the leading sensitivity. Indeed, thanks to the noble liquids properties, such as
transparency to their own light, high stopping power and the possibility of looping them into
purification systems, plus the easy scalability of the TPC technology, it is possible to explore
the WIMP parameter space down to the neutrino fog [29], that ultimately limit their sensi-
tivity. Such technologies are divided into two categories according to the noble element used.
Xenon-based dual-phase TPCs are exploited in XENONnT [30], LZ [31] and PandaX-4T [32]
experiments. Argon-based technologies will be soon exploited in DarkSide-20k [33], as hap-
pened with its predecessor DarkSide50 [34]. Single phase noble-liquid technologies have also
been explored, such as the Xenon-based XMASS [35] or the Argon-based DEAP-3600 [36]
experiment, leading to less enhanced sensitivities in this specific WIMP mass range.

The GeV scale cannot be explored with noble-liquid TPCs classical analysis methods,
since the predicted NR energy deposition falls below the experiment kinematic threshold,
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Figure 1.6: (Edited from [4]) Upper limits on the ST DM-nucleon cross-section as a function of DM
mass. The blue 90 % confidence limits were obtained with experiments classified to be sensitive in
the above GeV scale, while red ones are from experiments sensitive in the GeV scale. Dashed lines
represent the exclusion plots obtained with the alternative analyses approach, such as ionization-only
or Migdal analyses.

limiting the sensitivity. Therefore, some other analysis channels such as the ionization-only
one or the Migdal effect [3] are exploited. Nevertheless, the low temperature calorimeters
technique has demonstrated to hold the leading role for WIMP sensitivities in this mass range.
Indeed, thanks to the O(10 meV) energy needed to produce elementary phonon excitations,
low temperature calorimeters based technologies have shown eV-scale energy thresholds and
resolutions [3], opening the possibility to explore GeV-scale masses via NR channel. There
are two classes of low temperature calorimeters based experiments, according to the energy
deposition channel read-out. The first one exploits phonon and charge read-out, such as Su-
perCDMS [37] and its "lite" configuration CDMSlite [38] utilizing Si and Ge crystal targets.
The second one exploits phonon and light read-out, such as CRESST [39] utilizing low tem-
perature scintillating calorimeters [3]. Room temperature silicon-based detectors have also
been exploited in the DAMIC experiment [40], leading to similar sensitivities. The main lim-
itation of these crystals based experiments is their kg d exposure, which in turns limit their
sensitivity to larger WIMP cross-section values with respect to the t y scale of the noble liquid
technologies. This limit might be overcome by exploiting spherical proportional counters gas
detectors, such as NEWS-G [41] and future ECUME [3] and DarkSPHERE [42] experiments,
or by bubble chambers, such as the PICO [43] and SBC [44] experiments.

To summarize the impact these experiments have in the direct search of the WIMP vanilla
DM candidate, Figure 1.6 reports the published SI exclusion limits for several experiments.
Beyond the WIMP vanilla paradigm, the scientific community has recently focused its at-
tention towards the sub-GeV mass scale, developing new technologies to push the energy
threshold to even lower values and in turn enhance the experimental sensitivity at these low
mass values. More comprehensive reviews of the here cited experiments and a treatment of
the non-vanilla sub-GeV DM searches can be found for example in [3, 4, 26, 45].

All these technologies to reduce cosmic and environmental radiations must be placed in
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deep-underground facilities and shielded with appropriate passive or active veto systems, such
as the water Cherenkov muon and neutron detector in the specific case of XENONnT [30].
Moreover, purification systems for liquid targets, the definition of a fiducial volume, via 3D
position reconstruction, and the discrimination between single- versus multiple-scatters events
provide an extra handle to reject a significant fraction of the remaining backgrounds [4].

Ultimately, these experiments will be limited by the irreducible background of neutrinos
originating in the atmosphere and in the core of the Sun (gray band in Figure 1.6) known
after the name of neutrino fog [3]. The XENONNT [46] and PandaX-4T [47] experiments
have already started observing its effect, by detecting solar ®B neutrinos via coherent elastic
neutrino-nucleus scattering.

A method to overcome the neutrino fog apparent limit for WIMP dark matter detection
has been proposed, among others, by the CYGNUS [48] and the ReD [49] Collaborations.
This method relies on imaging nuclear recoil ionization tracks to reconstruct directionality.
Indeed, by determining the direction of incoming particles, it is possible to distinguish the
solar neutrino background from the WIMP signal, as their sources map different locations in
the sky.



The XENONNT experiment

Liquid-Xenon (LXe) dual-phase time-projection chamber (TPC) technology holds the world-
wide leading sensitivity for direct searches WIMP dark matter (DM) candidate above the
GeV mass scale [4]. One of the experiments exploiting this technology is the last stage of the
Xenon DM project, XENONnT.

In the last two decades, the Xenon DM project operated four stages of detectors based
on the LXe dual-phase TPC technology. With progressively larger mass, lower background
and improved sensitivities, these successful experiments (XENON10 [50], XENON100 [51],
XENONIT [52] and XENONNT [53]) were all operated in the underground facilities of Lab-
oratori Nazionali del Gran Sasso, in Italy. Figure 2.1 summarizes the Xenon project progres-
sion of achievements, in terms of the lowest excluded SI WIMP-nucleon cross-section and
exposure, from 2006 up to the time of this writing (2024). For completeness, also projected
sensitivities and exposures are reported both for the still-running XENONnT [54] and the
foreseen next generation experiments [55].

The unprecedented background levels, obtained thanks to the larger L.Xe mass, the great
effort in material radioassay and the upgrade of the purification systems, create the oppor-
tunity of exploiting such a detector not only for the WIMP vanilla direct searches, but also
for other exotic physics channels in low- and high-energy ranges and for precision studies of
known processes.

In this Chapter, a brief review of the LXe TPC technology working principles, along
with a description of the XENONnT experiment, is provided. More specifically, after a
description of the suitability of LXe as direct DM searches target and the phenomenology
of its scintillation and ionization signals in 2.1, the dual-phase TPC technology working
principles are outlined in 2.2 along with its particle discrimination properties. Eventually,
the XENONnT experiment and its WIMP DM searches results are reported in 2.3 and 2.4,
respectively.

2.1 LXe as Dark Matter Detection Medium

LXe, as other noble liquid elements such as liquid Argon, has been widely exploited as particle
detection medium. Indeed, it is exhibits excellent scintillation yields and time response and
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Figure 2.1: Evolution of the Xenon DM project. For each experimental stage (XENON10 [50],
XENON100 [51], XENONI1T [52] and XENONT [53]) the total exposure (blue bars, left y-axis) and
the lowest excluded value of ST WIMP nucleon cross-section (black dots, right y-axis) are reported.
Projections for the full XENONT project [54] and the proposed next-generation [55] experiment are
also reported.

very high stopping power. Furthermore, it provides strong electrical insulation, given the
large energy gap between valence and the conduction electronic bands. All these properties,
reported in Table 2.1, make LXe a perfect target for TPCs, that can also read its ionization
signal, by means of a simple electric field configuration. More on L.Xe TPC working principles
and advantages can be read in 2.2.

In the particular case of direct DM searches, the Xenon atomic mass (A= 131), the highest
among the scintillating noble elements, enhances the SI discovery power, see Equation 1.13.
Moreover, among the different isotopes composing natural Xenon ("*Xe), 129%e, with a 1 /2
nuclear spin, and 13lxe equals, with a 3/2 nuclear spin, also allow the SD WIMP DM searches.

An additional important feature of ""Xe is that the only unstable Xenon isotopes are
1246 and 136Xe, both decaying via second-order weak processes, subdominantly impacting
the WIMP DM searches region of interest (ROI). This property has a double effect. The first

Table 2.1: (Inspired by [56] and [57]) Physical properties of natural LXe.

Property Value Reference
Atomic Number 54 [58]
Atomic Mass 131.293 g/mol [58]
Content in Dry Air Mass 0.09 ppm [59]
Boiling point 163.39K (at 1bar) [59]
Density 2.86g/cm” (at 177K and 1.89 bar) [60]
Band Gap 9.276 g/cm” (at 135K) 61]
Dielectric constant 1.95 [62]
Scintillation wavelength 178 nm [62]
Natural Composition 124X (0.095 %) , 2°Xe (0.089%) , *¥Xe (1.910%), [58]

129%e (26.40 %) , *Xe (4.071%) , *'Xe (21.23%),
192X (26.91%) , **Xe (10.44%) , *Xe (8.857 %).
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is that any possible radioactive contaminant, except 124¥e and 136Xe, polluting the LXe and
impacting in the WIMP ROI is potentially removable by exploiting the different chemical and
physical properties between this contaminant and Xenon, as for example done in XENONnT
experiment for Radon and Krypton contaminants. The second concerns the physics reach
of the experiment, that is enriched by the additional studies targeting 124x 6 double electron
capture and 136Xe double beta decay.

Beyond inner contaminants, external radiation may represent a major background for
direct DM searches. Nevertheless, LXe is highly self-shielding. Indeed, thanks to its high
atomic number (Z = 54) and density (2.86 g/cm” at 177 K and 1.89 bar), LXe is characterized
by the highest efficiency in stopping penetrating radiation among all noble liquid elements. As
an example, the 46.539 keV gamma transition of 210Bi7 following about 80 % of the times the
beta decay of '°Pb [63], has a mean free path of about 0.023 cm in LXe, according NIST 2017
database [64]. Chapter 3 and Chapter 6 are dedicated about the origins and importance of
210py, background in the XENONnT WIMP searches. As a second example, if the 2614.5 keV
de-excitation gamma [63], following 2087] beta decay, is taken into account, its mean free
path is about 9.5cm [64]. Concerning, instead, beta (alpha) particles, the mean free path
monotonically increases with energy reaching about 2cm (0.02cm) at 10 MeV. The direct
consequence of the efficient self-shielding property of the LXe is that, when instrumented with
a technology providing position reconstruction, it allows the selection of a large and clean
fiducial volume, limiting the amount of discarded mass exposure due to external backgrounds.
Indeed, in the case of the XENONNT experiment, the fiducialization for WIMP searches is
performed with a geometrical data selection rule that only removes the events occurred within
few centimeters from the boarders of the TPC. The specific case of XENONnT fiducialization
selection criteria for WIMP studies is further treated in Chapter 6.

2.1.1 Phenomenology of LXe light and ionization signals

Whenever a particle interacts with the LXe medium, it deposits energy either via scattering
off electrons (electron recoils, ER) or Xenon nuclei (nuclear recoil, NR). In both cases, the
total deposited energy is partitioned into inelastic channel, including ionization (e + Xe+)
and excitation (Xe*) processes, and elastic channel, including atomic motion (heat):

dF dE dE
(== — . 2.1
dz <d$>inel+<d$>el ( )

The energy deposited in the inelastic channel EyL can be further expressed according to the
Platzman energy balance [65] as:

where Fj is the total deposited energy, L the Lindhard factor, N;/N,, the number of ion-
ized /excited atoms at an average energy cost of F;/E,, and ¢ the average energy carried away
by single electrons no more able to ionize or excite other atoms being below-threshold [66,
67]. For LXe, € is about 5eV[68].

The Lindhard factor L accounts for the quenching of the total deposited energy Ej ac-
cording to the nature of the primary interaction. Indeed, in the case of an ER, being the
mass of the electron negligible compared to that of the target atoms, the energy lost in the
elastic contribution is almost null and hence L ~ 1. Differently, in NRs, where the Xenon
recoiling nuclei have a velocity comparable to the one of their atomic electrons and hence an
effective charge typically lower than unity [69], the Lindhard factor is about L = 0.15-0.3 for
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Figure 2.2: (Inspired by [56] and [72]) Schematics of the phenomenology of LXe light and ionization
signals, following the description in [67] and in [73].

energies in the range 1-100 keV. More specifically, in the Lindhard-Scharff-Schigtt theory [70,
71], the quenching factor can be evaluated as:

kg(e)

L=—">"— 2.3
1+ kg(e)’ (23)
where k is a proportionality constant between the electronic stopping power and the velocity
of recoiling nucleus and g(e) is proportional to the ratio of electronic stopping power to
the nuclear stopping power. By using the dimensionless quantity representing the deposited
energy €, in turn determined by the target nucleus atomic number Z as e = 1.5(F/keV)Z —7/ 3,

g(€) is parametrized as:

_ 5,015 0.6

g(e) =3 " +0.7e " +e. (2.4)

Even if the potential measurement of the heat channel would represent a great signature
for ER/NR discrimination, this latter can still be done by just exploiting ionization and
excitation signals, that thanks to their phenomenology presents different yields according to
the nature of the primary interaction. This happens thanks to different ionization density
of NR with respect to ER events that determines the probability of some sub-quenching
and recombination processes to happen. The basics of the production of the detectable
signals (low-energy electrons and photons) from ionization and excitation mechanism are
schematically represented in Figure 2.2.

Xenon excitation signal is represented by scintillation photons generated after the forma-
tion of excited diatomic molecules, called diatomic excimers. The relaxation mechanism of
diatomic excimers proceeds as described in [73]:

Xe" 4+ Xe — Xey”
Xey" + Xe — Xej + Xe + heat
Xey — 2Xe + hv,

where the Xej'” state represent the diatomic excimer with a non-null vibrational excitation v.
This latter is usually released in form of heat, via non-radiative channels, even if a relaxation
by means of radiative infrared photons is also possible [74]. The non-vibrational excited Xes
form can either be created in a singlet ('S, ") or in a triplet (°%, ") state. The de-excitation
of both states produce a vacuum-ultraviolet (VUV) scintillation photon with wavelength
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Figure 2.3: (Inspired by [56]) NEST [79] (nestpy v2.4.0 [80]) charge (CY) and light yields (LY)
according to the initial energy of the impinging particle, for both ER (left) and NR (right) case. The
yields electric drift field dependence is shown by means of bands spanning from the 20V /cm curves
(solid lines) up to the 200 V/cm curves (dashed lines).

A = 175nm [75]. What differs between the two excited states is their relaxation time, that
is faster for the singlet (7 = 4.3(6)ns) with respect to the triplet (73 = 21(2)ns) [76].
The ratio between abundance of photons emitted from triplet to singlet components slightly
depends on the primary interaction, with a higher singlet component for NR interactions [77].
However, given the small difference between the two characteristic time constants, in LXe-
based experiments this discrimination is rarely used.

A second mechanism of generating the scintillation signal is via recombination between
liberated electrons and Xenon ions after prompt atom ionization, generating XeT +e . Also
in this case excimers are formed following the process [73]:

Xet 4+ Xe — Xeg
Xet + e — Xe** + Xe
Xe*™ — Xe* + heat.

Nevertheless, the recombination process can happen only after liberated electrons have ther-
malized. Considering a thermalization characteristic timescale of 6.5(5)ns, as measured
n [68], the thermalized electrons are able to reach on average a 4.5 ym distance from the
production point [78]. This value is about a factor two greater than the Omnsager radius
for LXe, namely the radius at which the Coulomb energy equals the thermal energy, and it
partially favors the escape of such electrons even not in presence of a strong electric field.
The measured electron escape probabilities in absence of electric field are however in tension,
ranging between 20 % and 70 %, for both ERs and NRs [76].

Many models have been developed to describe the recombination process as a function of
the electron stopping power and the applied electric field. In late years, the LXe scientific
community embraced the usage of the Noble Element Simulation Technique (NEST) [79]
to parametrize the charge yield (CY) and the light yield (LY), describing the number of
produced electrons and scintillating photons scaled to the energy of the incident particle.
NEST model is based both on the Thomas-Imel box model [81] and on a series of heuristic
models, with free parameters optimized with the available measurements. Figure 2.3 reports
NEST yields at different interaction energies for both for ERs (beta radiation) and NRs,
together with their electric drift field dependence. A more detailed description of NEST
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model parametrization is provided in Chapter 6, where it is used for modeling and fitting
purposes concerning the TPC surface background.

As clearly visible from the plots of Figure 2.3, as the electric drift field increases also
CY does at the expense of LY. This happens because with a higher electric drift field the
thermalized electrons recombination probability drops and hence less recombination light is
generated. This dependence is stronger for ER events where the light contribution from
recombination processes is greater. Although there is a conversion between electrons and
photons in processes such as the recombination, the total number of quanta is conserved.
Therefore, it is possible to recast Equation 2.2 into:

EgL = W(Nph + Nel)7 (25)

where Npp = Ng + 7Nj, with 7 being the recombination probability, determined by the
electric field, and W the average energy to produce a carrier (either photon or electron). A
measured value for W of 13.7(2) eV for LXe is assumed [82], even though more recent results
point towards a lower value (of about 11.5eV [83, 84]).

The only process not conserving the total number of quanta is the bi-exciton quench-
ing, also known as Penning quenching [85], where two excited atoms interact generating an
electron-ion pair:

Xe* + Xe* — Xet +e + Xe.

This process reduces the number of total quanta of one unity at each occurrence, since it
converts two excited atoms, potentially sources of two photons, in only one electron-ion pair.
The probability associated to the occurrence of this mechanism is defined by the density of
excitons, which increases with the linear energy transfer (LET) of the interacting particle.
Therefore, it is of particular importance for highly ionizing particles, such as very low-energy
NRs, alphas or fission fragments, while its contribution is negligible for ER and above-GeV
WIMP NR interactions, for which Equation 2.5 holds. This effect is indeed evident in NR
calibration data of LXe detectors, such as those collected in XENONnT SRO campaign [86].

2.2 XENONNT Dual-phase TPC working principles

The TPC technology, invented by David R. Nygren at Lawrence Berkeley National Labo-
ratory in the late 1970s [87], is based on the application of an electric field, occasionally
coupled to a magnetic field, to a sensitive volume, usually filled with a gas or liquid target,
to reconstruct particles interaction. In the typical cylindrical geometry used for LXe direct
DM searches as utilized in XENONnT [30], the TPC is equipped with two arrays of photo-
multiplier tubes (PMTs) arranged in the top and bottom bases, to read out the scintillation
and ionization signals. On top of the Xenon liquid phase, a gaseous Xenon phase (GXe) is
present to amplify the ionization signal. Schematically, the working principle of a dual-phase
LXe TPC is presented in Figure 2.4.

Whenever a particle interacts in the LXe active volume, scintillation photons via exci-
tation processes, thermalized electrons via ionization processes and heat via atomic motion
are generated. Only the first two signals are collectable with the TPC technology, while the
information about energy deposited in the heat channel is lost. Excitation and ionization
signals are instead read out in two steps. Prompt scintillation light is detected by the PMTs
as S1 signal, while thermalized electrons are drifted by an electric field towards the top part
of the TPC. Here electrons are extracted with a much higher electric field into the GXe and
produce the S2 signal via electroluminescence. The simultaneous readout of the S1 and S2
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Figure 2.4: (Inspired by [56]) XENONnT LXe dual-phase working principles. The particle interacting
within the LXe volume (gray circle) release energy, ionizing and exciting Xenon atoms. Prompt
scintillation light is thus produced and detected by the top and bottom photomultiplier tubes (PMT)
arrays and registered as S1 signal. Thermalized electrons, produced in the ionization process, are
pulled out from the interaction point and drifted towards the LXe/GXe interface where they are later
extracted by a higher electric field and produce electroluminescence, detected mainly by the top PMT
array as S2.

signals allows the reconstruction of the position at which the event occurred, the determina-
tion of the deposited energy in the particle interaction and partial particle identification by
exploiting the S1/S2 signature discriminating NR from ER interactions.

Event position reconstruction is performed in two steps: the identification of the (X,Y)
position in the TPC horizontal section plane and the determination of the depth (Z) at which
the interaction occurred. The (X,Y) position identification is performed via reconstruction
of the S2 top PMTs light pattern, which is broadened by electron cloud diffusion that, for a
fixed number of carriers, increases with the interaction depth and hence with drift time. The
determination of the depth Z of interaction is instead performed by evaluating the temporal
difference between the occurrence of the S1 and S2 signals. This can be achieved not only
by calibrating the temporal response of the TPC with dedicated runs, but also by means of
a uniform and homogeneous electric field throughout the entire TPC length guaranteed by a
well-studied field cage design. In the XENONNT experiment, this result is achieved by a field
cage design featuring two nested arrays of field shaping rings connected by a resistor chain
along the full TPC height [88]. Position reconstruction of events is of particular importance
when concerning background sources rejection and modeling. Indeed, if the TPC sensitive
target is pure enough, or, as in the case of the XENONNT experiment, continuously purified
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Figure 2.5: (Edited from [89]) XENONnT (S1,S2) observable space with 200 GeV/c> WIMP signal
and background characteristic responses.

during the operation, the majority of the background is represented by external radiation
triggering events in the active detector volume. Given the high stopping power of LXe target,
the external radiation hardly reaches the very center of the volume and the resulting signal
is characterized by a specific spatial signature according to the external source distribution.
In these cases, the easiest approach to drastically reduce the impact of such a background,
is to exploit a fiducialization technique, that is the selection of events within an optimized
inner geometrical volume (see Chapter 6 for reference).

Events deposited energy is a second feature a LXe dual-phase TPC is able to determine.
Indeed, by correcting the S1 snd S2 signals for the temporal and spatial dependence of the
detector response (cS1,c¢S2), plus taking into account the event reconstruction efficiency, it is
possible to recast Equation 2.5 as:

¢Sl ¢S2

CES = W(== +

91 92 ) (2:6)

where CES is the reconstructed energy of the event, also known as combined energy scale,
while ¢g; and gy are the ratios between the number of photons or electrons produced with
respect to the ones detected. In the case of photons, this ratio represents a detection efficiency,
and hence is lower than 1, while in case of electrons it represents the amplification factor,
due to the extraction in the GXe phase, and thus it is usually way larger than 1. The
computed CES value in Equation 2.6 estimates the deposited energy in a ER event, while for
NR interactions the Lindhard factor has to be taken into account, as detailed in 2.1.
Particle identification can also be partially accessed via simultaneous readout of scintilla-
tion and ionization signals in a dual-phase LXe TPC. The different probability for quenching
sub-processes to occur in the genesis of quanta for ER and NR events induce a larger ¢S2/cS1
ratio for the first class of events with respect to the second one, as depicted in Figure 2.5,
where XENONnT ER band and expected 200 GeV / ¢ WIMP signal (NR) one are displayed.
This potentially allows the total rejection of the ER background, while preserving great part
of the NR events. Moreover, other backgrounds, such as events induced by the TPC sur-
faces contamination or accidental coincidences, constituted by randomly paired cS1 and ¢S2
signals, can be identified by specific signatures in the (¢S1,cS2) observable space, and hence
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partially reduced. This ER/NR discrimination power is further increased if the electric field
of both extraction and drift are amplified, thanks to a lower probability of electron-ion re-
combination. This latter also has the effect of reducing the rate of accidental coincidence
background, since, by decreasing the electron drift time, in turn also decreases the maximal
event temporal window and hence, fixing the TPC events rate, also the probability of ran-
domly pairing two uncorrelated S1-like and S2-like signals. In order to reduce the surface
background impact, instead, a smaller fiducialization volume could be used at the expense of
the experimental exposure and hence the WIMP discovery power. Other methods to mitigate
this background are for example based on the handling the Teflon panels, currently outlining
the TPC of LXe direct DM experiments, such as XENONnT, with some extra precautious in
order to limit Radon daughters plate out onto the surfaces. For an overview of current R&D
efforts for the LXe dual-phase TPC next generation experiment refer to [90].

2.3 XENONNT experiment at LNGS

Deep underground in Laboratori Nazionali del Gran Sasso, in Italy, more specifically in Hall
B, the XENONnT experiment is hosted. This location provides an overburden of about
1500 m of rock, approximately equivalent to 3600 m.w.e., that shields the experiment from
cosmic rays, with an effective reduction factor of about 10° for cosmic muons. Reducing this
background is fundamental for experiments such as XENONnT, not only for detector paralysis
issues due to a too high event rate, but also for the cosmogenic neutrons generated within
the materials surrounding the sensitive part of the detector. Rock overburden is however
not enough for demanded WIMP sensitivities. For this reason the XENONnT experiment
is equipped with both other shielding active vetoes and a facility building hosting the liquid
and gas purification and handling subsystems [30].

The XENONNT dual-phase LXe TPC detector core is hosted in a cryostat placed at
the center of a 700t water tank (WT), providing a nested configuration of active water-
based neutron and muon vetoes (see Figure 2.6). By successively peeling off the layers of
the XENONT onion-like detector configuration, the outermost shield is represented by the
muon veto (MV). As its name suggests, the MV is primarily dedicated to the detection of
cosmic muons that, due to their high energy, survive the shielding provided by the Gran Sasso
mountain. At such high energies, Cherenkov light is produced in the MV water medium and
later read out by the MV 84 Hamamatsu R5912ASSY 8" PMTs. Beyond vetoing muons
that simultaneously trigger events in the MV and in the XENONnT TPC, the MV has the
additional purpose of passively shielding the inner detector from external natural radiation.

The second outer shielding detector, immediately surrounding the TPC, is the neutron
veto (NV). The NV, optically separated from the rest of the WT thanks to high-reflectivity
Teflon panels, in which 120 Hamamatsu R5912-100-10 8" PMTs are mounted facing inwards,
has the goal of tagging neutron events in coincidence with the TPC [91]. Cosmogenic neutrons
scattering at least once in the TPC have high probability of escaping the LXe volume and,
after a moderation step in water, of being trapped by Hydrogen nuclei via neutron capture
process. The 2.2MeV gamma emission, following the neutron capture on Hydrogen, is a
highly effective signature, ensuring an enhanced NV tagging efficiency. Other nuclei, such as
Gadolinium, present much higher neutron capture cross-sections with respect to Hydrogen.
For this reason, the addition of Gadolinium salt during the second science run of XENONnT
(SR2) in the WT increased the neutron tagging efficiency from 53 % to about 87 % [92].

Eventually, in the innermost part of the XENONnT WT, the LXe TPC is hosted in a
stainless steel double-wall vacuum-isolated cryostat. The cylindrical TPC has a radius of
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Figure 2.6: (From Collaboration) Rendering of the section of the three nested XENONnT detectors.
From the innermost to the outermost: the TPC, the neutron veto and the muon water Cherenkov
system.
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66.4cm and a height of about 150 cm. Out of the total 8.6t of LXe hosted in the cryostat,
only 5.6t are enclosed in the TPC volume outlined by the 48 interlocking vertical PTFE
panels designed to compensate for radial thermal shrinkage while guaranteeing light tight-
ness [30]. For light signals readout purposes, 494 (241 + 253) 3" Hamamatsu R11410-21
photomultiplier tubes (PMTs), arranged in a top and bottom arrays, are utilized. The elec-
tric field is generated by two stacks of electrode grids, one on the bottom and one on the
top of the TPC. The bottom one features the cathode and one screening electrode grid, to
protect bottom PMT array from the cathode high voltage, designed to support —30kV.
The top one features a gate, expected to operate at —1.0kV, the anode, designed to sustain
6.5kV and eventually, a second screening electrode for PMTs protection. Together, cathode
and gate generate the electric drift field through the total 148.6 cm TPC drift length, while
gate and anode provide the electric field for electrons extraction within a distance of 0.8 cm.
Both the top and bottom screening electrodes are operated at a voltage close to the PMT
working one of about —1.5kV . However, an electrical short between the bottom screen and
the cathode, after just two weeks of detector commissioning, prevented the operations to be
led in the designed conditions. Thus, for the first science run, the cathode was operated at a
voltage of —2.75kV, while the bottom screen and the gate were respectively set to —2.7kV
and 0.3kV. Eventually, to mitigate possible burst-like emission of single or few electrons
S2 signals, the anode was operated at 4.9kV [93]. With this electrodes configuration, the
operation electric field resulted to be 23V /cm (about ten times lower than designed), while
the average generated extraction field was about 2.9kV /cm.

Beyond the three nested detectors, the XENONnNT experiment proper operations are en-
sured by other subsystems hosted in a facility building [30]. From the top to the ground
floor, in the XENONNT infrastructure (or facility) building, visible in Figure 2.7, the cryo-
genic system, the gas purification system, the Radon distillation column, the DAQ system,
the Krypton distillation column and the liquid purification line are hosted. The optimal
operation of these subsystems is ensured by the XENONNT slow control. A more technical
description of every subsystem and the XENONnT slow control is provided in [30], and can
be also found in specific PhD theses such as [56, 57, 66, 93-95]. For introductory purposes
to the author work, in this thesis, only the Radon distillation column, in the next Chapter,
is treated in more details.

2.4 XENONnNT SRO and SR1 WIMP Results

After few months of detector commissioning, begun in 2020 during the COVID-19 pandemic,
the XENONNT experiment has started taking science data targeting WIMP DM direct de-
tection. Since then, the only occurred downtimes were due to programmed maintenance
operations, with the sole exception of a detector malfunctioning provoking the end of the
second science run. Up to the time of this thesis writing (end of 2024), two science runs
concluded (SRO and SR1), while a third science run (SR2) is still ongoing. The analysis of
the first two science runs led to the exclusion plots of Figure 2.8 [96].

The cumulated exposure of about 3.1ty, reported in Figure 2.8, is the result of both the
LXe mass fiducialization, selecting about 4.00t out of the 5.8t total active volume, and the
effective live-time corresponding to about 51.4 % of the operation time. This latter reduction
for both SR0O and SR1 is dictated by both calibration runs and maintenance periods, reducing
the effective exposure from about 1.5y to only 281.6d. The periodic calibration runs, as
visible in Figure 2.9 referring to XENONnT SR0O and SR1 campaigns, is essential to monitor
the detector conditions and characterize its response to different particle interactions. To
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Figure 2.7: (Credits to Kexin Liu) Random shifter in LNGS underground Hall B, where the XENONnT
experiment is hosted.
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Figure 2.8: (From [96]) (Top) Upper limit on the ST WIMP-nucleon cross-section (90% C.L.) as
a function of the WIMP mass (black line). (Bottom) Upper limits on the spin-dependent WIMP-
nucleon cross-section, for the “neutron-only” (left) and “proton-only” (right) cases. In each case, the
sensitivity band is indicated by the region containing 68 % (green shaded) and 95 % (yellow shaded)
of expected upper limits under the background-only hypothesis as well as their median (dashed line).
In addition, published results from XENONnT using only SRO data [53], LZ [97] and PandaX-4T [98]
are shown. For all, a power-constrain limit with a power threshold of 0.16 is used.

this end, different calibration strategies are applied in XENONnT. For the characterization
of ER and NR detector responses, also known as ER/NR band fitting, calibration runs have
been scheduled for SRO at the beginning and at the end of the science data-taking, while for
SR1 accordingly to the availability of the radioactive sources.

2.4.1 Radon Calibrations in XENONnT SR0 and SR1

In order to obtain a full ER detector response characterization of a LXe TPC experiment,
few considerations have to be done for the choice of the radioactive sources. For example,
an ER source easily uniformly mixing with the LXe volume is preferred, since it allows the
full characterization of TPC spatial response. This internal calibration can however be only
done when the ER source has a sufficiently fast decay time, or it is possible to be distilled by
auxiliary LXe circulation systems, to allow the rapid resumption of scientific data-taking. To
this end, in the XENONNT experiment, four radioactive sources for ER band characterization
have been exploited so far: 83mKr,37Ar,220Rn,222Rn. These radioactive gaseous sources are
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Figure 2.9: (Edited from Collaboration) WIMP SR0+SR1 cumulative Lifetime (black solid line). The
growth rate of the science data lifetime is discontinuous due to either foreseen calibration campaigns
(represented as colored bands) or general maintenance operations (gray bands).

mixed in the Xenon while flowing in the GXe recirculation system, featuring a calibration
source box that serves as an emanation chamber.

The calibration via Radon isotopes allows the introduction of «, 5 and - radiation inside
the TPC as determined by their specific decay chains, better detailed in Chapter 3. While
*20Rn calibration source is produced from Eckert & Ziegler by electroplating 22Th oxide on
a platinum [99], ?22Rn emanation sample was obtained via implantation of ?26Ra ions onto a
stainless steel target at the CERN ISOLDE facility [100]. The obtained targets are enclosed
in emanation vessels and easily mounted into the calibration source box within the GXe
handling system. The injection of Radon isotopes inside the TPC can happen via GXe flow-
through, or flushing, mode by exploiting a needle valve to provide a regulation, if necessary.
Once the Radon injection is terminated, the 20Rn decay rate in the TPC decreases to the
background level within few hours [30], while **?Rn demands longer times (given its half-life
of about 3.8d, slightly accelerated in XENONnT thanks to the Radon distillation column)
to fully recover the typical science runs event rate.

Differently from 83mKr and 37Ar, Radon calibration sources provide the full calibration
of the ER detector response. Indeed, both ?20Rn and **’Rn decay chains feature a Lead
beta emitter isotope, respectively 22ph and 214Pb, that provides a nearly uniform energy
spectrum in the WIMP ROI ¢S1 range, allowing the characterization of the full band. As
clearly visible in Figure 2.10, reporting the calibration data taken during SRO with STAT (black
points), *20Rn (blue points) and 21 AmBe (orange points), Radon data uniformly span the
full WIMP ROI cS1 range. A fit to this Radon data-set is thus performed for the detector
ER band full characterization, by exploiting the ER emission model described in Appendix
A of [89] and in this thesis reported in Chapter 6. To visually show the agreement of the
fitted SRO ER model with **Rn calibration data, Figure 2.11 is reported, also providing
the results of a Poisson X2 goodness of fit test performed with the GOFFEvaluation python
package [101].
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Figure 2.10: (From [53]) SRO NR and ER calibra-
tion data from 2**AmBe (orange), ***Rn (blue),
and *"Ar (black). The median and the +20 con-
tours of the NR and ER model are shown in
blue and red, respectively. The gray dash-dotted
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Figure 2.11: Parallel goodness of fit test to the
one presented in [89], performed by the author,
of SRO ER model on ***Rn calibration data in
WIMP (cS1,cS2) ROIL. The analysis has been car-
ried out exploiting the GOFFEwvaluation python
package [101]. As in [89], the returned p-value
is above the 10 % rejection threshold.

100 PE are considered in the response model fits.

Beyond the basic ER detector response characterization, Radon calibrations are useful
to expand the scientific reach of the XENONnNT experiment. Indeed, the additional *2Rn
calibration of SR1 was suggested and then performed to better constrain the 2P contri-
bution, that is the major one, to the total ER dataset. This enhanced understanding of the
2lipy, background is crucial for some beyond-WIMP rare-events physics searches in the ER
dataset, such as those targeting Solar-pp neutrinos or axions.

Moreover, beyond the constraining and characterization of Lead backgrounds, whose ori-
gin is treated in more details in Chapter 3, precision measurements on nuclear transitions can
also be achieved. Indeed, spectral shape investigations on 214 [102] ground state transition
or precision measurements of beta decay branching ratios of 212ph and 214Pb, here reported in
Chapters 4 and 5, have been carried out. With these studies a deeper knowledge of forbidden
beta transitions and improvements on precision with respect to the current literature values
have been achieved. These studies further demonstrate the vast potential physics reach of LXe
TPC technology and hence highlights the importance of a next-generation experiment [29].






On the Origin of Lead Backgrounds in XENONnT

The majority of background events in XENONnT WIMP searches is generated by Lead
isotopes, more specifically 214Pb7 20ph and 2'?Pb. These radioactive nuclei are in turn
a product of the 2327 and **®U natural radioactive chains, which are potential natural
contaminants of every non-synthetic material. Therefore, to enhance the experimental WIMP
sensitivity, all the materials in direct contact with the LXe volume undergone an intense
radioassay program and cleaning procedures [103].

The background introduced by 2327} and ?*®U natural radioactive decay chains inside the
XENONNT detector can be grouped into two main categories — since the spontaneous fission
is a subdominant process. The first one concerns beta and gamma rays largely produced at
the end of these chains, while the second one relates to the high-energy alpha particles that
may trigger an («,n) reaction on Fluorine nuclei present in PTFE (CyF,) material. In terms
of background contribution, these two categories of events differently impact the region of
interest of WIMP searches. The beta/gamma rays increase the rate of ER background by
both populating the ER band in the (¢S1,cS2) space and the lower ¢S2 region if the event
occurred in the first proximity of the PTFE surfaces. The alpha-generated neutrons, instead,
interacting in the LXe active volume may mimic — if not tagged by the neutron veto or
rejected by multi-site energy deposition cuts — a WIMP event, lying in the NR band in the
(¢S1,cS2) space.

In this Thesis the focus is towards the first category of natural radioactivity induced
background, which concerns beta and gamma rays mainly originating from Lead isotopes at
the end of the **Th and **°U decay chains. The work presented in the next Chapters is aimed
in refining the knowledge on the origins and signatures of these Lead-generated background
events. Such improvements will allow developing mitigation techniques for future experiments
and upgrading background modeling and rejection tools for the current direct dark matter
(DM) analysis.

In this Chapter, after a general introduction about the natural radioactive decay chains
in 3.1 and the methods to control their contamination levels in each detector material com-
ponent in direct contact with the LXe volume in 3.2, the two major mechanism introducing
Lead backgrounds inside and in proximity of the LXe active volume are discussed. In 3.3
the Radon outgassing mechanism introducing 22/2Up} contaminants in the LXe volume is
presented, while in 3.4 the Radon progeny plate-out phenomenon is discussed as origin of

33
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Table 3.1: (Edited from [104]) Characteristics of the four natural radioactive decay chains

Longest-Lived Isotope Half-Life [y] Final Nucleus Series Name Type

232 1.42 x 10 2%pp Thorium 4n

237Np 2.14 x 10° 209B; Neptunium 4n+1
28y 447 x 10°  2%°pp Uranium An+2
5y 7.04 x 10° 207py, Actinium 4n + 3

the 2!°Pb surface background. Finally, in 3.5, a very brief overview about novel strategies to
mitigate these background sources is reported.

3.1 23°Th and **U Natural Radioactive Chains

Natural radioactive decay chains are series of isotopes linked by alpha and beta transitions
starting with a very heavy and long-lived progenitor and in most cases terminating with a
stable Lead isotope. Since alpha decay is responsible for reducing the mass number (A) by
four units, while the beta decay leaves it unchanged, there can only be four independent
chains with mass numbers 4n, 4n+1, 4n+ 2 and 4n + 3, where n is integer. These four series
are listed in Table 3.1

The Neptunium series represents an outlier with respect to the others due to two main
characteristics. The first one regards the final stable isotope of this chain, 20981 not belonging
to the Lead chemical family. The second one concerns its detectability in nature. It is no
more observable in nature given its progenitor short half-life (2.14 x 10° y) with respect to
the Earth’s age (about 4.5 x 10”y [105)).

Except for the Neptunium series, every radioactive chain involves the production of
Radon. This gaseous radioactive noble element represent one of the potential break points
of these series. Indeed, being volatile, this element has a high probability of escaping its
mineral natural sites, breaking the secular equilibrium between the actinides (from U to Ac)
and metalloids down to post-transition metals (from At to T1). The Radon release process,
happening from minerals and materials manufactured from rocks and soils, is also known
under the name of Radon outgassing mechanism and, among all, is responsible for increasing
the air activity in underground caverns and indoor environments.

In the context of XENONNT experiment, as further investigated in 3.3 and 3.4, the Radon
outgassing mechanism plays a crucial role. Indeed, Radon outgassing directly introduce 2lpy,
and 2'*Pb in the LXe volume, and indirectly causes the deposit of 210ph on PTFE surfaces.
More specifically, the isotopes responsible for these contaminations are *22Rn and 22ORn, that
belong to the Uranium and Thorium series, respectively.

3.1.1 Uranium Series

Figure 3.1 shows the Uranium series. This is the longest natural-occurring known series.
Beginning with 238U, after an aff chain, it features a unique cascade of five successive
alpha transitions leading to the production of 2ipp, Then, it proceeds with the 53 which
characterizes the 4n and 4n + 2 series, eventually generating the lightest of the Pb radiogenic
isotopes.

This series includes both 2"*Pb and 210Pb7 which are responsible for the majority of ER
WIMP background and the surface background respectively. Both these two isotopes undergo
beta decay into Bismuth, which in turn produces the alpha-emitter Hipg and #%Po. Even
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if they decay via beta emission, both 211Bi and ?'°Bi have a negligible impact on WIMP
searches with respect to their Lead parents. Indeed, the first, being followed by the very
short-lived **Po signature, has a very strong signature, featuring monochromatic alpha S1
and S2 signals in the same record window, and hence is easily rejected, while the second,
given its beta decay large Q-value, minimally impact the WIMP ROI, whose energy upper
limit is of about 10keV electron-recoil equivalent.

The mitigation strategies to reduce the level of both these Lead contaminants has been
studied and refined over the whole Xenon DM project experiments, achieving unprecedented
levels of background, which specifically for 2ph hit values below 1pnBq/kg. This huge
achievement opened the possibility to investigate and then exploit a ?22Rn source for detector
calibration and a refined study on 2lipy, decay properties (see Chapter 5 for more details).

3.1.2 Thorium Series

Figure 3.2 shows the Thorium series. Geophysical evidences [106] state that also this series
has as progenitor a Uranium isotope, the alpha emitter 236U, constituting the immediate
parent of 232y, However, given its life-time of 2.3 x 10” y [63], comparable to one-hundredth
times the age of the Earth, it is no more observable in nature.

This series includes '*Pb which also contribute to the WIMP analysis ER background
by means of ?0Rn outgassing from structural materials. However, given 20Rn short half-life,
the penetration level of 22py is drastically reduced with respect to 214Pb7 slightly impacting
WIMP analysis. The characteristic short half-life of 220Rn not only reduces the possible 212py,
activity in LXe active volume contamination but also allows the usage of a *20Rn source for
calibration purposes, via injection given the possible fast recovery of detector condition. The
220Rn calibration data-sets have also been used for nuclear decay properties inference (see
Chapter 4 for more details).

3.2 XENONNT Material Radiopurity Control

The easiest way to introduce radioactive isotopes inside a low-background detector is via
material contamination. Indeed, the low-energy 214Pb, 212ph and #1°Pb beta/gamma events
populating the (¢S1,cS2) region of interest for WIMP searches, directly originate from 238y
and ?**Th natural radioactive chains. These contaminants may be present in detector struc-
tural materials or indirectly from their volatile Radon daughters, whose progeny has an
enhanced probability to stick on detector PTFE surfaces. The control on these radioactive
contaminants in the materials exploited in building XENONnT detector has been achieved
by means of three different techniques: the radioassay program, the ?22Ra emanation mea-
surements and the surface cleaning procedures.

In the following these three procedures are briefly described, while for a comprehensive
review of the XENONNT materials contaminants refer to [103].

3.2.1 The Radioassay Program

The radioassay program, aimed to measure the radionuclide concentrations in the detector
materials, was conducted by means of two complementary techniques: gamma-ray spec-
troscopy and mass spectrometry. The first was performed by exploiting germanium crystal
detectors (HPGe) facilities in LNGS, Max Planck Institut fiir Kernphysik in Heidelberg and
Vue-des-Alpes underground laboratory in Switzerland. This technique has been applied for
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Table 3.2: (Edited from [103]) Measured activities of radioactive isotopes in PTFE pillars and panels
used in XENONnT TPC barrel construction. All activities are reported in mBq/kg.

Component Method 238y 235y 220Ra 22%Ra **%Th 0K Oco s

Panles HPGe <10 <007 0153) <01 <008 0083) ~ <005
ICP-MS  0.15(7) - ~ 0032 - - - -

Pillars HPGe <08 <005 0.04(1) <006 <004 <042 -  <0.01
ICP-MS  0.26(9)  — - 0102 - - - -

the measurement of a wide range of gamma emitters, potentially present in materials sam-
ples with mass ranging from few grams up to 100 kg. The Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) was used as a complementary technique to measure the amount of
long-lived radionuclides present in the materials samples. The results of this radioassay pro-
gram concerning PTFE pillars and panels, which will be further discussed in Chapter 6, are
reported in Table 3.2.

This study has been fundamental for the XENONnT materials selection and the opti-
mization of the Xenon handling and purification systems. In the particular case the Radon
distillation system, an additional ?22Rn emanation measurement campaign was required to
improve its design [103].

3.2.2 ?2?Rn Emanation Measurements

The emanation rate of **’Rn from detector components cannot be directly inferred from
gamma-screening, given the unknown Radon diffusion and potential inhomogeneous dis-
tribution of its mother isotope *26Ra. Therefore, in the material selection campaign for
the XENONNT construction, which aimed to a *22Rn activity concentration of 1uBq/kg or
lower, a Radon emanation measurement was performed. This study involved a common tech-
nique based on adsorbent traps to collect Radon and proportional counters for the measure-
ment [107]. Moreover, these analyses were refined by means of electrostatic Radon monitors
and 2-stage extraction method, in order to bypass Xenon outgassing problems. The results
of this study were crucial for the optimization of the Radon distillation system — further
described in 3.3 — and to estimate the expected overall *22Rn emanation rate in XENONnT
detector [103].

3.2.3 The Surface Cleaning Process

The surface cleaning process for the XENONnT detector involves several critical steps aimed
at ensuring cleanliness and preventing contamination that could compromise the detector’s
operation. These steps include thorough cleaning, chemical treatment, and storage proce-
dures, all conducted in controlled environments to minimize the risk of re-contamination.
Two cleanrooms with a certified ISO-6 classification, one above ground (AG-CR) and one
underground (UG-CR), were utilized for this scope. The AG-CR, equipped with HEPA fil-
ters and laminar airflow, was used for large-scale material cleaning, while the UG-CR, built
inside the water tank, ensured a clean environment for detector assembly underground [103].

Cleaning procedures vary according to the material, with PTFE receiving particular at-
tention due to two main reasons: its closeness to the LXe active volume, for example the
XENONNT TPC barrel is outlined by PTFE pillars and panels, and its susceptibility to at-
tract positively charged Radon daughters, which can lead to plate-out contamination. The
cleaning procedure for PTFE and other plastics involved several steps aimed at effectively
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removing contaminants while preserving the material integrity. Additionally, in order to im-
prove the vacuum ultraviolet light reflectivity, PTFE panels surfaces supposed to face the
inner TPC volume, were treated with a diamond-tipped tool. This process also allowed the
reduction of **?Rn-induced surface activity, since during this operation up to 1.5 mm of sur-
face layer was removed. More specifically, the diamond-shaved PTFE panels surfaces showed
a reduction of about 20 mBq/ m? compared to the activity detected from untreated surfaces
of about 126 mBq/m* [103]. Following the procedure described in [103], after an initial clean-
ing with neutral soap in an ultrasonic bath — not used for PTFE panels to avoid damaging
the diamond-shaved surfaces — the plastic materials undergone immersion in a nitric acid
solution. The acid solution effectively dissolves impurities and facilitates their removal from
the material surface. Thorough rinsing with deionized water followed each cleaning step to
ensure the complete removal of residual contaminants and cleaning agents. Additionally,
the use of dedicated nitrogen flushed container boxes helped to prevent re-contamination of
PTFE and other plastic surfaces with Radon daughters or other impurities. This procedure
has demonstrated to reduce by a factor two at most the contamination of 210p and %o
on PTFE and plastic surfaces [108].

3.3 Radon Outgassing Contamination and the Radon Removal System

Detector materials continuously emanate *Rn and ***Rn. Their impact on the WIMP
background deeply differs due to their half-life and hence their grade of penetration inside
the LXe active volume. Indeed, 222Rn, with a half-life of about 3.8d, disperses in the full
TPC volume more homogeneously with respect to 220Rn, whose half-life is only about 55.6s.
Emanated *°Rn and **Rn contribution to the WIMP searches background level is only due
to the lowest part of their decay chains involving beta emissions. More specifically, the major
contribution is given by 214Pb, from 222Rn, and 212Pb, from 22ORn, beta decays respectively
to 21*Bi and *'?Bi ground states that populate the ER band. The subsequent Bismuth decays
are in the majority of cases not temporally resolved as two separate events by the XENONnT
DAQ system from the alpha events of the short-lived Polonium isotopes following in the chain
(see Figures 3.1 and 3.2 as references). Moreover, for the Uranium series, even if the Bi-Po
event does not end on a stable isotope, it leads to the creation of 210Pb7 with a half-life of
about 22.2y, that negligibly contributes to the WIMP searches background level.

The location of the potential Radon sources in the cryostat and the adjacent Xenon han-
dling facility, such as cryogenic and purification subsystems, are revealed by Radon emanation
measurements (already briefly described in the previous Section). The relative location of
these sources with respect to those of the detector and the Radon removal system define
their classification. Following the purification flow of Xenon in the XENONnT experiment,
the sources that might directly introduce the contaminants inside the TPC are classified as
type 1, while those that corrupt the Xenon volume passing through the Radon Removal Sys-
tem (RRS) before entering the detector are of type 2. Moreover, type 1 sources are further
grouped into two classes if they are in direct contact with the LXe phase (type 1la) or the
gaseous one (type 1b). In Table 3.3, the list of Radon emanating sources along with their
classification and **’Rn activity concentration per kilogram is reported.

The XENONnT RRS, which working principle is briefly described in the following para-
graph, can achieve a reduction of a factor two in the *22Rn activity concentration due to type
la sources, if a process flow of 62kg/h (175slpm) and a 8.4t Xenon inventory are assumed.
Moreover, an additional factor two is gained when type 1b Radon sources can be converted
in type 2 sources by extracting the polluted GXe from the detector, processing it through
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Table 3.3: (Edited from [109]) Radon source classification and activity concentration in XENONnT
assuming a 8.4t Xenon inventory

Type System *22Rn Activity [nBq/kg]
Type la  LXe TPC 1.11
Inner Vessel 0.3
GXe PUR 0.21
LXE PUR (bypassing RRS) 0.344
RRS-outlet 0.19
Type 1b  CRY 1.36
Cables 1.85
Type 2 RRS-inlet 0.3
LXE PUR (via RRS) 0.086

the RRS and finally re-inject it in the TPC as LXe.

3.3.1 The Radon Removal System Working Principles

The core of the RRS is a distillation column where the Radon removal takes place. Its
working principle is based on the difference in vapor pressure between these two noble gasses,
which provides the possibility of extracting purified Xenon in gaseous phase, while trapping
Radon atoms in the lowest part of the column. Given 222Rn short half-life, of about 3.8d,
this isotope will eventually decay without the need of extraction. This makes the Radon
removal procedure a Xenon-loss free process.

The Radon distillation column operates in a continuous mode. As in the scheme illustrated
in Figure 3.3, the RRS column is fed with both GXe and LXe according to the selected
operation mode. When LXe operation mode is enabled, type 2 and 1a, if extracting LXe at
high flow from the cryogenic system, sources are tackled. The LXe, while flowing towards
the bottom part of the column, is heated by the Xenon vapor drifting upwards against the
pressure gradient. Xenon, being about ten times more volatile than Radon for a large range
of temperature values, tends to leave the liquid phase by populating the gaseous one while
drifting towards the reboiler, positioned at the bottom part of the column. In this way, the
separation between a highly-purified gaseous phase and a Radon-concentrated liquid one is
achieved, by collecting the former at the head of the column and the latter in its lowest
part. The so-obtained purified GXe is extracted via a compressor, which pumps it into
the reboiler bottom vessel. By flowing in a closed loop into the top part of the reboiler,
it also serves as a heater to the Radon-concentrated condensed LXe which can in turn be
purified, via evaporation. Eventually the nearly-Radon-free GXe is condensed in the bottom
part of the reboiler and fed back into the XENONNT cryogenic system. The GXe operation
mode, instead, purifies the Xenon polluted by type 1b sources. This Xenon enters the Radon
distillation column from the cryogenic system and follows the same path described before for
LXe.

Emanated Radon from type 1b sources is removed with an efficiency close to 100 % by
exploiting the RRS in GXe-only mode. This reduces the total Radon activity concentration of
about a factor two. Moreover, when operating also in the LXe mode, the RRS can potentially
achieve an extra factor two in Radon concentration reduction when the entire 8.5t Xenon
volume is exchanged every 5.5d.



3. On the Origin of Lead Backgrounds in XENONnT 41

—_— —_—

- == GXe
A — LXe

|

| Condenser ||

GXe/GXe ¢ I
HE. : ————————————— -
=TT I
r I !
| I |
: I ! I
j Compressor | : :

|

L <« ! LXe I
PUR :
|
|

CRY

Figure 3.3: (Edited from [109]) Basic layout of the Radon distillation system. The GXe lines are
depicted in dashed dark blue, while LXe ones are in solid light blue. For both the flux direction is
indicated with arrows. Other XENONnT subsystems, such as the cryogenic (CRY) and LXe purifi-
cation (LXe PUR) ones, connected to the Radon distillation column are represented with gray boxes.

3.4 Radon Progeny Plate-out Phenomenon on PTFE Reflecting Surfaces

When designing a detector for rare-event physics whose energy region of interest is near the
detector threshold, any possible solution to enhance the signal detectability has to be con-
sidered. What defines the XENONNT low energy threshold (close to 1keV) is the limited
number of primary scintillation photons detected as S1 signal. This is why the amount of
light reaching the PMT arrays has to be maximized. A method to enhance the light collec-
tion efficiency exploits high-reflectivity surfaces at the cylindrical edges of the TPC. PTFE
material has demonstrated high performances in reflection of a range of vacuum ultravio-
let light compatible with Xenon wavelength, of about 175nm. Indeed, depending on the
surface finishing and the surrounding medium, the reflectivity of PTFE is measured to be
37-100 % [110].

The PTFE surfaces, beyond their optical properties, represent a drawback for the ex-
periment. Indeed, they are also responsible for introducing an additional Radon-generated
contaminant inside the detector, 210py,. This isotope accumulates on PTFE surfaces in the
detector construction phase, when exposed to Radon-laden air. Indeed, Radon daughters
may plate-out onto the surfaces by nuclear recoil in an alpha decay process.

The Radon-daughters plate-out phenomenon is a very well-known effect, whose draw-
backs are also observed in many other low-background experiments [111]. However, for those
utilizing PTFE materials to outline the active section of the chosen liquid target, this mech-
anism might produce more background events than expected. Indeed, given the PTFE high
probability of carrying negative charges due to triboelectric effect [112], and the likewise high
chance Radon daughters have to be positively charged (about 90 % [113]), the plate-out of
these latter into the PTFE surfaces is enhanced.
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The Radon-daughter contamination level also depend on the activity of this radionuclide
in the air to which the surfaces are exposed. This is an additional motivation which stresses
the importance of utilizing a high standard classified cleanroom, when the detector is assem-
bled underground. Indeed, if the typical activity of Radon in the air is about 10-100 Bq/ m3,
in the underground facilities it can increase to several thousand of Bq/ m? [111], enhancing
the plate-out rate probability. For the XENONnT detector construction phase, as already
discussed in Section 3.2, an ISO-6 cleanroom was used [103].

Certainly, the PTFE surfaces may be corrupted also before the detector assembly phase,
by means of air exposure during production, transportation and storage. However, as already
discussed in Section 3.2, these surfaces have been treated, cleaned and stocked in Nitrogen
flushed boxes. The exploited cleaning procedures, demonstrated the possibility of halving
the '°Pb contamination and removing up to ten times more that of 212py, Moreover, the
diamond-shaving process reduces even more the presence of these isotopes by removing the
first 1.5 mm surface layer. The storage procedure eventually preserves the cleaned status of
PTFE surfaces until the detector assembly phase [30].

3.5 Mitigation efforts for future generation experiments

For next-generation experiments LXe direct DM WIMP searches demand a great suppression
of the Uranium generated Lead backgrounds [29]. More specifically, a reduction by one
order of magnitude in outgassed *22Rn concentration is demanded. Additionally, the PTFE
contamination may play another crucial role if a telescopic design is foreseen in a multi-
stage experiment. Indeed, the rate of surface background defines the fiducial volume used for
analysis. If the surface-to-bulk ratio is not optimized, which happens only for an equilateral
cylinder TPC, a high-rate of surface background may strongly limit the analysis volume and
hence the experiment sensitivity.

The reduction of ***Rn easily gained by scaling the mass which goes as m 3 where m
is the LXe detector mass if equilateral cylinder TPC is assumed, is not enough to reach the
desired ER background levels (see Figure 3.4). Therefore, different efforts towards develop-
ing novel *2Rn mitigation strategies are being investigated. One of the most promising is
represented by copper coating of stainless-steal surfaces. Indeed, by covering the Uranium
polluted stainless steal surfaces with just 5pm electrochemically plated Copper, reduction
factors of about 130 and 1500 have been observed for **°Rn and ***Rn outgassing rates,
respectively [116]. These results clearly meet the requirement of a future large-scale experi-
ment. However, several aspects of this technique still require further investigation, including
its scalability and the radiopurity of the coating layer. A second potential method to dras-
tically reduce the Radon background, currently under study at Miinster University, is the
LowRAD distillation project, that aims in upgrading the distillation systems already in use
in the XENONT experiment [117]. More specifically, the upgrades targets the need of an
increased Radon column throughput flow, up to about 750kg/h, by means of a novel heat
pump concept able to provide approximately 20 kW of heating and cooling power for the
evaporation and liquefaction.

Concerning the PTFE panels, the current investigations have been focussing on the pos-
sibility of reducing the pillars and panels thickness, addressing the need of reduction of NR
background to WIMP searches, required for the next-generation experiment. Indeed, the
reduction of PTFE material will decrease the number of Fluorine nuclei potentially targets
for the (a,n) reaction. The current thickness of PTFE panels has been chosen to optically
decouple the instrumented LXe active volume from the skin one that lays inside the cryostat
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Figure 3.4: (From [114] and [115]) Yamashita plot on **’Rn activity concentration in LXe-based
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(dashed gray line) expected from the reduction in surface-to-volume ratio. The demanded radon

concentrations in next generation experiments (open squares) heavily deviate from the m~ Y3 trend,

thus requiring novel radon mitigation strategies.

but outside the TPC. To better address this issue a study on VUV light PTFE transmittance
has been conducted [118]. The obtained results show that few mm PTFE thickness would be
sufficient to optically decouple detector regions from each other, reducing the (a,n) reaction
and hence the foreseen NR background.






212Ph Branching Ratios Measurement

XENONDT is a low-background experiment for direct WIMP searches. Nevertheless, thanks
to its unprecedented levels of radiopurity, this experiment can also be exploited for nuclear
physics studies. Indeed, by operating the Radon Removal System (see Chapter 3) and having
carefully selected the experiment structural materials, the nuclear physics energy region of
interest (up to about 3MeV) is clean enough to perform precision measurements, such as
21B; first forbidden ground state or 136xe double beta decay spectral shape analyses.

Among these studies, the measurement of 212py, branching ratios to 212Bj excited states
with the signals and backgrounds model technique demonstrates the feasibility of utilizing
such a low-background experiment to access with enhanced precision these nuclear transition
values. This study, thanks to a simulation and a background modeling software ad hoc devel-
oped, accesses the #12p}, nuclear transition values via a binned fitting procedure exploiting
the *Rn calibration data-set.

This Chapter presents the methodology and the results of the 22py, branching ratios
study. Firstly, the physics goal is addressed in 4.1, by presenting the current status of the
existing literature. Then, after a detailed description of the modeling and inference procedure
in 4.2, the data selection criteria and the simulated cut efficiency curves are presented in 4.3.
Eventually, the background and signal components along with the results and a discussion
about possible systematic sources are respectively presented in 4.4 and 4.5. Unless otherwise
specified, all material presented in the following Chapter is original and has been produced
by the author of this Thesis.

4.1 212Pb Branching Ratios Measurement with XENONnT

When a nucleus decays via beta emission, there is a non-negligible probability of produc-
ing an excited daughter nucleus. This latter eventually transitions to its ground state via
gamma emission, typically occurring on the electromagnetic timescale (10712 s). The set of
probabilities associated with the production of the daughter nucleus in specific excited states
defines the beta decay scheme of an isotope. Except very atypical cases (see the 1o [119]
as an example), this latter is at first order determined by the variation of the total nuclear
quantum numbers. Specifically, the variation of nuclear angular momentum (J) and parity

45
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Table 4.1: (Edited from [120]) Selection rules for nuclear beta decay

Decay Type AJ Ar
Superallowed 0" =0t +
Allowed 0,1 +

First forbidden 0,1,2 —
Second forbidden 1,2,3 +
Third forbidden  2,3,4 —
Fourth forbidden 3,4,5 +

0+

) !

% 1 +415.272 keV
EX2

'81.7% 0 4 238632 keV
, EX1
}
}
1

2 + 115.183 keV

569.9 keV 113.3% 1

Figure 4.1: 22py, decay scheme, reporting the Q-value (in blue on the bottom left of blue dashed

decay path), 22gi energy level labels (in blue below the solid black line), their relative branching
ratios (above blue dashed arrows), their excitation energy values (in black above the relative level
line) and nuclear quantum numbers for angular momentum and parity (reported in the form J"
always on the relative level line). All values in the scheme are taken from [63].

(m) identifies different classes of beta transitions, here reported in Table 4.1. Where the
ground-state-to-ground-state transition requires significant changes in angular momentum
and /or parity (forbidden transition), there is, if feasible, a large probability for the parent
nucleus to access the daughter isotope excited states, reducing the total quantum numbers
variation.

212py, undergoes beta decay into 212B; - As deducible from the scheme in Figure 4.1, the
transition onto any possible accessible state of Bismuth daughter nucleus requires a nuclear
momentum and parity variation with respect to the Lead parent isotope, resulting in three
different first forbidden beta decays. For the sake of simplicity, in the following these three
different transitions from ground to the most energetic Bismuth state will be respectively
labeled as GS, EX1 and EX2 (see Figure 4.1 as illustrative reference).

All the values reported in the decay scheme of Figure 4.1 are the recommended 212py -
clear values reported in [63] by the laboratoire national de métrologie et d’essais-Laboratoire

National Henri Becquerel (LNHB). Another common reference, in this field of study, is the
Nuclear Data Sheet (NDS) [121]. Table 4.2 reports as a comparison the LNHB and NDS
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Table 4.2: Comparison between LNHB *'?Pb nuclear recommended values from [63] and NDS ones
from [121].

LNHB (Q-value 569.9(19) keV) NDS (Q-value 569.1(18) keV)
R [%] Excitation Energy [keV] R [%] Excitation Energy [keV]
as 13 3(1 ) 0 13. 7(10) 0
EX1 81.7(11) 238.632(2) 81.5(10) 238.632(2)
EX2 4.99(21) 415.272(11) 5.01(7) 415.272(11)

recommended values for transition Q-value, branching ratios and excitation energy levels for
212pp peta decay.

The recommended values for 2'?Pb to **?Bi beta decay branching ratios reported in both
references are indirectly calculated from gamma and internal conversion intensities. These
latter are either theoretically estimated, as in [122], or experimentally measured, such as
in [123], where silicon- and germainum-based detectors have been exploited. The last updates
of these measurements have been done in the 90s [124].

The novelty of measuring these values with the XENONnT experiment stands in two
different aspects. Firstly, the technique differs from the simple gamma spectroscopy used for
the literature reference values and relies on signal and background models method for the full
beta(+gamma) 212py, spectrum. Secondly, this measurement represent a direct assessment
to the **Pb beta decay branching fractions. This results particularly interesting for the
ground state branching ratio estimate, since a direct measurement would reduce its relative
uncertainty (currently about 7.7 %, as stated in Table 4.2).

4.2 The high-energy modeling and inference framework

Being the XENONNT experiment optimized for low-energies (1-10keV.,) WIMP nuclear
recoil signal searches, an ad hoc fitting framework for higher energy ranges was developed
for the scope of nuclear physics studies, such as the 212py, branching ratio analysis or the
nucleon disappearance search, already reported in [56]. Moreover, differently from dark
matter searches where the disentangled information of energy released in ionization and
excitation channels is of primary importance for background rejection, high energy nuclear
physics studies can be performed in the combined energy scale (CES) observable. This
observable is built by means of a linear combination of the excitation (cS1) and ionization
(cS2) signals. More specifically, we can write:

St C82> (4.1)

CES=W (
91 92

where W = 13.7 €V is the mean energy to produce a charge or light quanta (assumed to
be equal to 13.7€eV), g; is the photon detection efficiency and g, the charge amplification.
These latter two parameters are extracted by a common procedure exploiting calibration
and activation monochromatic sources, from 3TAr K-shell transition at 2.96 keV up to 2¢
nuclear gamma de-excitation at 4.439 MeV. Each of these monochromatic sources, present
monochromatic S1 and S2 responses that can be fit with skewed Gaussian distributions.
These fits return the values for the light (L,) and charge (Q,) yields for each source and
constitute a point in the calibration plot, also known after the name of Doke plot. As an
example, Figure 4.2(a) reports the Doke plot for the first XENONnT science run SRO.
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One may wonder how it is possible for such an optimized WIMP detector to allow the
study of such a wide energy range. The answer is that the XENONnT analysis tools rely on
PMT/ADC saturation correction algorithms that have been refined by exploiting the low-gain
PMT channels optimized for the high-energy read-out [86, 125]. Despite the visual agreement
(see Figure 4.2(a)) of the high-energy sources points within the linear interpretation of the
detector response, once the CES observable is compared with the true energy scale, a bias
towards higher values shows up, as clearly reported in Figure 4.2(b). In order to take into
account this feature in the modeling and fitting procedures in the CES observable space, a
parametric arctangent model constrained to equal 0 at 0 keV is optimized against the observed
bias, as described in [86]. The bias function hence results:

Bias(E)/E = Aarctan (kE), (4.2)

where A and k are optimized via fit procedure.

Moreover, by analyzing in the CES space the monochromatic sources by means of skewed-
Gaussian fit it is also possible to give an estimate of the resolution and skewness trends with
respect to the true energy. The first (see Figure 4.2(c) as reference), as expected is the linear
combination of the statistics term and the constant one:

o(E)/E = a/VE +b, (4.3)

where a and b are optimized by the fitting procedure. The electronic noise contribution,
scaling as Eil, is assumed negligible. Instead, the skewness is important below 30keV (see
Figure 4.2(d) as reference), where the detector response is not purely Gaussian. The variation
of the skewness parameter with respect to energy is interpolated with an exponential function:

u3(E)/E = aé’, (4.4)

where a and [ are optimized via fit procedure.

4.2.1 The Backgrounds and Signal modeling Module

Background and signal models are built starting from an input that can either be a theoretical
value/template or the result of a simulation. The theoretical value/templates are exploited
if a monochromatic source or a specific theory model for any contribution has to be taken
into account. The simulation-driven model is exploited in all other cases and is produced via
GEANT4. By exploiting the output of the tailored GEANT4-based Collaboration Monte
Carlo software as input to the epiz FastSim simulator [56, 126—128], is possible to cluster the
energy depositions and give a raw estimate of the S1 and S2 signals via NEST model. Indeed,
as better detailed in [127] an empirical match between observed data and epiz prediction
for S1 and S2 signals was found once the energy depositions simulated in GEANT4 were
grouped in clusters within bubbles of space and time radii of 5um and 10ns. After the
energy depositions clustering step the FastSim module reconstructs the simulation template
in the true energy (Emy.,.) observable space. A novel method based on more physics-driven
lineage clustering is now under investigation and could further improve the quanta generation
mechanism interpretation of the XENONnNT detector response.

The resulting theoretical or simulated spectra are then the input for the model generator
module, as illustrated in the scheme of Figure 4.3. After the rebinning operation to match the
user analysis configurations in CES space, the template is smeared with the detector response
function, represented by a skewed-Gaussian distribution with resolution and skewness as in
Figures 4.2(c) 4.2(d). In order to move from Er, into the CES observable space, the bias
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Figure 4.3: Scheme for background/signal model generator module of the high-energy CES modeling
and inference software. The oval box represents the input object, square ones symbolize the modules
blocks and the rectangular box depicts the output.
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Figure 4.4: Scheme for XENONNT run builder module. The oval boxes represent input objects, square
ones symbolize the modules blocks and the rectangular boxes depict the outputs.
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function of Figure 4.2(b) is applied. Finally, the template is multiplied by the cut efficiency,
determined with a dedicated study.

The obtained background or signal model represents only one component in the contri-
bution list that the user provides as input to the XENONnT run builder module, that also
handles simulation and fitting processes. The run builder module is further discussed in the
following paragraph.

A future upgrade for the model generator module foresees the inversion of the first two
stages. Rebin and smear operations could be swapped in order to provide more reliable
modeling also in the neighborhood of the low energy threshold. For the purpose of 212py,
branching ratios measurement, this upgrade was found to apport negligible differences in the
study outcome, while heavily increasing the computational costs of the fit procedure.

Additionally, it is possible to include data-driven models, that do not require the detector
response folding process. For this reason, these templates are prompted to the XENONnT
run builder module bypassing the model generator one. This feature is of crucial importance
for this study as better explained later in this Chapter.

4.2.2 The Fitting Procedure

The fitting procedure is handled by the XENONnT run builder module of the high-energy
modeling and inference framework. Beyond fitting, this module can also generate simulated
XENONNT data for sensitivity studies. In Figure 4.4, the scheme of this module is provided.
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The user-defined XENONNT run configurations in input to this module are:

e components: list of background and signal components contributing to the run to
simulate or analyze,

e activity: dictionary providing the (expected) activities and related uncertainties for
each component,

e efficiency: dictionary specifying the cut efficiency for each component,
e livetime: XENONNT run livetime,

o mass: LXe mass of the considered XENONnT fiducial volume (FV),

e ROI: lower and upper limits for the energy region of interest for the study,
e energy step: bin width value.

Some other extra sets of user-defined configuration inputs are available and set for this anal-
ysis to the default SRO values in the initialization process.

The fit module proceeds with building a binned logarithmic likelihood exploiting the
IMINUIT package. This log likelihood, being in its default configuration set to the Poisson
likelihood chi-square (y3) of [129], allows the inclusion of constraints useful for XENONnT
data fit where the contamination levels of some components can be known by parallel anal-
yses with good precision. Moreover, in order to dump potential systematic effects, some
nuisance parameters can be included and optimized in the fit procedure. However, in this
case, the fit block will access the model generator module more often, increasing the required
computational cost. This problem can be bypassed in future releases by including anchor
points for nuisance parameters that can greatly reduce the time of execution.

4.3 Data selection and cut efficiency curves

For the 2'*Pb branching ratios study the XENONnT first science run (SRO) along with its
?0Rn calibration campaign is exploited (refer to Chapter 2 for a brief description of the
XENONNT calibration system and procedures). However, differently from what is repre-
sented in Figure 4.5, only about half of the full *20Rn calibration data-set can be exploited
for this study. This is a consequence of the usage of a DAQ low-pass filter that was exploited
to reduce the data acquisition rate, without affecting the low-energy range for WIMP ER
band calibration.

In order to perform the 22py, branching ratios measurement, the selected data-sets have
to be further cleaned in order to remove spurious nonphysical pulses and reduce undesired
backgrounds. To this purpose, an optimized list of selection rules (in the following referred
as cuts), has been investigated. Among these, the choice of the analysis fiducial volume,
which is the geometrical cut applied to reduce the impact of external backgrounds, is firstly
described. Then, the quality cuts, selecting specific sub-sets of events based on the properties
of their S1 and S2 signals, are discussed.

4.3.1 Fiducial volume optimization

The *?Pb signal is uniformly distributed in the whole TPC. This is a consequence of the
homogeneous diffusion of **’Rn calibration source in the LXe volume (see Chapter 2 for a brief
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Figure 4.5: (Edited from [86]) WIMP SRO cumulative Lifetime (black solid line). The growth rate
of SRO lifetime is discontinuous due to either foreseen calibration campaigns (represented as colored
bands) or general maintenance operations (gray bands).

description of the calibration system). This signature does not characterize every radioactive
background polluting the energy region of interest to this study. Indeed, the XENONnT
cryostat along with other structural materials, surrounding the LXe active volume, introduces
several radioactive contaminants that trigger events inside the TPC. Among these, there are
evidences of 2**Th and **®U radioactive chains contributions as well as °°C and 2'°Pb. All
these backgrounds are generally referred as material or wall backgrounds, according to the
analysis. XENON studies refer to material background when a ROI upper limit exceeds
50keV where radioactive contaminants from cryostat dominate. Otherwise, for example in
WIMP searches, it is labelled as wall or surface background and it is mainly due to 20py,
plated onto the Teflon panels outlining the TPC borders [130]. For a more comprehensive
and detailed description of the wall background, refer to Chapter 6.

For the WIMP studies [131] the surface background is modeled with a data-driven ap-
proach by exploiting unblinded side-bands and its impact is reduced by means of the FV
cut. Conversely, for the 212py, branching ratio studies it is possible to apply an alternative
technique. Since, for this particular study, the signal is produced by the *0Rn calibration
source, the SRO runs collected for WIMP searches can be used as a template for every con-
stant XENONNT background. To do so, the SRO background data-set is cleaned by means
of the same quality cuts and binned in the CES observable space in the same manner as the
*20Rn calibration one.

With this method, one could think that, given the large lifetime of radioactive isotopes
from material background, every contribution with non-uniform spatial distribution is fully
modeled. However, the 220Rn source itself generates two spatial dependent background, in
the following referred as Bismuth (or ***Bi) skin and ***Pb PTFE.

The Bismuth skin source-induced background is due to the production of 212Bi and its
daughter decay chain from the decay of 212py,, 212Bi, as reported in Figure 3.2, can either



4. *12py Branching Ratios Measurement 53

decay via beta or alpha transitions respectively into 212p,, (with a branching ratio of about
64.1 %) and 208 (with a branching ratio of about 35.9 %). In principle, also the first decay
mode of *'?Bi and the beta decay of 29871 could contribute as backgrounds in the energy
region for 212py, study. However, on the one hand, the first is vetoed by the subsequent
alpha decay of *'*Po. Indeed, the short half-life of 2'*Po (0.3 ps), the narrow mean free
path of alpha particles in LXe and the architecture of the XENONnT event reconstruction
algorithm cause the reconstruction of 12Bi §1 and S2 pulses in the same analysis window of
the following 210pg, alpha decay. Therefore, this distinct signature can be exploited as veto
and prevent the reconstruction of ?12Bi bulk events inside the **?Pb study energy region of
interest. On the other hand, the TPC bulk 20871 contribution is similarly vetoed by the
daughter nucleus gamma de-excitation cascade which in the 99.8% of cases generates the
characteristic 2615 keV gamma. Simulations of this possible background contributions, have
excluded the *°®TI contribution in the ROI of *'*Pb study.

This rejection of 212Bj events occurs for events inside the TPC volume. However, when
these decays happen just outside the Teflon walls but still inside the cryostat, they constitute
the Bismuth skin background. Indeed, even if the alpha and beta particles emitted in the 212g4
decay can hardly penetrate the Teflon wall or survive the high grammage of LXe material, the
gammas emitted in the following de-excitation processes have a non-negligible probability of
triggering events inside the XENONnT TPC. Therefore, the consequent signature in the CES
observable space will be the presence of these isotopes gamma peaks lying upon a continuous
background coming from multiple site energy losses.

A second source-induced background is due to 212py, isotope plating out into Teflon sur-
faces. This phenomenon, enhanced by the high probability Radon daughters have to be
positively charged and the Teflon triboelectric effect [112], generates a 212py source layer at
the borders of the TPC. The consequences of this accumulation are similar to the Bismuth
skin in terms of spectra shape, except for its proximity to the active LXe volume, which
introduce more events at lower energies.

Bismuth skin, 212py, plate-out on Teflon and materials contribution, included in SRO
background model, are not the only spectral components in the 22py, study energy region
of interest showing a spatial dependence. Indeed, the same feature is associated with the
emission of a gamma consequently to the beta decay of 212ph when occurring in the proximity
of TPC borders. In particular, the emitted gamma may escape the instrumented L Xe volume
introducing a slight spatial dependence on the shape of the 212py, energy spectrum.

These spatial dependent components may eventually affect the evaluation of the 212py,
beta decay branching ratios, if not correctly modeled. More specifically, since the target of
this study is to achieve for the first time via direct assessment a more precise measurement
of the 2'*Pb ground state branching ratio, the impact of these spatial backgrounds has to
be evaluated and as much as possible limited in its specific region of interest. However, at
the same time, it is worth to optimize the FV so that the estimated relative uncertainty of
the 2?Pb ground state branching ratio is minimized. For these reasons, in order to find the
optimal compromise between analyzing the largest possible statistics and rejecting the most
significant potentially-harmful background, the following figure of merit is defined [132]:

5 M
VS+B  /Cicrol Ni’

where S and B are the signal and background rates. Being the signal homogeneously dis-
tributed in the active volume, the FOM is proportional to the considered LXe mass M,
scaled by the square root of the sum over ¢ of the V;, the full 220Rn calibration run template
i-th bin counts in the ground state-only ROI. This latter is defined to range between the

FOM (4.5)
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Figure 4.6: Fiducial volume optimization by maximization of FOM of Equation 4.5. Left (Figure (a))
FOM computed for different cylindrical volume data selections; the computed FOM is referred to the
cylindrical fiducial volume with radius and height indicated by the top-right corner of each rectangle.
Right (Figure (b)) FOM computed in equal-mass TPC portions (color map), optimized fiducial volume
for '*Pb branching ratios analysis (red solid line) and low-energy electron recoil analysis FV [133].

arbitrarily-chosen analysis low CES limit, 30keV, and the 212B; first excited state energy

gap, 1-o smeared and biased accounting the detector response, at about 244keV. In order
to account both S and B components, the considered template include the full simulation
of 212pp (with branching ratios set accordingly to the Collaboration default values), the Bis-
muth skin and the SRO background model. Other background contributions, such as 131mXe,
were not included given their very strong signature in the CES observable space, while 212py,
PTFE was not considered since its presence was discovered in a later step.

For simplicity, the FV is constrained to be cylindrical and centered in the TPC center.
Therefore, by varying its height and radius, a set of LXe masses and spatial-dependent
background rates are obtained. The FOM computed for a set of cylinders with squared
radii (heights) extending from Ocm? (cm) up to the TPC borders 4408.96 cm? (150 cm) is
depicted in Figure 4.6(a). The raw discretization used in binning the full TPC volume has
been exploited not to be biased by any statistical fluctuation of the templates. As deducible
by this plot, the FOM reaches its maximum for a FV characterized by a radius 3306.0 cm?
of and a height of 130cm. Figure 4.6(b) reports this optimized FV, compared to the low
energy electron recoil analysis of [133] and the FOM computed for each identical-mass TPC
portion, which highlights the impact of spatial-dependent backgrounds as the radius and
height increase.

The estimation of the FV LXe mass cannot be simply obtained by computing the geo-
metrical volume and the LXe density given the pressure and temperature conditions. This
happens because of the charge insensitive volume that makes the TPC blinded to the events
occurring in its bottom corners [130]. (A better description of this feature in provided
Chapter 6). Therefore, in order to estimate the active mass enclosed inside the chosen FV| a
conservative approach of geometrical scaling the low-energy electron recoil one was adopted.
The analysis returned a LXe fiducial mass of 3.71(12) t. The obtained a FOM improvement,
with respect to the full TPC volume one, of about 30% was gained. For completeness,
Table 4.3 summarizes all the optimized FV details.
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Table 4.3: *'?Pb optimized fiducial volume details.

R? [em?]  Zyoy [cm] Ziign [cm]  LXe Mass [t]
3306.0 —140.0 —-10.0 3.71

4.3.2 Cut efficiency single states and background curves

The fiducial volume selection, reducing the effects of spatial-dependent background, is not
enough to clean the data-sets for 22py, branching ratios measurement. Indeed, on top of
this, other selection rules have to be applied to limit the number of non-physical or misrecon-
structed events while reducing other sources of backgrounds. To do so, a sub-set of selection
rules exploited in the low-energy electronic recoil new-physics searches [133], have also been
utilized for this study. The selected cuts are the result of a compromise between analyzing
the majority of the statistics while assuring pure enough data-sets in order to achieve a clean
22py, analysis. In Table 4.4 the list and a brief summary of the used data quality and prior
selection rules (cuts) are reported.

Commonly, the cut acceptance is evaluated via data-driven approach and estimated by
considering the effects the selection rules have on a gamma peak whose energy is close to or
inside the ROI. However, this approach cannot be exploited for this analysis for two main
reasons. The first one is that the expected cut acceptance is not constant throughout the full
ROI, due to the energy and topology dependence of some selection rules. The second one is
proper of this analysis: the acceptance of the three 22py, spectra, which differs due to the
different event topologies, cannot be estimated by the cumulative observed 212p}, calibration
spectrum, where these components are overlapped. For these reasons, this analysis exploits
simulation-driven cut acceptance curves.

To do so, full simulations of 212ph first and second excited states, 21ph full spectrum,
Bismuth skin and electrons with energy uniformly distributed in 0-750keV were performed.
The choice of using electrons instead of simulating the 22py, ground state spectrum (pure beta
decay) was done in order to obtain enough statistics in the full ROI and also to exploit the
same so-obtained cut acceptance for other background components featuring single electron
recoil events (caused by either beta or gamma particles).

The cut acceptance curves are then computed by means of the ratio of binned simulation
templates after and before the application of the quality cuts, reported in Table 4.4. Given
that the simulated templates do not cover the full ROI of this study, these curves have been
constrained to 1 in the bins where 0 counts were found. Moreover, since the cut relative to
the top PMT fraction of c¢S2 area has been developed as a quality cut on data, it cannot
be applied on simulations and hence its impact is estimated from the data-sets exploiting
the N—1 approach (see Figure 4.7 as reference) and then convolved with the cut acceptance
computed by templates ratio. The N—1 method, aims in computing the cut acceptance of a
single cut by means of the ratio between the binned histograms after the application of all
selection rules and the one obtained excluding the application of that specific cut.

By following this approach, the 212ph two excited states, the electrons, the Bismuth skin
and the full-spectrum 21pp cut acceptance curves are calculated and eventually smoothed
with a moving average technique. Figure 4.8 represents these curves, where the uncertainties
are computed with the Clopper-Pearson method [134], defined by the number of events per
bin, then accordingly modified by the smoothing procedure. On top of these curves, in order
to get the full signal and background efficiencies, the estimated detection efficiency and S2
signal threshold acceptance, which differs from 1 only in the neighborhood of the XENONnT
low-energy threshold (lower than 1keV), are multiplied.
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Table 4.4: (Inspired by [56]) Data selection adopted in the *'Pb branching ratios analysis. The table
reports the name of the cuts and their description. Cuts highlighted in dark gray are used as prior
selections for both simulations and observed data, those highlighted in light gray are used as pre-
selections for data only and those that are not highlighted are used as quality cuts. Upon these latter
the cut acceptance is computed. For the electrons cut acceptance only the cut_ s2_ single scatter was
used as a quality selection rather than a prior one.

Cut name Description

Rejects events in which a PMT contributes most

of the entire S1 area, mainly due to spurious PMT

light emission or PMT after-pulses. It effectively

rejects AC events. The selection threshold varies
with the depth of the TPC: Towards the bottom
of the TPC, events are more localized, and the
threshold is less rigid.

cut_sl_single scatter Checks if an alternative S1 in an event waveform
exist to form a valid S1 and S2 pair. If so, the
event is removed. The selection rejects misrecon-
structed events and MS.

cut_ sl naive bayes Checks how probable the reconstructed Sl is a
true S1. The probability is assigned by a Naive
Bayes Classifier, a supervised machine learning
algorithm trained on simulations, which classifies
peaks as Sl-like or S2-like. It targets misrecon-
structed events and rejects AC events at low S1
areas.

cut_s2 width wire modeled low er Rejects events with unusual S2 width for the po-
sition where they have been reconstructed. Due
to the presence of perpendicular wires, which
distorts the electron cloud trajectory, the rejec-
tion threshold has two definitions depending on
whether the events are reconstructed near or far
from the wires. It rejects MS, AC and non-
physical events.

cut_s2_naive_ bayes Identical to the S1-based cut, but based on S2 fea-
tures. It rejects events with poorly reconstructed

S2s.

cut_sl_ max_ pmt
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nents the acceptance is set to one.

In order to prove the reliability of this approach, beyond the thorough validation of the
XENONnT Monte Carlo tools against calibration data across extended energy ranges [56],
an extra simulation of 2'*Pb full spectrum, with branching ratios fixed to the Collaboration
default values, has been performed. The cut acceptance obtained with this simulation can
be directly compared with the data-driven one by exploiting both SR0O science and ?0Rn
calibration data. Assuming that the ?20Rn calibration data-sets is composed by both 212py,
and background contributions, in order to obtain the data-driven cut efficiency of solely 212py,
spectrum epy,, the following bin-wise computation has to be performed:

€Rn,i = €Pb i + €pkg (1 —8) — €pp ;= (€rn; — €big (1 — Si))s%.v (4.6)

where €gy, ;, €p1g ;, and s; are respectively the data-driven cut acceptance obtained from the

220Rn calibration data, the one computed for SRO background data and the 212py, signal
fraction in the ¢-th bin. This latter can be computed by assuming that in each bin the
contribution due to the background is that obtained by scaling the SR0O background template
for the relative lifetimes of the two data sets.

The obtained data-driven cut acceptance, compared to the simulation-driven one is repre-
sented in Figure 4.9(a). After the application of the moving average for smoothing purposes,
the simulation- and data-driven curves ratio, plotted in Figure 4.9(b), is obtained. The
2.2(6) % average shift of ratio from 1 can be explained by looking at a more detailed com-
parison into the cut-by-cut acceptance curves, computed with the N-1 method, reported in
Figure 4.10. This discrepancy is likely introduced by both cut_sl_single scatter 4.10(b)
and cut_s2_width_wire_modeled_low__er 4.10(e) effects and by the cuts correlations, that
are not present for the 212py, simulations but show up in the observed data-sets.

4.4 Background and signal model components

As stated in previous paragraphs, in order to constrain the background contributions, the
22py, branching ratio analysis exploits both the *20Rn calibration and WIMP science (also
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Figure 4.9: Simulation- and data-driven cut acceptance curves for 22p}, spectrum, their compari-
son (a) and their ratio after moving average smoothing approach (b).

labeled as background) data-sets. In Figure 4.11, these two data-sets are binned and com-
pared in the CES observable space. By exploiting SR0 background runs as a template, every
constant (or long-lived compared to the experimental lifetime) background contribution is
included in the 2'*Pb branching ratios analysis fit. However, this is not enough to fully
model the background contributions to this study. Indeed, XENONnT detector is also pol-
luted by time-dependent backgrounds, which can be subdivided into two classes. The first
one is introduced by calibration campaigns while the second one relates with the purification
operations.

To the first class belong lznge, 131mXe, 133% e (activated during the AmBe calibration
campaigns) and S3mpcy (injected during Krypton calibration runs) backgrounds. These iso-
topes activity can be traced during the whole SRO lifetime by studying their contribution
in specific CES windows. The results of this analysis for neutron-induced backgrounds are
reported in Figure 4.12. Given the faint activity of 133Xe, see Figure 4.12 as reference, in
both #*°Rn calibration and SRO background runs, it is possible to neglect its contribution for
the 2'*Pb branching ratio study. Concerning Sy instead, given its strong signature in the
CES space (peak at around 40keV), its contribution was included in the fit model without
any constraint.

To the second class of time-dependent backgrounds belong 214ph and ¥Kr isotopes, which
should be constantly removed respectively by the RSS and the Krypton distillation systems.
However, depending on the commissioning and maintenance of these systems, these isotopes
activities may vary during the data-taking. During SRO, the Radon column was operated in
GXe-only mode and hence the *22Rn background was reduced by about 50 % (see Chapter 3
as reference). However, the RSS system was only switched on after the *0Rn calibration
campaign. This hence requires the inclusion of 2lipy, component in the fit model. Moreover,
it is possible to estimate the activity of this isotope by studying the rate of the alpha peaks
generated in the radioactive chain. The result of this analysis, reported in Figure 4.13, can
be used to constrain the 2'*Pb contribution in the fit model. Concerning 85K1r, instead, no
strong evidences of its presence were found in the fit procedure and hence, also supported by
the ones collected by pipette measurements, it was decided to be removed from the model
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Figure 4.12: (Edited from [56]) Temporal evolution model with 1 and 20 band uncertainties of neutron-
induced background rate based on an exponential plus linear background fit of 120my o (red), 131my o
(orange), and 133%e (yellow). The rate was extracted in specific CES windows given by the energy of
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the extracted rate. The calibration periods, e.g., 241AmBe7 are shown as reported in the legend.



4. *12py Branching Ratios Measurement 61

~N
~

4.0
Radon Removal System: Radon Removal System:
35 GXe-only mode GXe+LXe mode

3.0
25k 1.8 nBg/kg
20

15

0.8 pBa/kg

PRI H{Iﬁ l}[liiﬁ“g}}{{(
I by R ]

0.5 i

1.0

222Rn Activity Concentration [pBq/kg]

37Ar calibration and removal
RRS improvements and restart

.

Norm. Res.

L L L L L L/ " L 1 L L L
0 20 40 60 80 100 1207 /340 360 380 400 420 440
Time since 01 July 2021 [d]
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in GXe-only mode (During SR0), and RRS in GXe+LXe mode (During SR1).

contribution list.

As far as signal components are concerned, a theoretical model for the 22py, ground state
pure beta spectrum as well as two GEANT4-based templates for the excited states have been
exploited. The 212py, ground state spectral shape, taken from [135], represents an improved
model with respect to the GEANT4 version. Indeed, by means of large-scale shell-model
calculations and the inclusion of atomic screening and exchange effects, this model show a
12.1-19.0 % difference in a range 1-15 keV with respect to the version computed assuming an
allowed decay, which is very similar to the one considered in the GEANT4 electron energy
generation. In this analysis, even if the two 212p}, peta decays to the 212B; excited states
are first-forbidden as the pure beta one, these latter templates were computed starting from
GEANT4 simulations. As remarked at the end of this Chapter, a future update of this study
could be the usage of first-forbidden beta shape models also for these decays.

4.5 Branching Ratios Results from the Fit

Once the model components are set, the fit to data can be performed. In this section, a
review of the statistical framework and the computation of the final measurements along
with a discussion on possible systematic source are presented.

4.5.1 The statistical framework and likelihood construction

For the fitting procedure the Poisson chi-square likelihood, described in [129], was exploited.
Starting from the assumption that the count of the i-th bin follows a Poisson statistics and
that the bins counts are statistically independent of each others, we can write the Poisson
likelihood as: .
Y

[

Lp= HeXp(_yi) (4.7)
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where y; are the number of events predicted by the model in the i-th bin and n; are the
observed ones. By exploiting the goodness-of-fit likelihood ratio test theorem, it is possible
to define the following X2 test statistics:

X%D =—2InA = —-2[InLp(m;;n;) — In Lp(yi;ny)] (4.8)

where m; are defined as the true (unknown) values for n;. Being the first term independent
of y;, the minimization process of X%D also maximizes the Poisson likelihood function Lp of
Equation 4.7. By replacing the unknown m; by the i-th bin model-indpendent maximum
likelihood estimation (n;), it is possible to define the Poisson likelihood chi-square as:

i = 22 [yl —n; +n;log (nlﬂ . (4.9)
P Yi

As defaults for this analysis the data and the model have been binned considering an ROI
of [30,620] keV and a bin width of 2keV. These arbitrary choices have been made on physics
bases. On the one hand the ROI choice was dictated by the reduction of the accidental
coincidence background, impacting the low energy range, while at high-energy ranges the
limit was set to be larger than the *'*Pb beta decay Q-value (see Table 4.2) and then the
208 gamma peak (see Figure 4.11) to better constrain the Bismuth skin background. On the
other hand, the choice of the bin width was driven by the capability of the detector response
model to correctly reproduce the peaks line shapes. Given the arbitrary nature of these two
analysis configurations, the impact of their configuration values on the 22py, branching ratios
measurement has been checked and reviewed at the end of this Chapter.

The minimization of Xi returns the best fit values for the rate multipliers, which scale
the initialization activity of the different fit components of the model. Beyond these, some
other nuisance parameters to include potential systematic effects due to detector response
interpretation and cut acceptance computation are also optimized. More specifically, the
considered nuisance parameters are: A and k from the energy bias calibration curve (see
Figure 4.2(b) and Equation 4.2) with the additional ¢ parameter to better fit the offset, a
and b from the energy resolution calibration curve (see Figure 4.2(c) and Equation 4.3), « and
B from the skewness calibration curve (see Figure 4.2(d) and Equation 4.4) and one parameter
for each cut efficiency curve scaling it between its +£1¢ band artificially enlarged by a factor
3, to partially reduce the potential systematic introduced by the simulation-data mismatch.
When, the cut efficiency shape parameters equal —1, the efficiency curves collapses to the
(—1o) curve, when instead they equal +1, the efficiencies hit the +1o limit. When equal to
0, the curves are identical to the input ones.

Moreover, the Likelihood was penalized with additional terms. In particular, Gaussian
constraints where introduced for 1BlmXe, 129my o and 2MPb rate multipliers, according to the
analysis presented before and illustrated in Figure 4.12, and for SRO background template,
by considering as relative variance the Poisson one of this data-set full statistics. Addition-
ally, other Gaussian constraints have been exploited for nuisance parameters both for the
detector response ones, considering the uncertainties of the input parameters reported in
Figures 4.2(b), 4.2(c) and 4.2(d), and for the efficiency ones maximizing the probability at
0.

In order to give a better initialization for the parameters in the model, a pre-fit of the
same 2*’Rn calibration data-set was performed by exploiting the full 212py, spectrum (with
branching ratios set to the Collaboration default values). With the obtained activities, the
rate multipliers for the different contributions have been set, while the nuisance parameters
have been initialized either with their side-analyses best-fit values or to 0 for efficiency mod-
ifiers. It is hence worth to notice that the three 2'?Pb signal spectra have been all initialized
with the same activity value.
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Table 4.5: *?Pb branching ratios study fit results. Gray highlighted entries mark nuisance parameters.

Parameter Best Fit Value Hesse Error
22py, GS 0.1585 0.0013
22py EX1 0.8154 0.0027
22py EX2 0.0462 0.0015
24py, 1.00 0.04
83mpey. 0.0 0.11
129my o 1.97 0.06
13lmyy 1.0002 0.0017
212B; gkin 1.07 0.05
SRO background 1.0000 0.0035
A 0.02 0.02

k 0.01 0.38

a 0.374 0.010
b 2.4e-3 0.7¢-3
o 1.9819 0.0030
B -1.2318 0.0016
B 0.000 0.012
Bloctrons 0.004 0.017
EPLEX1 0.01 0.6
EPLEX? 0.01 0.32
—— -0.0 0.4

By applying all the above considerations, the Poisson likelihood chi-square, penalized with
the constraint terms, was minimized and the results summarized in Table 4.5 and illustrated in
Figure 4.14 were obtained. For visualization purposes, in the Figure 4.14(a), all backgrounds

sources (24P, BKr, ™MXe, B™Xe 21?Bi skin and SRO background) have been summed
together in the Background contribution.

To better illustrate the meaning of the values obtained for the nuisance parameters in
the fit procedure, Figure 4.15 is reported. From these plots it is possible to deduce that the
optimized detector response curves, as determined with the 212py, analysis best-fit values, are
compatible with the nominal ones also used in other studies. In order to give a more solid idea
about the outcome of this study a simple goodness of fit test was performed, by following the
indications reported in [129]. By exploiting the GOFevaluation python package [101], with
an observed Poisson chi-square value of about 342.9, we computed a p-value of about 0.03.

4.5.2 The Branching Ratios Estimation and Potential Systematic Sources

The 2"?Pb BRs can be extracted from the best-fit values if the signal models rate multipli-
ers. This is done by considering the parameters fit covariance matrix, obtained from the
Likelihood chi-square Hessian, supposing the Likelihood has a nearly-paraboloid shape in the
neighborhood of its minimum, and renormalizing their sum to 1. In formulae, for the 212py,
state ¢ (where ¢ runs over [GS,EX1,EX2]), the branching ratio (BR;) and its uncertainty
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Figure 4.14: Final result of 22py, branching ratio analysis. *20Rn binned data-set fit showed for
linear (a) and logarithmic (b) y scale.
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Figure 4.15: Detector response and model components efficiency curves. Figures (a) (b) (¢) show the
curves with nuisance parameters set to best-fit values (solid blue in analysis ROI, dashed blue outside
the ROI), compared to the nominal ones (solid light-blue curves.). Figure (d) shows the cut efficiency
curves and their 1o band for different model contributions multiplied for their best-fit value nuisance
modifiers. Efficiency curves here reported are sampled in the fit model templates bin centers.



66 4.5 Branching Ratios Results from the Fit

Table 4.6: Results of the 2'*Pb branching ratios analysis. The reported uncertainties are here only
determined by the analyzed statistics.

212pp, state  Branching Ratio [%]

GS 15.28 + 0.13
EX1 80.1 + 0.2
EX2 4.62 £+ 0.18
(0BR,) result to be:
RM;
BR,; = > : (4.10)
2 o (X— RM,)?
O9BR; = ORM, ™ 4
> (4.11)
(RM, Y — ) ‘
+Z O'RM GS) + —20;RM; ——— +220]k,
7>t 2 k>j

where ¥ = Y, RM,;, RM; is the best fit rate multiplier value of the 22pp state 4. This
computation lead to the 22py, branching ratios measurement reported in Table 4.6

This measurement method may be affected by systematic uncertainties or biases intro-
duced by the configuration choices arbitrarily done, such as the bin width or the ROI consid-
ered, or set as a result of an optimization process, such as the choice of the selected fiducial
volume. For this reason this analysis is repeated for different settings of these configurations.
The results in terms of GS, EX1 and EX2 branching ratios are reported in Figures 4.16, 4.17
and 4.18. In a very conservative way, we consider as systematic uncertainty introduced by
each configuration setting (bin width, ROI, FV and data-set livetime) the maximum differ-
ence between the reference measurement and the other measurements, requiring a maximum
20 migration for nuisance parameters from the reference ones. As an example, we here report
in Figure 4.19 the results of the fit of the data binned with 1keV bin width and considering
the 2t FV. In both these cases, the migration of the energy bias k and ¢ parameters does
not meet the requirement, making the fit less reliable. Thus, the 1keV bin width and 2t FV
measurements are not considered for the estimation of the systematic uncertainties.

Eventually, these systematic uncertainties are combined to get the estimate of the total
systematic uncertainty of the measurement. The final results quoting systematic uncertainties
are:

BRgg = 15.28 4 0.13(stat) 7033 (sys) % (4.12)
BRyx; = 80.1 & 0.2(stat) 03 (sys) % (4.13)
BRpxo = 4.62 + 0.18(stat) 75 2(sys) % (4.14)

For a more illustrative representation of these results compared to the literature values of
Table 4.2, Figure 4.20 is reported. Quantitatively, by comparing, by means of the Z-test
statistics, these measurements to the combined literature values, obtained via weighted av-
erage, the results reported in Table 4.7 are obtained. The literature combined values were
exploited in this test given the great agreement between the two references.

4.5.3 Discussion on Results

The results obtained in this work represent the first direct measurement of the 212ph hranch-
ing ratios to the 212p; ground and excited states. Specifically, by directly accessing these
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Figure 4.16: *'*Pb GS branching ratios measurements with different bin width, ROL, FV and data-set

livetime configurations settings for the fit (dark blue points). Reference measurements are reported
as light-blue points and dashed horizontal lines, along with their light-blue 1o band.

Table 4.7: Z-test statistics for ***Pb branching ratios result compared to the combined literature
values, including systematic uncertainties.

21Bi state  Z-test statistics
GS 2.16
EX1 -1.69

EX2 -1.67
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Figure 4.17: 212py, EX1 branching ratios measurements with different bin width, ROI, F'V and data-
set livetime configurations settings for the fit (dark blue points). Reference measurements are reported
as light-blue points and dashed horizontal lines, along with their light-blue 1o band.
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Figure 4.18: 22pp, EX2 branching ratios measurements with different bin width, ROI, FV and data-
set livetime configurations settings for the fit (dark blue points). Reference measurements are reported
as light-blue points and dashed horizontal lines, along with their light-blue 1o band.
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values from the data, we achieved an enhanced precision on the branching ratio to the 22p4
ground state, by reducing its relative uncertainty of about one order of magnitude if consid-
ering only the statistical error, from about 7.7 % to about 0.85 %, or of about a factor three
if considering also the systematic uncertainty, from about 7.7 % to about 2.2 %.

Beyond the relative uncertainty refinement, the advantage of a direct measurement, such
as the one described in this Chapter, mainly concerns the reduction of the possible system-
atic, via concurrent assessment of the rates of the three decay modes of 22py, Indeed, the
only source of systematic uncertainties, as visible in Figure 4.20, are probably due to slight
mismodeling of signal and background components made evident when performing the mea-
surement in different FVs and selecting sub-data-sets. This latter test has indeed remarked
the possibility of an either missing or mismodeled background component characterized by a
non-constant behavior. Although, thorough checks, for simplicity here not reported, tend to
favor the mismodeling hypothesis with respect to a missing component.

As far as the literature compatibility is concerned, the study results present a deviation of
about 20 for all the three 2**Pb BRs. This outcome as well as the modeling and fitting frame-
work was thus subject to several checks all agreeing with the reported results. Further proofs
to the reliability of the presented analysis and results might be obtained in future XENONnT
studies, improving the statistics, by including other *20Rn calibration data-sets from SR1 and
SR2 and exploiting the theory models for EX1 and EX2 beta energy spectral shapes recently
published [136]. Indeed, this second improvement can introduce non-negligible effects to this
analysis, given the observed deviation between GEANT4 and first-forbidden spectral shapes
for *?Pb GS decay.

Furthermore, this analysis proved the feasibility of high-precision nuclear physics mea-
surements using an experiment a la XENONnT, thanks to the extremely low background rate
together with the sophisticated knowledge of the detector response. With such techniques, the
standards of sensitivities achieved with common instruments exploited for nuclear precision
physics were met and overcome. This analysis, along with other recent studies exploiting
low-radioactivity techniques [102, 137-139], underlines the importance of refined precision
nuclear measurements. Indeed, as the advancements in the rare-events searches experimental
techniques push the discovery power to new levels, very precise knowledge on the remaining
background contributions is demanded. This is exactly the case of Solar-pp neutrino searches
in the XENONnT ER band. Indeed, the current literature on 2Py beta decay transition
is not precise enough for the Solar-pp neutrino searches. For this reason, as reported in the
next Chapter, a direct assessment of the 2lipy, branching ratios was performed, overcoming
the precision and the tension present in literature.
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2ipy, undergoes beta decay into 2lp; Similarly to the study presented in the Chapter 4,
where the measurement of the 2'*Pb branching ratios to the 22g4 ground and excited states is
reported, the study on 24Py, is here outlined. Given that the very same modeling and fitting
framework described in the previous Chapter is also used for the inference of this study,
in the following only the discussions on the physics case and on the results are reported.
More specifically, in 5.1 the impact of 2ipy, ground state branching ratio uncertainty on the
XENONNT experiment physics searches in the electronic recoil channel is discussed. Then,
in 5.2 a discussion of the sensitivity study that led to the *22Rn calibration of XENONnT
TPC during SR1 is presented. Finally, after 5.3 and 5.4 where data selection and signal
and background modeling are presented, the results of this study are detailed in 5.5. Unless
otherwise specified, all material presented in the following Chapter is original and has been
produced by the author of this Thesis.

5.1 On the Impact of 2*Ph on XENONT Electron Recoil Physics Searches

Beyond WIMP direct dark matter searches, the potential XENONNT rare-events physics
reach is vast. Part of these studies, given the expected interaction nature of the hunted
particles, are based on specific signal searches within the electron recoil data-set. Such
studies hence require the deep knowledge of the electron recoil backgrounds.

For example, the electronic recoil new-physics studies in the low-energy range (below
20keV) published in [133], primarily motivated by the observation of the XENONIT ex-
cess [140], were based on specific signals searches on top of a physics-motivated and con-
strained background model. This background model fitted up to 140keV, is presented in
Figure 5.1. As clearly visible in this plot, the major contribution to the ER background is,
below 35keV, 2Pb.

For topological reasons, 214py contribution in this low-energy region, as in the 212p case
already treated in Chapter 4, is only due to its pure beta decay channel leading directly to
the 2'Bi ground state. Thus, to constrain this background in the fit procedure, two pieces of
information are needed: the total 2'*Pb expected activity, which can be estimated from alpha
peaks originated within the 238y decay chain, and the value of 2Hpy, peta decay branching
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Figure 5.1: (From [133]) Fit to [electron recoil] SRO data using the background model BO of [133].
The fit result is the red line. The subdominant AC background is not shown.

ratio (BR) to the ground state (GS). In the specific case of [133], a *"*Pb GS BR of 12.7%
from [141] was assumed.

However, the "*Pb GS BR value of [141], assumed in the study reported in [133], is far
from being a good constrain for searches aiming to reach better sensitivities. Indeed, the
relative uncertainty of >**Pb GS BR reported in [141] (12.7(9) %), is about 7%. The direct
consequence of this high relative uncertainty is its propagation into the final sensitivities
and hence results of rare events searches in the electronic recoil band. One of these studies
targets the detection of Solar-pp neutrinos with the XENONnT SR1 data, which benefitted
by the usage of the RRS (see Chapter 3) in the LXe+GXe mode, reducing from SRO the
2py, contribution by about a factor 2 (see Figure 4.13). Collaboration sensitivity studies
for Solar-pp neutrinos revealed that in order to claim an observation in the ER channel, with
the achieved SR1 levels of background, a 214p}, GS BR relative uncertainty less than 3% is
required. This hence translates into a factor 2 improvement in the 2l4py, GS BR precision,
possibly achievable with a XENONNT direct measurement.

The 7% ***Pb GS BR relative uncertainty is not the only critical feature this background
brings inside these studies. Indeed, different literature references point to very different values
as references for the *'*Pb GS BR. For example, as reported in Table 5.1, the values quoted
in LNHB and NDS, exploited here as major references for nuclear transitions values, show
a tension of about 4.70. The nature of this large tension could be at first order attributed
to the high multiplicity of 21pp peta decay scheme, illustrated in Figure 5.2, which increase
the complexity in the P(v + ce) computation, which takes into account both gamma-ray (v)
energy balances and recommended internal conversion coefficients (ce) [142].

To improve ER studies sensitivity and push the discovery power for Solar-pp neutrinos
ER signal, a better constrain on 214pp, GS BR is thus demanded. To this end, the collection
of a SR1 *Pb enhanced-rate data-set was proposed, with the aim of directly fitting its GS
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Table 5.1: Comparison between LNHB *'*Pb nuclear recommended values from [63] and NDS ones
from [141]. Energy levels with expected BR smaller than 1% are here not reported.

LNHB (Q-value 1019(11) keV) NDS (Q-value 1018(11) keV)
BR [%]  Excitation Energy [keV] R [%]  Excitation Energy [keV]
GS 9.2(7) 0 12. 7(9) 0
EX1 41.09(39) 205.224(2) 39.0(5) 295.2236(19)
EX2 46.52(37) 351.932(2) 44.5(7) 351.9323(21)
EX3 1.047(17) 533.66(2) 1.063(18) 533.672(14)
EX4 2.762(22) 839.00(4) 2.75(8) 838.994(22)
0+
)/ —
:
1
1
12.762%, 1" + 839 keV
o947
I EX4
:_0._01_9_$ - + 797.24 keV
I
|
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I
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I
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Figure 5.2: Hipy, decay scheme. Branching ratios, energy values and nuclear quantum numbers for

angular momentum and parity. All values in the scheme are taken from [63].
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Figure 5.3: Sensitivity study for *22Rn integrating the Q-5 filter in the LXe purification loop. The
median sensitivity points have been obtained by simulating 100 calibration runs per livetime with the
specifications reported in the figure legend. The 7% literature reference is reported with a gray solid
line.

BR, as was already performed in SRO for ?'*Pb (see Chapter 4).

With this aim, two different methods to obtain an enhancement of 2lipy, activity in the
XENONnT TPC were proposed. The first foresaw the inclusion of the high-efficiency O4
Engelhard Q-5 purifier [30] filter in the LXe purification loop, utilized in the commissioning
phase to boost the LXe purification and later substituted by a filter filled with St707 SAES
pills, featuring a reduced radon emanation rate, for cleaner data taking campaigns. The
second method proposed involved the usage of a 222Rn calibration sample, already studied
in [100], to be placed in the calibration emanation box of the XENONnT GXe loop.

Both these methods were thought to be valid for reaching an enhancement of 2lpy,
activity, with the aim of improving its GS BR precision. The choice of the method was
eventually taken based on the sensitivity studies presented in the next paragraph, where a
desired 3 % was targeted.

5.2 Sensitivity study for ?*Rn Calibration of XENONnT TPC

In order to understand the feasibility of the 214p}, GS BR direct evaluation with XENONnT
enhanced data-set, a sensitivity study was demanded. To this end, the modeling and inference
software detailed in Chapter 4 was exploited.

Given the easier realization of the ***Pb enhanced-rate data-set via integration of the
Q-5 filter in the LXe purification loop, the sensitivity study aimed, in first instance, to
tackle the feasibility of the 214pl, GS BR inference with the **Pb activity provided with
this method, which was expected to be around 18 mBq/t (about 20 times the SR1 nominal
value). By considering several data-set lifetimes and for each simulating and fitting 100 runs,
the sensitivity curve reported in Figure 5.3 was obtained.
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Figure 5.4: (Credits to Florian Jorg, March Figure 5.5: (From Collaboration - Ying-Ting Lin) Al-
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box, with the **Rn emanating sample (in the tion of time. Dashed (dash-dotted) vertical line indi-
center of the picture) just installed by Florian cates the time of calibration box valves opening (clos-
Jorg, Ying-Ting Lin and the author. ing) operations.

This study revealed that by exploiting the Q-5 filter integration, an improvement of the
GS BR relative uncertainty with respect to the literature could have been obtained only after
5d of data taking. Moreover, according to the obtained results the 3 % threshold could never
be hit within three weeks of calibration campaign. Thus, the Q-5 filter method was found not
to satisfy the desired relative uncertainty threshold while limiting the calibration lifetimes up
to few days, that was demanded by the concurrent WIMP analysis.

Therefore, the *22Rn method via calibration sample integration in the GXe loop was
chosen, given the estimated activity of 2 Bq yielding to a shorter calibration campaign. The
benefits of this approach, with respect of the Q-5 filter one, included:

¢ a higher radon emanation rate, enabling faster 21p} statistics collection,
e the absence of contamination risk from Radium-containing dust,

e an improved calibration reliability, given the possibility of an offline characterization of
the Radon emanation activity,

222

o the standardization of the “““Rn calibration procedure for future XENONnT science

runs.

For these reasons, in March 2023 the *22Rn calibration sample was mounted in the ema-

nation box (see Figure 5.4) and the calibration campaign took place soon after, so not to spoil
the activated source. An on-line alpha-rate monitoring analysis (see Figure 5.5) carried out
by the collaboration returned an injected 22Rn activity of about a factor 200 with respect
to the SR1 ***Rn background levels. The higher *22Rn activity reached in the TPC with this
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Figure 5.6: Sensitivity study for *22Rn emanating sample in calibration source box. The median
sensitivity points have been obtained by simulating 100 calibration runs per livetime with the speci-
fications reported in the figure legend.

method allowed for a shorter calibration period while still providing sufficient statistics for
improved GS BR measurements.

By repeating the sensitivity study with the maximum alpha-rate inferred *2Rn activity,
it was possible to predict the expected improvement of the 211ph GS BR relative uncertainty.
The results of this updated analysis are reported in Figure 5.6. These results stated that with
only few days with this high rate calibration sample, it was possible to improve the literature
relative uncertainty by factor beyond 3, by overcoming the set 3 % threshold in less than one
day.

These studies have been obtained with the signal and background models presented in
Figure 5.7 (representing a simulation example of a 180 mBq /t 22Rn calibration run of 7 days),
where only two components for the 2lipy, signal have been utilized. After the refinement of
212py, study of Chapter 4, where every possible decay mode was integrated into the signal
modeling, also the 214py, analysis was modified accordingly. This increased the complexity
of the study leading to a worsening of the relative uncertainty of the GS BR in the final
inference, mainly due to the increased correlations among the signal spectra rate multipli-
ers. Moreover, the simulations performed for the sensitivity study considered an activated
background (constituted from Blmy e 129my, and133Xe) rate comparable to that observed
in SRO, since SR1 2! AmBe calibration was not yet performed and activated background s
rates were not predictable. Unfortunately, the final observed SR1 rate was much higher than
expected slightly impacting on the resulting 214p}, GS BR relative uncertainty.

5.3 Data Selection and Cut Efficiency Curves

In this study both the SR1 ?22Rn calibration and background data-sets have been exploited.
After the sensitivity studies, rejecting the hypothesis of utilizing the integration of the Q-5
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Figure 5.7: Example of simulated data for #4py GS BR sensitivity studies relative to a *22Rn ac-

tivity of 180mBq/t and 7 days of calibration. Signal models for the ground state (GS) and the
cumulative excited states (EX) are represented with blue and light-blue solid lines filled templates.
The background components, considered at the time of the sensitivity studies with the same activity
observed in SRO data, are reported with dashed and dash-dotted lines. A deeper investigation of the
XENONT **?Rn calibration data revealed the presence of other components that were later included
in the background model. The non-perfect Gaussian behavior of the residuals is due to the difference
between simulations and fitting frameworks, where the first included a full 214php GEANTA4 spectrum,
while the second utilized the GS theoretical forbidden spectrum of [135] and, as EX template, the
GEANT4 *'*Pp full spectrum subtracted by the GS allowed version contribution as the EX template.
The background contribution labelled as Materials is the simulated template comprehensive of every
detected radioactive contaminant in the materials surrounding the TPC, as reported in [56].
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Figure 5.8: (From Collaboration) WIMP SR1 cumulative lifetime (black solid line). The growth rate
of SR1 lifetime is discontinuous due to either foreseen calibration campaigns (represented as colored
bands) or general maintenance operations (gray bands). **’Rn calibration campaign (red band) was
closely followed by and 241 AmBe one.

filter, the *22Rn calibration campaign was performed by means of *22Rn emanation sam-
ple. Given that the predictions were suggesting that with only few days of data taking
enough precision on ?14p, GS BR could have achieved, an 2 AmBe calibration campaign
was performed soon after with the aim of reducing WIMP analysis dead-time. These opera-
tion timings can be deduced from Figure 5.8, where the SR1 campaign and WIMP analysis
livetime are illustrated.

As in the *'*Pb analysis, the data selection for this study closely followed that of the
corresponding science run WIMP search. Thus, data-sets were selected with a first rejection
of runs tagged as messy or including some labels referring to possible warm or hot spot bursts
as described in [89].

Moreover, in order to limit the impact of source-induced background with strong spatial
dependence, a fiducial volume (FV) selection was exploited. As performed already for the
212py, analysis, the F'V was designed accordingly to the optimization of the following figure
of merit (described in [132]):

S M
= X s
VS+B  /2ieror Ni

where S and B are the signal and background rates. Since the S is supposed to be uniform
within the TPC, it results proportional to the considered mass M. The denominator, instead,
can be computed by considering both the signal and background components affecting the
214pp, GS ROL. For this analysis, the N template was obtained by summing up the contri-
butions of the simulated 2"*Pb full spectrum, the SR1 background template properly scaled
and the simulated source-induced background contributions. These latter, similarly to the
case of 212Pb, are due to 2Bi in the outer TPC LXe layer, labelled as 21 skin, and to
2ipy, plated-out onto the PTFE panels at the border of the TPC, labelled as 2py, PTFE.

FOM (5.1)
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Figure 5.9: Fiducial volume optimization by maximization of FOM of Equation 5.1. Left (Figure (a))
FOM computed for different cylindrical volume data selections; the computed FOM is referred to the
cylindrical fiducial volume with radius and height indicated by the top-right corner of each rectangle.
Right (Figure (b)) FOM computed in equal-mass TPC portions (color map), optimized fiducial volume
for ?'*Pb branching ratios analysis (red solid line) and low-energy electron recoil analysis FV [133].

The result of this maximization returned the same exact cylindrical volume of 212py, analysis,
corresponding to 3.71(12) t of LXe. In Figures 5.9(a) and 5.9(b) this result are reported.

On top of this first geometrical selection, some quality cuts, listed in Table 5.2, have
been applied to clean the 222Rn calibration and SR1 background data-sets. As already done
with SRO data [56], the S2 single scatter prior cut was validated for extended CES energy
ranges with respect to the standard WIMP ROI. The result of this study exploiting SR1
data and simulations is presented in Figure 5.10. As evident from this plot, the simulated
points present a relative bias with respect to the data. This reinforces the evidences already
presented in other SR1 studies [102]. For this reason, the CES bias nuisance offset parameter
optimized in the fit was also used to reshape the cut efficiency curves in the fit procedure.
Beyond the possible CES bias offset, the discrepancies visible in Figure 5.10 can also be
explained by the fact that simulations only take into account the 2lipy, signal, while in the
subtracted data-set some non-constant background could play a non-negligible role.

The final cut acceptances, taking into account the cuts listed in Table 5.2, in SR1 CES
space, are illustrated in Figure 5.11. It is worth noting that, due to the variation of the
electric field settings, SR1 CES differs from the one computed in SR0. Once again, also in
this case, it is clearly visible the presence of a bias between the two curves, reinforcing the
need of reshaping the cut acceptance curves in the fit procedure.

5.4 Background and Signal Model Components

The ***Rn calibration data-set compared to the SR1 background data, both after the appli-
cation of the FV and quality cuts selection rules, are shown in Figure 5.13.

As in the 2*Pb analysis presented in the previous Chapter, also in this case the science
run background data have been used as template for constant backgrounds. Neutron sources
activated backgrounds (131mXe, 18Imye and 133Xe) are included in the fit with the purpose of
reducing the impact of their rate in the SR1 background. This happens since, differently from
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Table 5.2: (Inspired by [56]) Data selection adopted in the *"*Pb branching ratios analysis. The table
reports the name of the cuts and their description. Cuts highlighted in dark gray are used as prior
selections for both simulations and observed data, those highlighted in light gray are used as pre-
selections for data only and those that are not highlighted are used as quality cuts. Upon these latter
the cut acceptance is computed. For the electrons cut acceptance only the cut_s2_single scatter was
used as a quality selection rather than a prior one.

Cut name Description

Reject events in which a PMT contributes most of
the entire S1 area, mainly due to spurious PMT
light emission or PMT after-pulses. It effectively
rejects AC events. The selection threshold varies
with the depth of the TPC: Towards the bottom
of the TPC, events are more localized, and the
threshold is less rigid.
cut_s2_width Reject events with unusual S2 width for the posi-
tion where they have been reconstructed. Due
to the presence of perpendicular wires, which
distorts the electron cloud trajectory, the rejec-
tion threshold has two definitions depending on
whether the events are reconstructed near or far
from the wires. It rejects MS, AC and non-
physical events.

cut_sl_ max_ pmt
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Figure 5.10: The MS-SS ratio as a function of the CES from **Pb data (black) subtracted from SR1
constant background contribution, full chain simulation (gray points) and its shifted version (blue
points) is shown. The residual between the data and simulation (gray points) and data and shifted
simulation (blue points) are shown in the bottom panel. In the highest energy region the data points
relative error increases because of the low statistics.
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Figure 5.13: XENONnT SR1 ***Rn calibration (in blue) and background data (in red) binned in the
SR1 CES space. The most relevant gamma peaks are marked with a black dashed line and labeled
with the respective isotope and energy.

SRO, the 241 AmBe neutron calibration was performed after the Radon one, re-activating the
Xenon backgrounds. This translates into a much higher rate of *'™Xe, *™Xe and **Xe
in SR1 background data with respect to the 22pn calibration, as visible in Figure 5.13,
particularly for '*'™Xe peak.

Furthermore, two source-induced backgrounds are considered in the fit model. The first,
denoted 2'Bi skin, is generated by 21p; isotopes which decay in the LXe hosted in the
cryostat but outside the TPC. The second, denoted 214 skin, is due to 2ipy, plating out
on the Teflon surfaces. Given its subdominance with respect to the former, this latter model
template was built considering the Electrons cut efficiency of Figure 5.12.

As far as signal modeling is concerned, differently from what illustrated in Figure 5.2, only
five different spectra and hence decay modes were considered. Indeed, the decay mode with
the smallest predicted branching ratio was not included in the model, not only because of the
possible reduced sensitivity, given the statistics collected, but also because of the two main
literature references that do not agree on its existence. Among the five considered spectra,
one represents the GS decaying mode modeled via theoretical template from [135], while the
others are GEANT4 simulated templates of the decay modes labeled in Figure 5.2 with blue
tags from EX1 to EX4.

5.5 Branching Ratio Results from the Fit

Once the model components are set, the fit on data can be performed. The very same
statistical framework and computation of the final measurements performed in the previous
Chapter have also been exploited in this case. With the best-fit signals rate multipliers
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Table 5.3: 2**Pb branching ratios study fit results. Gray highlighted entries mark nuisance parameters.

Parameter Best Fit Value Hesse Error
2ipy, GS 0.095 0.003
2pp EX1 0.416 0.007
24py EX2 0.417 0.009
24py EX3 0.019 0.006
2ipy EX4 0.028 0.005
83my 0.0 0.05
129my e -30 8
13lmy e -15.4 0.7
133%e -2 6
21Bi skin 0.38 0.19
24py, PTFE 0 30

SR1 background

reported in Table 5.3 it is possible to compute the BRs exploiting the following relation:

RM;
2 _ o (S-RM)’
BR; RM; 24
RM
+ Z URM GS) +
3> E

1.000

—20; RM

0.004

+2ZO'Jk

k>j

(5.2)

(5.3)

where ¥ = >3, RM;, RM; is the best fit rate multiplier value of the 22pp state i. The
measured 2'*Pb BRs results are reported in Table 5.4.
In order to give a more solid idea about the outcome of this study a simple goodness

Table 5.4: Results of the 2**Pb branching ratios analysis. The reported uncertainties are here only

determined by the analysed statistics.

212p} state

Branching Ratio [%]

GS

EX1
EX2
EX3
EX4

9.8 £0.3
42.6 £ 0.8
428 £ 0.9
1.9+ 0.7
3.0+ 0.5



86 5.5 Branching Ratio Results from the Fit

Table 5.5: Z-test statistics for **Pb branching ratios result compared to the literature values of LNHB
and NDS, including systematic uncertainties.

214pi state LNHB Z-test statistics NDS Z-test statistics

GS 0.79 -2.41
EX1 1.70 3.82
EX2 -3.82 -1.49
EX3 0.85 0.84
EX4 0.26 0.28

of fit test was performed, following the indications reported in [129]. By exploiting the
GOFevaluation python package [101], with an observed Poisson chi-square value of about
230.8, we computed a p-value of about 0.074. For completeness the result of this fit are
reported in Figure 5.14.

5.5.1 The Branching Ratio Estimation and Potential Systematic Sources

This measurement method may be affected by systematic uncertainties or biases introduced
by the configuration choices arbitrarily done, such as the bin width, the ROI considered or
the data-set selected, or set as a result of an optimization process, such as the fiducial volume
selection. For this reason this analysis is repeated for different settings of these configurations.
For the sake of simplicity, only the results for the GS BR case are reported in Figures 5.15. In a
very conservative way, we consider as systematic uncertainty introduced by each configuration
setting (bin width, ROI, FV and data-set runs selection) the maximum difference between
the reference measurement and the other measurements, requiring migrations of nuisance
parameters up to 20 from the reference ones. The measurements not meeting this requirement
were referred in Figures 5.15 as invalid. For example the measurement obtained with 7keV
bin width and 1t FV, given the migration of the energy bias ¢ nuisance parameter (see
Figure 5.16) were excluded from the computation of the systematic uncertainties.

Eventually, these systematic uncertainties are combined to get the estimate of the total
systematic uncertainty of the measurement. The final results quoting systematic uncertainties
are:

BRgs = 9.8+ 0.3(stat) 05 (sys) % (5.4)
BRpx; = 42.6 & 0.8(stat) T5:3 (sys) % (5.5)
BRpxs = 42.8 & 0.9(stat) 55 (sys) % (5.6)
BRpxs = 1.9+ 0.7(stat) ™2 (sys) % (5.7)
BRpxs = 3.0+ 0.5(stat) 08 (sys) % (5.8)

For a more illustrative representation of these results compared to the literature values of
Table 5.1, Figure 5.17 is reported. Quantitatively, by comparing, by means of the Z-test
statistics, these measurements to the literature values reported in LNHB and NDS we get
the results reported in Table 5.5. From these values, it is possible to state that this study
2Pl GS BR measurement presents a greater agreement with LNHB reference value, from
which it differs by only 0.79¢. Although there is this strong agreement at the GS level, for the
excited states BRs, except for EX4 characterized in this measurement by a large statistical
error, no strong preference among the two references is found.
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(b) *?Rn binned data-set fit in y-axis log scale. Fit model components are depicted in viridis shades if signal
contributions or in gray shades if background ones. Additionally, dashed lines represent fit model components
from GEANT4 templates, the dotted line depicts the theory model (214Pb ground state) and the solid one
labels the data-driven template (SR1 background) subtracted from the negative contribution of activated

backgrounds ('*?™Xe,"*'™Xe and **Xe).

Figure 5.14: Final result of 2ipy, branching ratio analysis. *22Rn binned data-set fit showed for
linear (a) and logarithmic (b) y scale.
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Figure 5.15: 24py GS branching ratios measurements with different bin width, ROI, F'V and data-set
livetime configurations settings for the fit (dark blue points). Reference measurements are reported
as light-blue points and dashed horizontal lines, along with their light-blue 1o band.
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Figure 5.16: Results of *"*Pb fit considering 7keV (a) bin width and 1t (b) FV. The migration of the
energy bias nuisance parameter ¢, above 20, reject the possibility of using the 7keV bin width and 1t
FV measurements in the computation of the systematic uncertainty.

5.5.2 Discussion on Results

The results obtained in this work represent the most precise direct measurement of the 2lipy,
branching ratios to the 21p; ground and excited states. Specifically, by directly accessing
these values from the 2*?Rn calibration data, we achieved an enhanced precision on the
branching ratio to the 2l ground state. Indeed, its relative uncertainty was reduced of
about a factor 2.5, from about 7.6 % to about 3.1 %, if only considering the statistical error.
If considering also the systematic uncertainty, the relative error of this measurement is found
to be slightly larger than the LNHB reference.

This study represents a step ahead in the attempt of solving the tension present in the
current literature, concerning the 214p}, GS BR. Indeed, this study results show a strong
agreement with the LNHB reference value and are in line with direct measurements, dating
back to 1950s, as illustrated in Figure 5.18. This measurement represents a step forward
in the possible solution concerning current literature tension, introducing the novelty of a
low-background direct precision assessment. Indeed, by exploiting the XENONnT 222Rn cal-
ibration data, by means of modeling and fitting technique, it is not only possible to directly
measure the 2'*Pb GS BR, but also to concurrently probe 214py, BR to every 2Bj excited
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Figure 5.17: B GS, EX1, EX2, EX3 and EX4 branching ratio measurements compared to the
literature values of Table 5.1 (balck points). This work measurements are reported with light-blue
points, light-blue statistical uncertainties and yellow error bars for systematic ones. Combined liter-
ature value, computed by means of weighted average, is represented with vertical gray dashed lines
and light-blue bands for their uncertainties.
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Figure 5.18: Comparison of this study 2P} GS BR measurement with the literature reference values.
Y-axis reports the publications details, while the nature of the assessment, if direct or indirect is
shown from the color, blue for the former, black for the latter. All reported direct measurements in
the literature were conducted in the 1950s [143, 144]. Instead, indirect reference are more recent and
are mainly computed starting from gamma-ray energy balances and recommended internal conversion
coefficients [63, 141]. This measurement represents a step forward in the possible literature tension
solution, introducing the novelty of direct precision assessment. Indeed, by exploiting the XENONnT
222Rn calibration data, by means of modeling and fitting technique, it is not only possible to directly
measure the *'*Pb GS BR, but also to concurrently probe 214py, BR to every 21B; excited state,
reducing the systematic impact.

state, reducing the systematic impact. Moreover, thanks to the reproducibility of the *22Rn
calibration method, involving a **2Rn emanation sample [100], a further refining of this mea-
surement can easily be performed in the future, by collecting more statistics. Furthermore,
improvements of the 2Pl GS BR measurement can be gained once theoretical spectral
shapes for 2lipy, decaying towards 21B§ excited sates [136] will be exploited. Nevertheless,
these upgrades will have a negligible impact on the precision of this measurement that can
mainly be improved with new calibration data-sets.

Moreover, this study proved the feasibility of exploiting a low-background experiment,
such as XENONnT, for high-precision nuclear physics measurements overcoming the stan-
dards of sensitivities of the techniques currently utilized in this field of searches. It is thus
probable to expect in the near future, given the rising scientific interest, highlighted by re-
cent publications [102, 137-139], to have access to new direct **Pb GS BR measurements.
These latter would then provide more insights about the current literature tension, potentially
validating this study results.






219Pph: The TPC Surface Background

The Radon outgassing phenomenon is not the only process that introduces to the WIMP
searches lead-induced background events in the LXe active volume. Indeed, PTFE panels
and pillars outlining the borders of the TPC introduce the long-lived 210ph contaminant
at the edges of the LXe active volume. The highly-pure PTFE panels and pillars con-
tamination comes from the Radon daughters plate-out phenomenon occurring during the
pre-commissioning phase of the XENONnT experiment.

In this chapter a comprehensive study on the 20ph induced background is illustrated.
After a first introductory part about the origins of the 20pp surface background in 6.1 and
the impact it has on the XENONnT WIMP searches in 6.2, the inference framework in 6.3
and the modeling of this background in 6.4 are described. Eventually, the results of this
study are reported in 6.5 and a later upgrade for SR1 data is also briefly discussed in 6.6.
Unless otherwise specified, all material presented in the following Chapter is original and has
been produced by the author of this Thesis.

6.1 On the Origins of the *'°Ph Surface Background

In designing a detector which aims to unprecedented levels of sensitivity for rare-events
physics searches, the selection of the structural material plays a crucial role. Generally, this
choice is the result of a compromise between mechanical, thermal and optical properties of the
object and the amount of background introduced in the region of interest of the experiment
physics searches.

In the case of XENONnT TPC, PTFE was chosen to delimit the LXe active volume,
thanks to its radio-purity and high Xenon vacuum ultraviolet light reflectivity. However, as
already discussed in Chapter 3, PTFE surfaces are corrupted by Radon progeny plate-out
when exposed to air during the detector construction phase [103]. This process is enhanced
by both the triboelectric effect of PTFE and by the high probability that Radon progeny has
to carry a positive electric charge, estimated to be larger than 85 % [113].

The continuous implantation of *2Rn daughter nuclei on Teflon surfaces, when exposed
to air, is interrupted at the moment in which the material is isolated. This leads to the decay
of the implanted radioactive isotopes, causing the accumulation of 219p} within few hours.

93
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Figure 6.1: Activity trend for Radon progeny computed with radioactivedecay python package [145].
The plotted curves refer to an isolated system (no further injection of 28pg after to = 0s) with
an initial 2'*Po activity of 1Bq, supposing the plate-out phenomenon only involves 28po nuclei
(an activity of 0Bq at ¢, = is thus assumed for the progeny isotopes). Moreover, the following
isotopes half life values were used: t1/2(218P0) = 3.10m, t1/2(214Pb) = 26.8m, t1/2(214Bi) = 19.9min,
t1/2(*"*Po) = 0.1643 ms, t, ;5 (*'°Pb) = 22.20y, ¢, /5 (*'*Bi) = 5.013d and t, 5 (*'’Bi) = 138.376 d. The
three panels highlight different critical moments of the isotopes activity evolution. (Left) In the first
few hours after the system isolation 20py, (black solid line) reaches its maximum activity, to which its
seems to stabilize given the narrow timescale, while progenitor nuclei activity quickly drop, reaching
in less than 15h values of factor 10° less than that of *'°Pb. (Center) After about 50d *'°Bi (blue
solid line) reaches the secular equilibrium of its parent 1 (Right) Given the high #19p half life,
its activity (light blue solid line) stops increasing only after about 2y and starts dropping with a rate
slightly larger than that of 210py,,

The secular equilibrium between 210p}, and *'°Bi will only be set after several weeks.

These statements are the result of a simplified model, showed in Figure 6.1, where the
activities of **’Rn radioactive progeny are compared. This model, based on numerical com-
putation, assumes an initial activity of 1 Bq for 218Po, as it is the only 222Rn chain component
implanted at the time of the system isolation. As the radioactive system evolves, after only
about 50d, 210p}, and #'%Bi reach secular equilibrium, dictated by the long half life of 210py,
of about 22.3y, while 20p, accumulates, reaching its maximum activity only after 2y.

Although the real contamination process is more complex than the model here reported,
it is still possible to assume that the order of magnitude of the time scales set still holds true,
with #'°Pb accumulation occurring in about few hours and secular equilibrium between 210py,
and 2'°Bi and between 2'°Pb and ?'°Po respectively reached in a month and in few years. It
is thus possible to assume that, given one year-long XENONnT commissioning phase during
which the Teflon panels have been isolated from the Radon-laden air, the secular equilibrium
condition for the *'°Pb chain was approximately met when the data-taking of the first science
run started.

The obtained contamination of 210Pb7 characterized by a very long half life and located
in direct contact with LXe sensitive volume, introduces the nearly constant background to
WIMP searches known after the name of wall or surface background.



6. °Pb: The TPC Surface Background 95

O
—o®

Figure 6.2: (Inspired by [112]) Decay reactions from Radon daughter plate-out on the surface of a
detector wall that may produce prominent backgrounds in dark matter detectors. (Left panel) A beta
decay reaction of 2985 or '%Ph and of *'”Bi released by 20py, decay on the surface relinquishes an
electron into the volume generating an electron recoil signal. (Middle panel) Generation of nuclear
recoil signals via 20p, decay emitting a 29p}, nucleus that recoils into the detector volume or an
alpha particle from 2'“Po decay on the surface interacting with a fluorine atom in the Teflon wall
causing neutron emission in the sensitive volume. (Right panel) An alpha decay of 29p6 on the
surface releases an alpha particle into the detector volume.

6.1.1 Phenomenology of the ?°Pb Surface Background

Differently from 214Pb, responsible for the ER background to WIMP searches (see Chapter 3
and 5), 20pp surface background is not only characterized by beta particles interacting
with the atomic electrons of LXe target. Indeed, as shown in the scheme of Figure 6.2, the
phenomenology of this background is more complex and triggers different classes of events:
ER, NR and alpha interactions. ER events are triggered by electrons emitted in the beta
decay processes of either Teflon implanted 210ph and 2'9Bi or by 20Bi nuclei released in
LXe from a previous 20p surface decay. NR events are instead generated either directly by
recoiling daughter nuclei produced at the surface, that are expected to interact in a narrow
neighborhood of it, or indirectly by the Fluorine-19 reaction with alpha particles, emitting
neutrons in LXe. Eventually, alpha interactions occur due to the 20p,, decays.

As resulted from the analysis reported in this Chapter, mainly the first class of events
contribute to the background referred as surface background in WIMP searches. More specif-
ically, the electrons and gamma particles originated in both 29pp and *'%Bi beta decay pro-
cesses represent the quasi totality of the surface background. Indeed, recoiling nuclei events
are heavily suppressed by detection efficiencies while alpha interactions lay on a different en-
ergy scale. Even if not directly contributing to the surface background, alphas emitted in the
20p, decays are still interesting to be studied, since carrier of valuable information about
spatial distribution or activity of the *'’Pb contamination [116]. Neutrons emitted in the
1QF(Oz,n)mNa reaction [146] are not counted within the surface background. Contrarily to
alphas, these neutrons significantly contribute to WIMP searches, but their impact is already
taken into account in the neutron background, given their featureless spatial signature due
to their long free path in LXe [93].

For these reasons, in this Chapter, and for the WIMP analysis case, only the ER events
triggered by the electrons and photons emitted within the decay chain of 210 in Teflon
surfaces will be referred with the term surface background.
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Figure 6.3: (Edited from [53]) SRO (R, Z) and (X, Y) distributions of both the analyzed data-set
for WIMP searches (colored pie charts) and the wall background events candidates (gray dots) above
cathode. These latter events have been discarded in the WIMP analysis by the F'V radial cut.

6.2 Surface Background in XENONnT WIMP Searches

The active region of the XENONnT TPC is outlined by 48 PTFE reflective interlocking
3mm-thick panels installed on 24 PTFE pillars [30], forming an irregular 48-sided polygon-
based prism with an inscribed diameter of 132.8 cm and an inscribed radius of 66.4 cm [66].
This geometry is the result of a compromise between three main conditions. The first is the
mechanical stability, having the PTFE structure the additional role of field shaping rings
holder via pillars. The second is light tightness, ensured by <1% LXe light transmittance
[147] thanks to the 48 sliding panels that overlap for few millimeters along the full height of
the TPC compensating for 1.4 % thermal shrinkage of PTFE [66]. The third is the amount
of Fluorine-9 nuclei introducing radiogenic neutron background due to the 19F(oz,m)”Na
reaction [146], to be limited by means of a reduced thickness of PTFE panels [30].

As discussed in the previous paragraphs, the presence of the Teflon material in direct
contact with the sensitive region of LXe introduces the 210p}, radioactive contaminant at
the borders of the XENONnT detector. This radioactive contamination is by far the largest
source of background in the TPC for WIMP dark matter searches. Nevertheless, thanks to
its very distinctive spatial signature, featuring a prominent peak at the position of the Teflon
panels in the radial observable space, it is possible to reject a large amount of it by just
applying a fiducial volume cut. The radius of this fiducial volume (FV) is the result of an
optimization study aimed at maximizing the WIMP-signal to wall-noise ratio. The result
of this study, along with those of similar analyses to limit the impact of cathode and GXe
background events, is reported in Figure 6.3, where the potential wall background events
candidates are plotted together with the WIMP analyzed data-set.

It is worth noting that the plots in Figure 6.3 do not show a uniform 7 or azimuthal
(Theta) distribution for wall events candidates. Later in this Chapter, it will be clear that
the reason behind this non-uniformity is partially physical, due to both electric field lines and
enhanced charge collection on PTFE pillars with respect to the panels. However, for both
the two distributions, in Z and Theta, this hypothesis was demonstrated not to be enough
to explain the spatial modulation. Hence, additional phenomenological ingredients had to be
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Figure 6.4: (Edited from [53]) SRO (cS1, ¢S2) distributions for both analyzed data-set for WIMP
searches (colored pie charts) and wall background events candidates (gray dots) above cathode, dis-
carded in WIMP analysis by FV radial cut.

included in the model to match the data.

Beyond the strong spatial signature that characterizes the surface background, also its
distribution in (cS1, ¢S2) observable space provides an extra handle to discriminate these
events with respect to potential WIMP dark matter ones. Indeed, by observing the (¢S1,cS2)
space, as reported in Figure 6.4, one can easily spot a clear clustering of wall background
events candidates in a ¢S2 region of values lower than the ones characterizing the vanilla
ER band. This might trigger some questions, given that, as stated in previous Section,
wall background events are, for all intents and purposes, ER events. However, the different
detector response in the neighborhood of its borders causes the divergent behavior of wall
events from ER ones.

6.2.1 The PTFE Charge-up Phenomenon

The XENONNT detector response in the neighborhood of the PTFE panels and pillars is not
well understood as the bulk one and this is valid in general when talking about monolithic
position-sensitive detectors. This happens because the outer layer is commonly more affected
by external radiation backgrounds that do not represent a significant concern since they can
be greatly rejected by applying a simple fiducial volume cut.

Studies aimed in better understanding the behavior of dual-phase LXe TPC detectors at
the neighborhood of the Teflon panels reported already interesting results in both XENON1T
[148, 149] and LUX experiments [150]. These studies revealed an additional problematic
aspect of Teflon, that was observed to charge up in both the experiments. This accumulation
of charge led to a distortion of the electric field lines, that from their vertical designed behavior
showed a deflection in correspondence of the TPC borders.

The non-uniform distortion along Theta azimuthal coordinate observed in XENONIT
reinforced the hypothesis of a charge-up effect for Teflon. Indeed, this effect was intensified
at panels angular position with respect to the pillars, sustaining the field shaping rings,
though which a possible charge removal process could have taken place. In order to reduce
these charge-up effects, the XENONnT Teflon panels were designed to get a more efficient
charge removal, because of their lower thickness and the presence of the charge collecting
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Figure 6.5: (From [130]) (Left) (r,z) distribution of **™Kr events near the walls of the TPC. The 90"
percentile of the radial distribution along 30 bins of z is shown in black. The same quantities coming
from the simulation with and without PTFE reflector charge-up are shown with light-blue squares and
blue triangles, respectively. (Right) Electric field map determined from 2D-axisymmetric simulations
including a linear charge distribution on the PTFE reflectors matched to the radial distribution of
83K events. The black lines indicate the contour of the electric field, while the dashed gray lines
are field lines starting at different radii and same z.

holes [66]. This upgrade translated into a larger charge accumulation at the pillars with
respect to the PTFE panels in XENONnT, resulting an “inverted” Theta modular structure
as compared to XENONIT [66].

Moreover, differently to XENONI1T, in XENONnT the analysis of the 8mKy calibration
events at TPC borders highlighted an accumulation of a net positive charge towards the top
part. This, as shown in Figure 6.5, causes the deflection of the electric field lines, majorly
pushing inwards the position reconstruction of the events happening at the bottom. Moreover,
in the bottom corners of the TPC, the electric field lines get dumped into PTFE walls, which
causes the failure of drifting from these regions the ionization electrons towards the gas-liquid
interface. Therefore, the XENONNT experiment results blind to any interaction occurring in
this region, denominated for this reason the charge insensitive volume [66, 151].

Due to this effect, the events occurred in the close neighborhood of TPC borders present
a suppressed S2 signal, causing the wall events (cS1, ¢S2) distribution to depart from the ER
band one. In turn, the S2 suppression, due to PTFE charge-up phenomenon, also causes a
non-uniform detection efficiency in the Z observable, which results suppressed in lower TPC
region, leading to the wall events spatial distribution of Figure 6.3.

6.3 The FLAMEDISX Inference Approach

With the purpose of modeling the wall background at best by using physics assumptions,
while deepening our knowledge of XENONNT detector response at TPC edges, every possible
event observable has to be taken into account. The analyzed space of observable results to
be six-dimensional: (cS1, ¢S2, R, Theta, Z, t), where t is the time at which the event
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occurred. Conventional fitting tools, based on template building and morphing techniques,
are inadequate to perform a six-dimensional analysis [152]. Indeed, for instance, in the context
of WIMP inference with XENONnT SRO data-set, the fit is executed in the (cS1, ¢S2, R)
limited observable space, optimizing only six background/signal rate parameters [153]. The
limitation on the dimension of the SRO WIMP analysis space arises from the demanded
computational resources due to template building and morphing techniques, which increase
exponentially with the dimension of the considered observable space.

To address this challenge and exploit the six-dimentional observable space while limiting
the computational time to reasonable amount, the FLAMEDISX (Fast Likelihood Analysis in
MorE DImensionS for Xenon TPCs) software was developed in collaboration with colleagues
from the LZ experiment and made available as a python package, via pip installation. This
software aims to overcome the computational limitations by building an explicit likelihood
based on the LXe emission model and utilizing GPU acceleration with TensorFlow. This
approach enables tensor multiplication and has been demonstrated to reduce computational
costs by a factor 10 for six-dimensional analyses [153].

The novelty of the FLAMEDISX approach stands in the likelihood computation for each
event, which is performed analytically [154]. This happens via factorization of the emission
model of LXe quanta generation, and hence detection, which depends on several nuisance
parameters and on the type of source defined in input. More precisely, the probability that
an event (cS1, ¢S2, R, Theta, Z, t) has to be produced by a source, e.g. 210py, radioactive
chain at the borders of the TPC, is computed via multiplication of the different factors
fragmenting the LXe quanta emission model in steps: total number of quanta generation, the
quanta splitting into photons and electrons, their detection and signal reconstruction.

6.3.1 The FLAMEDISX LXe Signals Emission Model

The base concept of FLAMEDISX LXe signals emission model is illustrated in Figure 6.6,
which represents an updated version of the scheme presented in [153]. Each block of the
scheme represents a conditional probability density function determined by a set of nuisance
parameters (#), that can be optimized in the fitting procedure. The multiplication of all these
blocks returns the differential rate R(cS1,cS2, R, Theta,Z,t| 0) of the source in input to the
model. For simplicity of writing, in the following, x will denote the four dimensional vector
(R, Theta, Z, t).

Source Inputs and Quanta Generation

The first step to compute a source six-dimentional probability density function is the defini-
tion of its energy and spatial inputs. This is done by means of histograms that can either
be generic, as happens for the WIMP ER background source that is modeled via flat spatial
and energy inputs, or can be the outcome of a refined GEANT4 simulation, as occurs for
the physics-driven surface background in this Chapter presented. The energy spectrum in
input is, as a first step, translated into expected produced number of quanta. To do so, the
input recoil differential rate spectrum Ry(FE,x) has to be convolved with the probability of
generating a certain amount of quanta given a specific energy. Numerically, this happens via:

dR(E,x)

1B (6.1)

Ry(ng,x) = Z P(n,|E)Ry(E,x) = Z P(n,E)AE

where AFE is the spectrum energy resolution and the sum runs over the bins of the input energy
spectrum, approximating the integral of the convolution with P(nq\E), which represents the
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Figure 6.6: (Edited from [153]) The LXe signal emission and TPC detector response model imple-
mented in FLAMEDISX. The differential expected signal event rate R (S51,.52) at the observed event
is computed as the matrix multiplication of the colored tensors on the lowest row. The figure also
shows some model functions used in each step of the computation. The computation is “batched”
over several events at once to improve performance, as indicated by the “N events” depth dimension.
This is an implementation detail, since the signal differential rate is computed independently for each
event. The figure describes the computation of the signal differential rate due to a single source, that
has to be repeated several times for models with multiple sources.

probability of producing n, quanta given E. In the case of an ER source, this latter is soon
computed via:

n= i) (62

where F is the energy deposited in the electron recoil and W, as in Chapter 2, is the mean
energy needed to produce a measurable quantum. Therefore, for the ER interaction the
probability block takes the form of:

P(ng|E)er = § Q%J) . (6.3)

Conversely, NR model has to take into account the energy loss in the heat channel. The
energy-dependent Lindhard factor L(E) is thus exploited to derive the probability distribution

of n, as:
P(ny|E)xg = Pois <nqy {%(E)D . (6.4)

Quanta Splitting

Once the source differential rate in terms of n, number of quanta is computed, the next
step is represented by including the probability of n, splitting into photons and ionization
electrons. The splitting n, into n;lmd ionization electrons and ngfod scintillation photons is a
Binomial process

P(1proqlng) = Binom(nyoqlng. pe), (6.5)

where p, is the probability of a quantum being an electron. For NR events, given n, number
of quanta, p, is fixed. For ER events, however, the recombination phenomenon heavily
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contributes in the quanta splitting process. To include the ER quanta splitting dependence
from the recombination factor the Thomas-Imel modified box model [81], already cited in
Chapter 2, is considered. For this reason p, is drawn from the Beta distribution:

T(a+B)pe ' (1 -p)" "
T (o) (B) ’

where I' is the gamma function. The shape parameters («,3) of the beta distribution are

_ (r(E)) (r(B)\* _
=) ((AT(E))2 i <A7’(E)) 1) 67

o (B (@
g1 <<E>>>((AT(E))2+(ME)) 1), (63)

P(p.) = Beta(a, B|E) =

(6.6)

where (r(E)) represents the mean recombination fraction computed via Thomas-Imel modi-
fied box model as:

1

_ n; In (1 + ni&er/4)
By =1 <1 T g /A ) 4o E e (6.9)
where
ger = "Yere_E/werF_éera (610)

n; is the number of ions generated, F' is the drift field in the x coordinate and qq, g1, Ve, Wers Oer
are all shape nuisance parameters that can be optimized during the inference process. Ar(E)
represents the fluctuation of the recombination fraction which takes the form:

Ar(E) = go(1 — e E/%), (6.11)

where g3 and g, are shape parameters that can be evaluated in the fit procedure as nuisance
parameters. Therefore, the quanta splitting block is modeled for the ER sources as a Beta-
Binomial distribution:

1 . l
P(nproalny) pr = BetaBinom(np,..q|n4, Pe )- (6.12)

In conclusion, the differential rate for a source to produce n;;iod, nﬁf}od quanta, given X, is the
convolution of what obtained in the previous section with the splitting quanta probability
and can be written as:

l h l 1 h
Ry (ngeyrodu n§rod’ x) = Z P(pze)rod’nq)Rl (nqv X)é(nq = n[c;rod + nzrod)' (6.13)

Nq

Detection Efficiency

The next step takes into account any losses that might take place in the detection process.
In this model block the processes of detection efficiency loss that occur for photons, such
as PMT quantum efficiency, or for electrons, such as trapping by electronegative impurities,
are considered. Since the detection probability for one photon (electron) is assumed to be
independent of the other quanta, two Binomial distributions are considered in this step of
the model:

P(nli,|nhyoq) = C(nfe,)Binom(nfy [nf? g ™), (6.14)

and

l l l . [ l l
P(nzeiet|n;rod) = C(nZet)Blnom(nZetm;roda 776 )7 (615)
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where n dht and nfllet are the number of photons and electrons detected. Moreover, in Equa-
tions 6.14 and 6.15, ¢(n det) and ¢ (nfllet) account for the per-event efficiency, depending on the
total number of photons and electrons detected, due for example to some constrain imposed
in the reconstruction of PMT signals, where a minimum hit threshold is set in order not to
avoid accidental coincidences due to PMTs dark counts. As expected from quanta statistics,
¢ (nélet) is usually very high (~ 1), while ¢ (nZZt) drops at very low npfod The per-quanta de-
tection efficiencies, n” " and nel in Equations 6.14 and 6.15, take into account different detector
feature. n” h depends on PMTs efficiency and the optical properties of the detector. These
latter are determined via simulations and stored as efficiency maps of the x coordinates. nel
depends, instead, on the electron extraction efficiency at the liquid interface (1,.,), on the
electron lifetime (7,) and the event drift time (t,):

0" = Negpre e (6.16)

This per-quanta electron detection efficiency model function is modified for physics-driven
wall background modeling purposes.

Signal Formation

The signal formation occurs differently for electrons and photons. Indeed, for photons, given
the much lower intensity (of about one order of magnitude) of the scintillation signal with
respect to the ionization one, the probability of single photons to trigger in the PMT photo-
cathode two photo-electrons instead of one (pg,.) has to be taken into account. This latter
follows a binomial distribution:

. h h
P( det’ndet) Banm(nSit - nset’nZeﬁpdpe)’ (617)

where nk’, is the number of photo electrons detected and nf, —n dZt is used to set the domain

of the distribution to nf, > n} d ;- Lhe further generation of the raw signals (rS1,rS2) follows
a Gaussian distribution:

P(rS1|nk;,) = f(rS1)Gauss(rS1|p,s1(nh:,), 0r51(nke,)) (6.18)
(TSQ,ndet) = f(TS2)GauSS(TSZ|N7"52(nzlet)7 JTSQ(ncellet)) (619)

where f(rS1) and f(rS2) are the per-event quality cut efficiencies, such as those computed
in Chapter 4 and p,51(,52); 0751(r52) respectively represent the mean and standard deviation

of rS1 (rS2) formation process as functions of nk’, (ndet) that by assuming a linear detector
response, take the form:

frs1(Ney) = frs1 X Mgy 0r51(Mer) = Trs1\/ My (6.20)
l l l / el
M'rS2(n§et) = Hyrg2 X nZet UTS2(n§et) = 0rS2 n?let' (621)

Commonly, g9 and o, g, are also known after the name of single electron gain and single
electron width.

Signal Reconstruction

From raw signals to observed signals one last step is needed. Indeed, noise in the PMTs
waveform baseline, dark counts and afterpulses can induce biases in the S1 and S2 signal
reconstruction. This effect is estimated by the signal reconstruction bias defined as:

ReconstructedArea
Ry:.. = -1 6.22
bias TrueArea ( )
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In order to give an estimate of Ry;,s, simulations, where it is possible to access the True Area
information, are exploited. These studies report a non-negligible dependence of Ry, on the
true signals area, that is then stored as a map of S1 and S2. The final observed S1 and S2
signals are thus the result of a Gaussian process taking the form:

P(S1]rS1) = Gauss (51| [Rifh(rS1) + 1] rS1, 0, (rS1)) (6.23)
P(S2|rS2) = Gauss (52| [Ri(rS2) + 1] 72,0772, (rS2)) (6.24)

where Jf;}w(rS 1) and afiis(r52) are the standard deviations of S1 and S2 reconstruction bias
respectively.

6.3.2 The Inference Framework and Likelihood Construction

With the LXe signals emission model described in the previous paragraphs, it is possible to
compute the events signals differential rate referred to the source in input to the model. More
specifically, the signals differential rate as function of (S1,52,x) is obtained by computing the
convolution of the different emission model probability density functions, by means of intra-
block tensor multiplication and summation over the hidden observables (such as n;lmd) ranges
as:

R,(S1,52,%) ZZ Z Z Z ZZP S1|rS1)P(rS1|nk:,) P (ndet|ndet)P(”det|npmd)

ph el el 1S2
prod p'rod Nget

e h e e
R2(nplrod7nirodaX)P(ndet|np€“0d)P(rS2’ndlt2t)P(S2|rS2)'

rS1 ndm‘ ndet n

Eventually, to compute the full differential rate as function of (S1,5S2,x), also including the
model-data matching in the space-time observables x, the following multiplication is needed:

R(S1,52,x) = R,(S1,52,x)R;(x), (6.25)

where R;(x) is the rate multiplier at the event position x, computed by evaluating the space-
time 4D probability density function at position x. This latter is trivial for constant uni-
form sources, such as WIMP signal or ER background models, while it presents significant
signatures in the surface background model, which shows a non-uniform and non-constant
space-time 4D distribution.

The thus-obtained differential rate is analytical and its source models parameters can be
optimized as nuisance parameters by means of a fit procedure against LXe TPC data. The
fit extended unbinned likelihood takes the form:

events sources R Sli, 7"521‘, X;; 9)

L) = [Pms n|u(0) H Z .

f(0) (6.26)

where n is the total number of observed events, f(#) is the parameters constrain function,
w = Zj pj is the total number of expected events and p; is the total number of expected
events, after selection cuts, from the source j, defined as:

[t =p / dS1dS2d*x R;(S1, S2,x) (6.27)

where p is the density of LXe in the detector in units of t/ m3, since R;(S1, 52,x) is in units of
events/(t x y x PE?), where PE stands for photo-electrons, the measure of S1 and S2 PMT
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signals. Similarly to the traditional WIMP analysis, the number of expected events y; and
the differential rate R;(S1,52,x) are expressed as functions of the unitless parameters r;,
known as rate multipliers:

where m(6) and M;(6) represent the expected number of events and differential rate for

the source j chosen as references, corresponding to a unitary rate multiplier (r; = 1). For

instance, when modeling the WIMP signal source, the cross-section of 1 x 10~*" cm? can be
chosen as reference, and the rate multiplier for the WIMP source represents the renormaliza-
tion to that value.

Computationally, the best fit evaluation is performed by exploiting the logarithmic form
of the likelihood of Equation 6.26:

events sources
log L(0) = —p(0) + > log ( > Rj(rSli,rS%xi;H)) +log(f(0)). (6.29)
i J

The log-likelihood optimization in the fit procedure takes place into two different steps:
the analytical per-source evaluation of the events differential rate R;(rS1,752,x;6) with
subsequent evaluation in events coordinates, via TensorFlow tensor multiplication, and total
rate p(6) estimation, which takes place via grid interpolation in the parameter space, where
the anchor points are estimated by means of large number of events (~ 105) simulation.

Thanks to TensorFlow autodifferentiation, the gradient and the second derivative via
Hessian matrix of the likelihood function are also computed and stored in the fitting process.
This enables a faster maximization of the likelihood function, primarily driven by its gradient
evaluation, and provides the direct access to the parameters uncertainty and correlations when
computing the best fit.

6.4 Physics-driven Surface Background Model

Ideally, a background model for WIMP dark matter searches in the keV energy range is
developed starting from physics-driven assumptions, coming from questions, such as:

o Which (radioactive) source generates this background?

o Which spatial properties does it have? Is it homogeneous in the TPC?
e Which temporal behavior does it follow? Is it stable?

e What is the detector response to this background?

Additionally, a pure enough data sample is needed to better study the background of interest.

As stated in previous paragraphs, the wall background is expected to be generated by the
Radon progeny plate-out effect on PTFE panels surfaces. This would lead to an accumulation
of 2'%Pb at the borders of the TPC, which translates into a nearly constant background,
characterized by an inhomogeneous spatial distribution in the TPC. Moreover, thanks to
several XENONnT studies tackling electric field behavior, such as those reported in [66],
the knowledge about XENONNT detector response at TPC borders has been improved so
to allow a more precise assessment of the surface background. In the following paragraphs,
the listed questions will be more deeply examined and eventually answered so to provide an
input for the here presented physics-driven modeling of the surface background.
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Figure 6.7: Surface background model ER energy spectrum (blue histogram) obtained by simulating
10° 2%pp isotopes with a uniform implantation up to 3pm from the PTFE inner surface. The left
panel represents the spectrum in linear y-scale up to 80keV so to show all the spectral features.
Right panel depicts in an extended energy ROI for the WIMP searches (usually limited up to 10keV),
the comparison between the reference 3 m spectrum and two examples of alternative implantation
distributions: a uniform one up to 1pm (light-blue histogram) and a second one uniform in 1-3 pm
(dark grey histogram). Conservatively, the input energy spectrum to the surface background model
is only truncated at 50 keV, in order to include any possible signal loss effect potentially shifting some
high energy (>10keV) events into the WIMP ROI.

6.4.1 Surface Background ER Energy Spectrum

The computation of the deposited energy spectrum of the full 210p}, chain isotopes implanted
in the PTFE surfaces represents the first step towards the modeling of the WIMP surface
background. To this aim, the GEANT4-based Monte Carlo Collaboration software, whose
working principle is thoroughly detailed in [155], has been exploited.

The energy deposited spectrum was hence obtained by simulating the 210py, decay chain
in the PTFE panels and processing the deposited energy information with the epix [126]
software so to cluster the depositions within spacetime bubbles of radii 5pm and 10ns. In
Figure 6.7, left panel shows the deposited energy input spectrum obtained with 10° #%pp
simulated isotopes with an implantation depth of 3jum. The implantation depth represents
the reference value up to which, from the PTFE surface, the 219py, radioactive source is
uniformly distributed in the simulation. The 3 pm value allows to generate a large simulation
sample, which requires increasing computational costs for smaller implantation depth, and
shows a posteriori good agreement with the surface background data. However, it is worth
noting that in the recent — relative to this writing — LRT2024 conference 210py, implantation
depths of order 100 nm were suggested to be more reasonable [156].

A second important aspect about the simulation framework is the simplified detector
geometry that might have an impact on the final evaluation of the deposited energy input
spectrum. Indeed, the TPC geometry in the simulation framework is perfectly cylindrical,
while in reality XENONNT presents an irregular 48-sided polygon-based prism TPC shape,
whose inscribed diameter equals that of simulation geometry. Moreover, as a second (or even
higher) order effect, PTFE material in the simulated geometry presents completely smooth
surfaces, while in reality the surfaces roughness plays a role in the outcome of the deposited
energy spectrum.

For all these reasons, beyond the fact that the FLAMEDISX software cannot accommo-
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Figure 6.8: Surface background model spatial distribution inputs. The left panel shows the radial
distribution which peaks at the PTFE surfaces position (at about 66.4 cm). The centeral panel reports
the non-trivial Gaussian-semared azimuthal distribution of the wall events on top of gray rectangles
representing the positions of the PTFE pillars structures. The right panel shows the 7 distribution
for the surface background assumed flat as first order approximation.

date any nuisance shape parameters for input spectra, the 3 pm implanted 20py, deposited
energy spectrum of Figure 6.7, left panel, was exploited as reference. Different implantation
depths have also been tested yielding similar results in terms of detector nuisance parameters
optimization, and slightly distinct rate multipliers given the different Monte Carlo accep-
tances. For completeness, also step-wise implantation distribution have been probed, with
the aim of taking into consideration the PTFE surfaces treatments, exploited also to achieve
better optical property of the material, which reduce and crave part of the contaminants
in the first surface layers. The deposited energy spectra for an example of this latter case,
specifically for a uniform 20py, implantation ranging in 1-3 pm from the inner PTFE surfaces,
and another for the uniform implantation up to 1pm are represented in the right panel of
Figure 6.7 in comparison to the 3 pm reference in the energy range of interest for the WIMP
searches.

6.4.2 Spatial Distribution

One might think that the only feature present in the spatial distribution of the surface
background events only characterizes the radial one. As a matter of fact also the azimuthal
distribution is non-trivial. Moreover, a non-trivial distribution was also found in the Z space,
even if this evidence was only used in a later refinement of the surface background model for
SR1 analysis, as mentioned at the end of this Chapter.

The first attempt for a FLAMEDISX-based surface background model [154] was more
close to the traditional approach, exploiting as a radial input a T-Student distribution, whose
parameters were optimized with a fit procedure on data. Although this method represents a
valid approach to the modeling of this background, it is not supported by any physics-driven
assumptions. Thus, for the realization of the surface model here presented, the radial and
azimuthal distribution were decided to be fully derived from data, by smearing the wall events
distributions with a Gaussian kernel, for smoothing purposes. The results of this approach
are presented in Figure 6.8, where also the flat Z distribution, assumed for the SRO surface
background model, is reported.

It is worth noting that the azimuthal distribution does not follow a strict periodical



6. *°Pb: The TPC Surface Background 107

0 100
20 l S
480 £
—40 2
©
Q
— —60 160 £
E o
440 ¢
-100 2
g
-120 120 £
(&)
@
—140 I m

: 0
02030 40 50 63
R [cm]

Figure 6.9: (From [66]) Electron survival probability map evaluated following the principle described
in [66] [exploiting pyCOMes software]. The charge-insensitive mass of 104kg is concentrated in the
bottom corner of the active volume.

pattern highlighting the pillars-panels modulation, as clearly visible in the center panel of
Figure 6.8. This might indicate that the Theta modulation visible in the data cannot be
attributed to the solely possible different exposure to the Radon-laden air between the two
types of materials. More interestingly, this might reveal that this contamination could be
more likely enhanced by human operation, such as those performed during treatment, cleaning
and handling procedures.

6.4.3 Temporal Distribution

Despite the results presented in Figure 6.1, where the numerically computed 218py chain
isotopes activities are reported, the physics-driven surface background model here presented
assumes a constant behavior throughout the SRO lifetime. Indeed, even if in about 3 months
of SRO lifetime, the effects of a 22y half-life decaying source should be slightly visible, a
constant input was instead chosen so to provide an averaged effective surface background
activity via rate multiplier best-fit evaluation.

In future developments of the physics-driven surface background model, if more than one
science run or if a way longer science data run will be analyzed, the exponential decaying
behavior of the source will be taken into account in the temporal distribution of the model.

6.4.4 Electrons Survival Probability Inclusion in Detection Efficiency Block

One of the physics-driven surface background model most important elements is the electron
survival probability map [66]. This 2D map, also here reported in Figure 6.9, returns the me-
dian probability for an electron generated in (R,Z) to be detected, instead of getting trapped
into the PTFE panels. In order to obtain this map, the pyCOMes [157] simulation software
was developed. This map is hence drawn by exploiting the electrostatic XENONnT TPC
COMSOL map and drifting 1000 electrons from different (R,Z) TPC positions, representing
a very fine grid of the whole 2D surface.

The inclusion of the electron survival probability map in the FLAMEDISX software is
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Table 6.1: Selection rules applied to SRO data to obtain a pure enough surface background data-set.

Selection Cut Description

¢S1< 100 PE WIMP ROI

S1< 100 PE Reinforcement to WIMP ROI

c¢S2< 500 PE Reduce bulk ER events contribution

S2> 100 PE Reduce contribution from AC events

—140 cm <Z< —30 cm Reduce contribution from non barrel PTFE events

1.2 x 10° ns< ty <2.1 % 10°ns  Reduce contribution from AC events

R> 55 cm Reduce contribution from 2'*Pb ER bulk events

R< 67.25 cm Reduce outside-TPC detector response mis-modeling impact

performed at the level of the electron detection efficiency block. To do so, the per-electron
detection efficiency nel model function of Equation 6.16 was modified as follows:

776l (X) = neactrpsezlu’v (x)ei(tdp())/ﬂ-a (630)
where P;im (x) is the electron survival probability map evaluated at position x and py is a
nuisance parameter introduced as an electron lifetime 7, suppression factor to absorb any
potential mis-modeling of the detector response. The py parameter was introduced once in
the FLAMEDISX model to reduce the computational cost, a smoother and lighter version of
the survival probability map of Figure 6.9 was exploited. In this lighter version of the map,
the electron survival probability at the borders resulted artificially increased, demanding a
correction factor in the model.

6.4.5 Surface Background Data Selection

In order to study a background to develop a reliable model of it, a pure enough data-
set of candidate events triggered by the source of study is needed. In the surface back-
ground case, the selection of a candidate events data-set is trivially done by considering
those events in the neighborhood of the TPC borders, passing some signals quality selection
cuts. The signal quality selection rules exploited in this analysis are reported in Table 6.1,
while the DAQ prior cuts to define an event (i.e. cut_daq veto, cut_run_boundaries,
cut_ main_is_valid_ triggering peak, cut_ interaction_ exists and cut_sl_ tightcoin_ 3fold
detailed in Chapter 4) are omitted. By applying these selection rules in SR0 data, a data-set
of 2210 events was obtained.

6.5 The Results: SRO Physics-driven Surface Background Model

Given the limited available computational power, the SRO physics-driven surface background
model optimization was performed only considering 150 events randomly extracted from the
data-set comprising 2210 events (previous paragraph for more details). Additionally, the
likelihood utilized five free parameters, four of which were nuisance parameters, while the
fifth was the source rate multiplier r.

The choice of the nuisance parameters to be optimized was the result of a series of simu-
lation studies aimed to understand which model parameters were more effective in reducing
the mis-modeling. For this reason, added on top of the fact that only a limited number
of parameters could have been optimized, the resulted best fit values of these parameters,
reported in Table 6.2, partially absorb potential mis-modeling of the surface background
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Table 6.2: SRO best-fit results of surface background model.

Parameter name Best-fit value Reference Equation
po (7, suppression nuisance parameter) 20.2(2) 6.30
Urs2 (single electron gain) 4.25(7) PE/electrons  6.21
0,52 (single electron width) 29.1(19) PE/electrons  6.21
0,51 (photo-electron standard deviation) 2.3(12) PE/PE 6.20
r (rate multiplier) 0.0327(18) 6.28

Equiprobable binning 2 test, p_value = 0.28 Equiprobable binning y? test, p_value = 0.89
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Figure 6.10: Surface background model results 2D X2 equiprobable binning goodness of fit tests in
(R,Z), in the left panel, and (S1,52), in the right panel. The results shown have been obtained with the
GOFevaluation python package [101]. Red- (blue-) shifted bins highlight over- (under-) fluctuations
of the data budget with respect to the model predictions.

model, while compensating for the other unoptimized models parameters values. This is
indeed the case of the single electron gain pu,go parameter that as default value, suggested
by other parallel XENONnT analyses, should be around 30 PE/electrons, while a value of
4.250(7) PE/electrons was found. This drastic reduction is probably the effect of fixing 7.,
of Equation 6.30, to the value computed for the bulk events, which could be an overestimation
for the detector response in the neighborhood of the PTFE.

To further support this hypothesis is the best fit value of the single electron width o,.g9,
29.1(19) PE/electrons. Indeed, this value combined with the one obtained for pu,g, leads
to a Gaussian distribution for the signal reconstruction of Equation 6.21 which spans also
negative values of 7S2. Given, moreover, that the FLAMEDISX has been developed with an
automatic rejection of negative signals, for trivial error prevention, the multiplication stage
of Equation 6.21 with the found best fit values assumes the function of an efficiency step
at the level of ionization raw signal generation. This in turns compensates for the potential
overestimation of 7).,

In order to access the goodness of the SRO surface background fit, the GOFevaluation
python package [101], providing also the possibility of performing 2D goodness of fit tests,
has been exploited. More specifically, 2D X2 equiprobable binning goodness of fit tests have
been performed on every combination of the six analysis dimensions. In all these cases the
p-value was found to be larger than 10 %. For simplicity, here only the goodness of fit tests
performed in (R,Z) and (S1,S2) are shown in Figure 6.10.
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in GEANT4 simulations.
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With the best-fit parameters values, it is possible to perform a simulation via FLAMEDISX
of surface background events. In this way, it is possible to compare, via visual matching, the
results of the fit against the full wall data-set of SRO. In Figures 6.11 and 6.12 these compar-
isons are shown respectively in signals observable space (S1, S2, ¢S1 and ¢S2) and in spatial
coordinates (R, Theta, Z). Time observable t is here omitted, since was modeled as a constant
distribution and hence does not add any extra information to the discussion, since also the ob-
served data trend showed the same behavior. From the visual matching plots of Figures 6.11
and 6.12, it is still possible to spot some remaining mis-modeling at low S1 (cS1) values
and at high values of both S2 and Z. The first can be due to the 3 um implantation depth
exploited in simulating the deposited energy spectrum in input to the surface background
model, that could represent a suboptimal choice of reference for this study. The second might
spot some imperfections in the reconstruction bias Ry, map exploited, as in Equation 6.24,
to reconstruct the observed signal S2. Finally, the third highlights the necessity of a revision
of the Z input distribution, that should more-likely present some non-smooth features. This
latter aspect was further investigated in the attempt of modeling the SR1 surface background
later mentioned in this Chapter.

From the resulting best-fit rate multiplier value r, it is possible to attempt the inference
of the surface background activity. More specifically, by considering the total number of
simulated 2'°Pb decaying isotopes N = 10° generating the spectrum in input to the surface
background model and multiplying it by the rate multiplier r evaluated in the fit procedure,
the total number of expected 210py, decays corresponding to the number of observed event is
thus obtained. By dividing this number for the SRO lifetime (1" =7.976 382 x 10°s) and the
PTFE total surface budget (s =6.26 m2), and scaling for the ratio of the total SRO surface
background data-set, SR0gqs =2210, with respect to the sub data-set used in the fit, fit;, =150,
an effective 2'Pb SRO surface background activity is obtained. In formulae:

Aeffective o Nr SROds
210 =
Pb Ts fity

= 9.6(5) mBq/m?. (6.31)

However, after a re-examination of the deposited energy input spectrum for 210ph surface
background model, a double counting mistake was spotted. More specifically, the energy
deposition of every event possibly generating both S1 and S2 signals was included twice in
the energy input template construction. Given that the majority of events at the borders
of TPC can actually trigger both S1 and S2 signals, the scaling factor to the input energy
spectrum was found to be about 1.978. By using this very same factor to scale the found
210py, activity, the following result is obtained:

Az, = 19.0(10) mBq/m” (6.32)

This value was found to be in agreement with other estimates obtained via 20py, alpha
spectrometer material screening studies, reported in [103], of 20(3) mBq/m?. Future studies
might refine this result by exploiting a smaller implantation depth, closer to the recently
suggested values [156], and an improved TPC geometry in the simulation framework.

6.6 Upgrades for the SR1 Physics-driven Surface Background Model

With the aim of improving the SRO physics-driven surface background model, the same
developed framework was also exploited for SR1 blinded data. The upgrades regarded the
spatial distribution, the deposited energy spectrum and the detector response inputs.
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Figure 6.13: SR1 surface background model spatial distribution inputs. Left panel shows the radial
distribution, obtained from epix [126] energy clustering output, peaking at the PTFE surfaces position
(at about 66.4 cm). Center panel reports the Gaussian-smeared azimuthal distribution of 210P0,
obtained by the S1-only analysis carried out by Ying-Ting Lin, on top of gray rectangles representing
the positions of the PTFE pillars structures. Right panel show the Gaussian-smeared Z distribution
of 210Po, obtained by always the same Sl-only analysis carried out by Ying-Ting Lin.

The spatial distribution, as clearly visible in Figure 6.13, was improved so to include two
different upgrades. The first concerns the radial distribution, that for SR1 was updated to
the one in output of the GEANT4 210py, radioactive chain simulation, which by using a raw
binning, basically turned into a Dirac-Delta distribution. The second regards the (Theta,
Z) 2D distribution that for SR1 was obtained by the Sl-only study targeting 210p, alpha
decays. Indeed, these alpha decaying isotopes, supposing a negligible mobility of the ions
in the PTFE, indicate via ionization signals, which is not affected by any field distortion
detection efficiency, the position of the contaminant isotopes. This latter has found to be
non-uniform in Z, as instead was supposed to be in the SR0O physics-driven wall model, and
not really following a regular pattern between pillars and panels, limiting the hypothesis of
a different contamination rate between the two classes of materials.

The deposited energy input spectrum for SR1 surface background model was produced
starting from the SR0O Monte Carlo simulations, by correcting for the double counting mistake.
The resulting spectrum used in the SR1 analysis compared to the SRO one is reported in
Figure 6.14.

The detector response is upgraded with the additional differentiation of the charge insen-
sitive volume map into pillars and panels. Indeed, studies [66] revealed that between these
two angular regions the Teflon charge-up intensity differs and hence also the deflection of the
electric field lines vary and eventually the electron survival probability map is differentiated
between these two regions, as shown in Figure 6.15.

With these new inputs and an updated configuration file with the SR1 specifications, while
preserving the SRO surface background best-fit values for pg, p,52, 0,92 and o,g; nuisance
parameters, it was possible to simulate the SR1 physics-driven surface background model
events. Then, the outcome was compared with the SR1 unblinded wall events side-bands
dataset, without a nuisance parameters optimization via fit procedure. This latter choice was
driven by the complexity achieved with the SR1 physics-driven surface background model,
requiring completely crazy computational costs in the attempt of performing the SR1 data
fit.

This comparison, showed in Figure 6.16 where ¢S1 and ¢S2 observable spaces are omitted
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Figure 6.15: Survival probability maps for panels (left) and pillars (right) TPC regions evaluated by
Francesco Toschi following the principle described in [66], exploiting pyCOMes software.

for simplicity, reports an impressing great agreement, considering the not performed opti-
mization of detector response parameters. In particular, it is worth noting that in the R
observable space, the input narrow distribution of Figure 6.13 is correctly smeared so to
show a good agreement with SR1 data radial distribution.

Moreover, even if for this simulation the highly-resolved electrons survival probability
maps of Figure 6.15 were exploited, the presence of the p, parameter and the non-physical
values of the p,g9 and o,g9 parameters were needed to find a good match with data in S2 and
Z observable spaces. This underlines that a non-yet understood mis-modeling in the detector
response at the TPC borders is still present. Additionally, a sizable discrepancy is visible for

high Z values. This latter might potentially suggest some imperfections in the input spatial
distribution.

6.6.1 Consclusions and Outlook for Future Studies

This Chapter presented the physics-driven surface background model study. This analysis
represents the first attempt of a refined model for the surface background impacting all LXe
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TPC direct dark matter experiments [31, 32, 53]. Moreover, this study probed the hypothesis
on the origins of such background, the Radon progeny plate-out, with results similar to those
of other liquid scintillator detectors [111].

Furthermore, this study represents the first attempt to assess a precision XENONnT
detector response model at its barrel edges in the neighborhood of the Teflon panels. The
outcome of this analysis reinforces the hypothesis of an effective charge insensitive volume at
the bottom corners of the TPC. Additionally, as visible from this study results, a non-perfect
knowledge of the detector response at the level of S2 signal formation at the borders is still
present, but mitigated in the model by a reduced single electron gain parameter.

Moreover, the anisotropies found in the azimuthal distribution of the surface events, that
demanded a data-driven model input, might highlight that the genesis of the 20ph contam-
ination cannot only be attributed to a physics origin. More likely, the events rate azimuthal
modulation, which does not follow any geometrical structure present in the XENONnT TPC,
is enhanced by human operation. This might have taken place during treatment, cleaning
and handling procedures. The result of this study thus underline the importance of a careful
treatment and handling of the PTFE material which radio-contamination can gain a factor
up to four probably only due to a human factor. For next-generation experiments, it is thus
needed to further refine the handling procedures for this material for an implanted activity
reduction, which directly translates into the possibility of exploiting a larger fiducial volume
for WIMP analysis, gaining in exposure and thus sensitivity.

The further attempt of refining the surface background model for SR1, led to improved
insights concerning the XENONnNT detector response. Indeed, the results proved that the
mechanism modeling the radial position reconstruction are enough refined so to provide a
nearly perfect match between data and simulations. Nevertheless, the usage of 2H0p, alpha
Sl-only analysis result for a refined data-driven input for Z and Theta observables, resulted
in a non-exhaustive compatibility between the model and the data. This might be due to
the different activities that should characterize 210Pb, real source of the surface background,
and 210Po, as shown at the beginning of the Chapter.

In future physics-driven surface background studies via FLAMEDISX modeling and fit-
ting software, an improved (Z,Theta) input distribution can be obtained with the new set
of statistics collected during the SR2 campaign. Other upgrades might include an improved
Monte Carlo framework featuring the exact geometry of the TPC, which is currently approx-
imated to a cylinder. More specifically, this upgrade would be necessary once the interest for
more precise insights on the 210py, deposition depth in Teflon arises. Indeed, given that the
treatment of PTFE for Xenon light reflectivity purposes effectively removes the first surface
layer, it might be worth to exploit this technique in next-generation experiments just before
the commissioning of the TPC, to reduce the temporal window for additional plate-out, while
largely removing the already-corrupted layer.
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Conclusions

The search for dark matter (DM) remains one of the most compelling challenges in modern
physics. While astrophysical and cosmological observations provide strong indirect evidence
for its existence, direct detection efforts have yet to confirm a signal. The XENONnT ex-
periment, a dual-phase liquid Xenon (LXe) time projection chamber (TPC), represents one
of the most sensitive instruments to directly detect Weakly Interactive Massive Particle DM
candidate. Such achievement is the result of two decades of technological advancements and
in-depth understanding of potential background sources that could mimic WIMP interactions
or more generally interfere in the search.

This Thesis focuses on this second crucial aspect of direct detection DM experiments:
the precise characterization of radioactive backgrounds. In particular, the focus is directed
towards Radon-induced Lead isotopes, namely 212Pb, 21ph and 210Pb, which represent ma-
jor challenges for WIMP and other rare-events physics searches. Indeed, on the one hand,
22pp and 2Mpp populate the electron recoil (ER) band, contributing at low energies only
when directly assessing the ground state of 212Bi and 2"Bi respectively, and thus impacting
the ER rare-events searches such as Solar-pp neutrino. On the other hand, 210py, pollutes
Teflon materials surrounding the LXe active volume, introducing in the region of interest for
WIMP searches the spatial-dependent background known after the name of surface or wall
background.

The work presented in this Thesis addresses these three Lead backgrounds through high-
precision measurements and modeling, providing valuable insights that enhance not only the
sensitivity of XENONnT but also future LXe experiments, by means of improving Monte
Carlo sensitivity studies with more precise nuclear transition branching ratios values and
providing new insights for the definition of future materials handling and cleaning protocols.
More specifically, the results of this thesis are divided into three major studies, presented in
three different Chapters.

Chapter 4: Precision Measurement of 212py, Branching Ratios The first low-
background direct simultaneous measurement of the 22py, branching ratios to 212; ground
and excited states was performed, achieving an unprecedented level of precision. As a re-
sult, the uncertainty on the ground-state transition was reduced by an order of magnitude
statistically (from 7.7 % to 0.85%) and by a factor of three when systematic uncertainties
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were included (from 7.7% to 2.2%). This reduction in uncertainty was facilitated by the
concurrent assessment of all decay modes, which significantly mitigated systematic biases.
However, a deviation of approximately 20 was observed when comparing the measured 212py,
ground state branching ratio to the relative literature values. Despite this, the study demon-
strated that high-precision nuclear physics measurements are feasible within XENONnT,
thanks to the detector ultra-low-background environment and refined knowledge of its de-
tector response. Future improvements — such as additional *0Rn calibration data and the
inclusion of beta spectral shape theoretical models [136] in the fit — will further improve the
precision of these measurements, potentially providing additional insights into the observed
20 tension.

Chapter 5: Precision Measurement of 2l4py, Branching Ratios This study provided
the most precise direct measurement of the Hipy, branching ratios to 2Hp; ground state. By
utilizing *22Rn calibration data, the relative uncertainty on the ground-state transition was
reduced by a factor of 2.5 (from 7.6 % to 3.1 %) when considering only the statistical error,
marking a significant improvement over previous studies. The results demonstrated strong
agreement with the value reported in the Laboratoire National Henri Becquerel reference [63],
helping to resolve the 4.7¢ discrepancy present in the literature, when the Nuclear Data Sheet
reference [141] is also taken into account. Furthermore, the reproducibility of the **’Rn
calibration method opens the possibility for further refinement of these measurements, as it
allows for increased statistics. The additional inclusion of 2**Pb beta spectral shapes, derived
by means of theoretical improved-calculation [136], in the fit model could provide a further
validity check for the obtained results.

Chapter 6: Physics-Driven Surface Background Model for 20pp, A comprehen-
sive study of 29ph_induced surface backgrounds was conducted, representing the first refined
model of its kind for LXe TPCs. This study validated the hypothesis of Radon progeny
plate-out as the origin of surface contamination, with findings consistent with results from
liquid scintillator detectors [111]. Additionally, this study validated the hypothesis of the
existence of a charge-insensitive volume near the TPC PTFE panels, reinforcing previous ob-
servations about detector response [66]. An unexpected azimuthal anisotropy in surface back-
ground event distributions was also observed, suggesting that the human-factor in handling
and cleaning procedures significantly contributed to the 210py, contamination, potentially in-
creasing radioactivity levels up to a factor of four. This insight underscores the importance
of stricter PTFE material handling protocols for future experiments. Moreover, the 210py,
activity estimated with this method, 19.0(10) mBq/m?, greatly agrees with previous PTFE
screening measurements conducted via alpha spectrometry methodology, reporting a contam-
ination level of about 20(3) mBq/m?* [103]. Future work in this arca will involve refining the
surface background model using new statistics from XENONnT SR2 dataset and improved
Monte Carlo simulations.

In conclusion, this Thesis probed the feasibility of precision nuclear physics studies with
low-background technique, such as those exploited in the XENONNT experiment, by refining
the 2'*Pb and ***Pb branching ratios measurements. These results are in line with other
recently-published analysis exploiting other low-background technologies initially developed
for rare-events physics searches [102, 137-139]. The novelty of this approach for the 212py,
and 2"*Pb branching ratios estimation stands in the direct and concurrent assessment of these
values by means of signal and background modeling optimized via fit procedure on calibra-
tion data. This latter aspect is of crucial importance since thanks to the reproducibility of
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such calibrations it allows the future refinement and validation of the measurements. More-
over, the 210py, analysis, exploiting for the first time of LXe TPC detectors a physics-driven
six-dimensional model, probed and validated the hypothesis on this background origin and
detector response in the neighborhood of Teflon panels. The results of this study will rep-
resent important inputs for next-generation LXe TPC optimization design studies as well as
improvements in materials handling protocols. Furthermore, the methodologies developed
in this Thesis will be directly applicable to upcoming multi-ton LXe experiments, such as
XLZD. By refining background models and improving nuclear physics measurements, these
studies will contribute to maximizing the discovery potential of future direct detection efforts.
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